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Introduction
This booklet contains descriptions of the individual projects available in the academic year 20162017. 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 2016-2017
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1. Part III project: Asterosemismology of stellar populations
Context Asteroseismology is a vastly underused and underestimated statistical tool. The pulsational properties of a star tell us much about its evolutionary state, e.g. Cepheids, Miras, RR
Lyraes (see e.g. https://www.aavso.org/types-variables).
Aim The recent paper of Jeffery, C. S. & Saio, H. 2016, MNRAS, 458, 1352 predicts which stars
pulsate as a function of temperature, luminosity, mass and chemical abundance in all phases
of stellar evolution from main-sequence stars to giants. The task of this project is to combine
this data with our single- and binary-star population code binary_c. A prediction of the the
timescales that stars spend in each of these pulsating phases will be made, and hence the
number of pulsating stars in each region of the Hertzsprung-Russell diagram will be made.
This data will be directly comparable to the number of observed pulsating stars, such as
Cepheids, and provide a useful guide to observing strategies and constraints on their evolutionary channels. The final aim is to combine the generated population with the Kepler
selection function to determine the numbers and properties of pulsating stars of different
types observed by Kepler, in all phases of stellar evolution, and in both single and binary
stars. This will be compared to Sharma et al. (2016), and the contribution of binary stars to
the Kepler sample quantified (cf. Jofre et al. 2016).
Education Astrophysics/astronomy: stellar evolution and hydrodynamics. Technical: coding
(Linux, C, Perl). Presentation and communication skills.
Collaborators Stellar group, Simon Jeffery (Armagh Observatory).
Reading
• Neilson, H. R., Schneider, F. R. N., Izzard, R. G., Evans, N. R., & Langer, N. 2015, A&A, 574, A2
• Miglio, A., Eggenberger, P., Girardi, L., & Montalbán, J., eds. 2015, Astrophysics and Space
Science Proceedings, Vol. 39, Asteroseismology of Stellar Populations in the Milky Way
• Jeffery, C. S. & Saio, H. 2016, MNRAS, 458, 1352
• Izzard, R. G., Tout, C. A., Karakas, A. I., & Pols, O. R. 2004, MNRAS, 350, 407
• 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
• http://www.ast.cam.ac.uk/∼rgi/binary_c.html

Hertzsprung-Russell, or luminosity-temperature,
diagram showing locations of pulsating variable stars
coloured by spectral type. Taken from
Jeffery & Saio (2016, Fig. 1). Small red numbers are
stellar masses. Shadings are different types of
pulsations (p-modes , g modes , strange modes 9,
acoustic modes ≡).
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2. Part III project: The Galactic stellar population of single and binary stars
Context With the forthcoming Gaia data release, it is more important than ever that we model the stars in
our Galaxy as accurately as possible. Models of our galaxy have been developed previously (e.g. the Besançon model) but not applied to our single/binary stellar population models. We require an accurate
model of the distribution of stars in the Galaxy, as well as their birth parameters (chemistry, binary fraction, initial mass distribution etc.), to determine the properties of stellar populations in a very general
way. Selection effects in the broadest sense will have to be taken into account.
Aim Develop a model of the Galactic distribution of stars as a function of position, age (i.e. star formation
history) and metallicity, suitable for implementing into the binary_c population synthesis code. This
will require a literature survey of the current attempts to model galactic stellar populations, e.g. the
Besançon model and that implemented in Gaia simulations, and a decision on which is the “best” for
our purposes. An efficient model will be implemented that can take our binary population data as input and generate a model of the Galaxy, such that all the stellar populations currently modelled can
be counted as a function of position on the sky. Selection effects, such as an extinction law, will have
to be implemented to count magnitude- and volume-limited surveys. The Gaia colours have already
been implemented, but not well tested, so this could also form part of the project. The first Gaia release
should be available by the time the project starts, but are already preliminary datasets (e.g Hipparcos)
which could be used as test data. Statistical comparison, e.g. of colour-magnitude and/or HertzsprungRussell diagrams between the models and observations will be used to test our stellar models of both
single and binary stars including the many rare channels of exotic binary evolution. Extension to extragalactic populations and/or other surveys (e.g. Gaia-ESO, Kepler, Galah etc.) is possible.
Education Astrophysics/astronomy: stellar populations, galactic dynamics, stellar evolution. Technical: coding (Unix/Linux, C, Perl). Presentation and communication skills.
Collaborators Stellar group, Gaia group (Simon Hodgkin).
Reading
• Jordi, C., Gebran, M., Carrasco, J. M., et al. 2010, A&A, 523, A48
• Robin, A. C., Luri, X., Reylé, C., et al. 2012, A&A, 543, A100
• Cacciari, C. 2015, in Astrophysics and Space Science Proceedings, Vol. 39, Asteroseismology of Stellar
Populations in the Milky Way, ed. A. Miglio, P. Eggenberger, L. Girardi, & J. Montalbán, 155
• Izzard, R. G., Tout, C. A., Karakas, A. I., & Pols, O. R. 2004, MNRAS, 350, 407
• Izzard, R. G., Dray, L. M., Karakas, A. I., Lugaro, M., & Tout, C. A. 2006, A&A, 460, 565
• http://model.obs-besancon.fr/
• http://www.ast.cam.ac.uk/∼rgi/binary_c.html

All-sky stellar map generated by Gaia. What types of single and binary stars and how many are expected to
be found across this map? Do our stellar evolution models agree with what Gaia finds? This project will go a
long way to answering these questions!
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3. Cosmic trees: understanding the relationships between
different generations of stars
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Supervisors:
Paula Jofré, H34 – email: pjofre@ast.cam.ac.uk
Gerry Gilmore (UTO), H47 – email: gil@ast.cam.ac.uk

Background
Stars are born from gas of the interstellar medium. They die as an explosion – a supernova – which
returns most of the gas to the interstellar medium. This explosion is so energetic that nucleosynthesis
processes take place and metals are formed. Thus, the new gas is more metal-enriched than the
old gas. A new star is born from this metal-enriched gas, and then dies as a new supernova. This
procedure is repeated over the lifetime of the Galaxy and most of the chemical elements acquire the
distribution we observe today in the stars that surround us. Some stars, the most little ones, live
longer than the age of the Universe. They have not exploded yet and therefore have not contributed
to the chemical enrichment history of the gas but their chemical imprint and age provides us with
the information of the gas at the moment they were formed. Thus, these stars are the key: they
are our fossil records of the Galaxy, with their chemical imprint being their DNA
The picture is however not so simple because the Galaxy is not a quiet place, especially for fossil
stars. Many physical processes (bar resonances, accretion of new gas, collisions with molecular
clouds, etc) can disturb their orbits, moving them far away from their birth place. For us to know
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the distribution and chemical enrichment history of the Milky Way, we need to have not only their
DNA but also their kinematics to track back their origin. We can use the chemistry to supplement
kinematics in the Galaxy, because chemistry stays the same but birth radii will change.
First we need to classify the stars into Galactic populations via their chemistry, and then try to
understand how the stars are related to each other in each population. To do this we use a concept
that is widely used in biology: In Darwin’s theory, every organism on Earth must be connected in
one evolutionary tree, which is strongly supported with DNA studies. Darwin’s idea can also be
applied to the stars, there must be a cosmic tree connecting all the stars of our Galaxy. A first
attempt to test this idea is shown in the Figure. The tree was constructed considering 17 chemical
elements and 22 stars. We find three main branches (stellar populations), coloured with red, yellow
and blue. In each branch the stars are connected, with subsequent generations of stars coming out
as different nodes, connected either through time or through movement from other parts of the
Galaxy. The black stars were not assigned to any branch. Is it that we did not have enough stars
to have sufficient statistical confidence to assign them in one of the three populations? Or is that
the black stars are truly different, having formed far away and deposited here via the mechanisms
mentioned above?

Nature of the Project
To answer these questions, we will take more stars and build a larger cosmic tree using chemical
elements of stars as DNA like the tree shown above. With the recent release of the astrometric
mission Gaia and its complementary spectroscopic surveys, we have all that information for millions
of stars to do this. We will in particular investigate the stars analysed by the Gaia-ESO Survey,
which is a project co-lead by G. Gilmore and managed by several members of the IoA. This data
will give us enough chemical elements to DNAs of stars. We will combine this information with the
first data release of Gaia to find out where the stars come from and as such, understand how the
generations of stars living in our vicinity are related.

References
• http://sci.esa.int/gaia/
• https://www.gaia-eso.eu/
• http://www.megasoftware.net/
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4. The chemical effects of tidal interaction in the RW Aurigae system
John Ilee (H14, jdilee@ast.cam.ac.uk)
Farzana Meru (H14, farzana.meru@ast.cam.ac.uk)
Cathie Clarke (H10, cclarke@ast.cam.ac.uk)

Background
RW Aurigae is a binary star system composed of two objects, A & B (see Figure 1). RW Aur A is a
very young star with a circumstellar disc and has been observed to possess a long, molecular arm
extending outwards (Cabrit et al. 2006). This extended structure resembles tidal arms that have
been stripped in simulations of star-disc encounters (see e.g. Clarke & Pringe 1993), and
previous modelling has suggested that an encounter with a less massive companion (such as RW
Aur B) can produce many of the observed features in both dust and CO emission (Fig 2, Dai et al.
2015). However, such an encounter begs the question - are other observable features created by the
dynamic encounter?

Nature of the project work
In this Part III project, you will construct a radiation-hydrodynamics model of the RW Aur system
based on the previous observational and theoretical work. You will then post-process this
simulation using a gas-grain chemical evolution code. Using the results of this, you will...
•
determine which chemical effects can be excited by the dynamics induced during the fly-by
- what chemical species are created or destroyed?
•
examine whether these chemical effects can be used to derive the physical conditions in the
gas - do some particular species trace temperature and density jumps?
•
perform synthetic observations of both the dust emission and emission from any of the 125
molecules considered - are any of the created molecules observable with current state of the art
instruments such as the Atacama Large Millimetre Array (ALMA)?
The majority of this Part III project will involve the writing and running of computer code, and is
therefore appropriate for students who are comfortable with programming. It will be advantageous
to have some experience with a UNIX-based computing environment.

References
1.
2.
3.

Cabrit et al. 2006, Astronomy & Astrophysics, 452, 897
Clarke & Pringle 1993, Monthly Notices of the Royal Astronomical Society, 261, 190
Dai et al. 2015, Monthly Notices of the Royal Astronomical Society, 449, 1996
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Fig 1: Observations of RW Aur from Cabrit et al. (2006)

Fig 2: A model of the RW Aur flyby from Dai et al. (2015)
Project No. 4
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Amy Bonsor, H31, email: abonsor@ast.cam.ac.uk
Quentin Kral, H31, email: qkral@ast.cam.ac.uk
Mark Wyatt, H38, email: wyatt@ast.cam.ac.uk
Background
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In astronomy, time evolution is normally studied by observing a large sample of objects, each of
which happen to be at different stages of their evolution. It is uncommon that astronomical systems
change on human timescales. A rare example of this is the emission from gaseous planetary material
found very close to white dwarfs. The emission line profiles from this gas changes on timescales of
months to years. By monitoring these objects, we are able to observe their evolution in real time. A
strong observational program continues to monitor these stars, such that it will be possible to test any
theory regarding their evolution in the coming years.
White dwarfs are the tiny, faint compact
2016
−
12
remnants of stars like our Sun. They have
| {z }
about the mass of the Sun, but the diam750
eter of Earth. About 30% of white dwarfs
show evidence for the accretion of planetary
500
material, from an outer planetary system,
20
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known as polluted white dwarfs. This plan250
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sion lines from gas very close, but exterior to
4
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object the emission dissapeared after several
-750
years, whilst for another object, the emission
750
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-500
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is consistent with precession with a period of
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Figure 1: Doppler tomography mapping the change in about 30 years.
Gas close to polluted white dwarfs tells
the gas distribution observed around the white dwarf
us about how planetary material is accreted
J1228 since 2003 (Manser et al, 2015)
onto these white dwarfs. Asteroids or comets
are thought to be scattered onto star-grazing orbits from an outer planetary system that has survived
the star’s evolution. The gas is either released as the planetary material sublimates close to the white
dwarf, or during high velocity collisions between asteroids. Studying the gas emission line profiles tells
us about the distribution of gas and how it evolves. The aim of the project is to determine the gas
distributions that are consistent with the observations, understand the density and heating of the gas
required to produce the emission lines and determine whether there are other emission lines that would
enable us to better study the properties of the gas.
Nature of the Project Work
* Mathematical and computational.
* Pre-requisites: basic programming skills
* Part 1: calculate emission line profiles to compare to the observations
* Part 2: use the CLOUDY to calculate the emission from gas close to the star
* Attendance of the Dynamics of Astrophysical discs lecture course reccomended, but not a necessity
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References
Manser et al, 2015, MNRAS, 2016, 455, 4467-4478
Wilson, et al, 2014, MNRAS, 445, 1878-1884
Horne, K. & Marsh, T. R., 1986, MNRAS, 218, 761-773
http://www2.warwick.ac.uk/fac/sci/physics/research/astro/publications/phd_msc/timothykinnear.msc.pdf

8498 Å
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Figure 2: The emission line profile from calcium gas observed around the white dwarf J1228 since
2003 (Manser et al, 2015)
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6. A better search for Tatooine
Supervisors: Grant Kennedy (H36, gkennedy@ast.cam.ac.uk), Mark Wyatt (H38, wyatt@ast.cam.ac.uk)
Background
Kepler was a recent space mission whose goal was to search for small planets by monitoring the brightness
of about 200,000 stars, looking for the periodic dimming when a planet repeatedly transits in front of the
star. In addition to thousands of planets around single stars (e.g. Borucki et al. 2011), around a dozen
planets have also been discovered in circumbinary orbits (e.g. Doyle et al. 2011; Orosz et al. 2012, , see Fig.
1). That is, the planets orbit the center of mass of a pair of stars, whose separation is smaller than the
distance to the planet. As was bound to happen, these planets have been dubbed “Tatooines”.
Transiting planets are generally discovered by building up the transit signal of many dimming events
by “phase folding” the light curves at the period of the planet (i.e. stacking many transits to boost a weak
signal above the noise). In contrast, all Tatooines have been discovered “by eye” around eclipsing binaries
because the stars in the binary move and the planet transits are not regular (so phase folding does not work).
Once a circumbinary planet has been discovered it is possible to use the knowledge of the system, primarily
the parameters of the binary, to correctly stack the transits (Fig. 2). However, the binary parameters can
only be derived with a high degree of precision because of the existence of the planet transits.

The Project
The aim of this project is to explore the feasibility of finding Tatooines around eclipsing binaries by
simulations of the system dynamics, which would be used to predict the transit times and stack the light
curves. By running simulations of different possible binary and planet configurations, a planet can in principle
be detected when the configuration is correct. However, the parameter space to search is very large. The
main question is therefore whether estimates of the binary and planet parameters are good enough to find
planets. That is, how coarsely can the parameter space be searched and still discover/recover a planet, and
which parameters can be fixed?
This project will use and develop some existing python/c code to explore the problem, but can also
use dynamical theory where appropriate. Thus, attending the Planetary System Dynamics lectures will be
beneficial (though not essential).

REFERENCES
Borucki, W. J. et al. 2011, ApJ, 736, 19
Doyle, L. R. et al. 2011, Science, 333, 1602
Orosz, J. A. et al. 2012, Science, 337, 1511

This preprint was prepared with the AAS LATEX macros v5.2.
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Relative flux

Relative flux

Fig. 1.— Light curve of Kepler 16 (top) and eclipse, occultation, and transits (bottom). Note how the binary
eclipses/occultations are regular, while the planet transits are not. Taken from (Doyle et al. 2011).
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Fig. 2.— Stacking the Kepler 16b light curve using a simulation of the (very well constrained) system
dynamics to derive the transit times. The top panel shows the transits of the planet in front of Star A, and
the bottom panel shows transits in front of Star B.
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7. The long arm of binary perturbations to planetary systems
Supervisors: Grant Kennedy (H36, gkennedy@ast.cam.ac.uk), Mark Wyatt (H38, wyatt@ast.cam.ac.uk)
Background
It is well established that planets form in multiple star systems, and both circumbinary and circumstellar
configurations have been discovered. In most cases the separation between the stars is either much smaller
or larger than the planet’s orbit, a sign that systems can be disrupted if the planet and star separations are
similar. However, in the long term, stars can reach over wider separations and affect a planetary system by
making the orbits precess, and in certain cases causing the inclinations and eccentricities to vary (known as
“Kozai-cycles”, Fabrycky & Tremaine 2007).
Evidence for such processes probably exists in some exoplanet systems, but has yet to be considered
for systems that host analogues of our Kuiper belt (i.e. the belts of comets known as “debris disks”). The
detectable lifetime of these disks depends on how often collisions between comets occur, which is in turn
set by how strongly perturbed their orbits are. Figure 1 shows that there are many systems with relative
separations that are not too large, where such ideas could be applied.

The Project
This project will i) simulate how test particles are perturbed in binary systems (e.g. as in Fig 2), ii)
include the effects of enhanced collisions to generate models of perturbed disks, and iii) compare these results
with known binary+disk systems to draw conclusions on whether there is evidence that secular perturbations
are at play.
The project will primarily use analytic and numerical methods, so some knowledge of programming
would be beneficial. Attending the Planetary System Dynamics lectures will help understand the dynamics,
but is not essential.

REFERENCES
Fabrycky, D. & Tremaine, S. 2007, ApJ, 669, 1298
Kennedy, G. M. et al. 2012, MNRAS, 421, 2264
Rodriguez, D. R., Duchêne, G., Tom, H., Kennedy, G. M., Matthews, B., Greaves, J., & Butner, H. 2015,
MNRAS, 449, 3160

This preprint was prepared with the AAS LATEX macros v5.2.
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Stellar multiplicity and debris

Figure 7. Stellar separation versus blackbody dust semimajor axes for the
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8. The stellar populations of the Sagittarius dwarf spheroidal galaxy
supervisor: Thomas de Boer, IoA
Background:
The Sagittarius dwarf spheroidal galaxy (Sgr dSph) and associated stellar streams form the
largest known substructure in the Milky Way halo, with debris extending beyond 2π on the sky
(see e.g. Belokurov et al. 2013, 2014). The Sgr dSph was discovered by (Ibata et al. 1995) as
the nearest dwarf galaxy to the Milky Way (MW), at a distance of~25 kpc. Subsequent studies
showed that Sgr was severely influenced by Galactic tides, pulling large numbers of stars from
the core to form stellar streams that wrap around the Galaxy at least once(Majewski et al. 2003,
Belokurov et al. 2006). With an estimated dark matter mass of ~10^9 solar masses, the Sgr
dSph is the third most massive surviving satellite of the MW (Niederste-Ostholt et al. 2010).
Therefore, by studying the stellar populations of Sgr, we can determine if it is possible to form
the MW halo through the merger of Sgr-like dwarf galaxies at early times.
The streams of Sgr have been studied in detail using variety of star formation tracers,
spectroscopy and deep imaging within the SDSS survey (see Figure 1), uncovering a complex
morphology with distinct stream components and differing chemistry. Unfortunately,
interpretation of these stream features in the context of stripping is complicated by the lack of a
formation history of the Sgr dwarf, due to the lack of deep data covering the extent of the
progenitor. The goal of this project is to use deep photometric data from CTIO/DECam, to map
the formation history across the outskirts of the Sgr dSph and use this to characterise the
interface between the parent galaxy and the Sgr streams.
Nature of project work:
The project involves the analysis of wide-field, deep photometric data of the outskirts of the Sgr
dSph obtained using CTIO/DEcam in Chile. This data will be used to construct colourmagnitude diagrams at various distance from the centre of the dwarf galaxy to characterise the
radial population gradients as a function of distance from the centre. These population gradients
will then be compared to the stellar populations of the Sgr stream across the sky, to piece
together the stripping history of the system and determine when and from where each piece of
stream was stripped. By making use of sophisticated stellar evolution models (isochrones), the
age and metallicity of the stellar populations will be determined.
Following the analysis of the outer regions, the student will then use a dataset of the centre of
the Sgr dSph to determine the full star formation history of this dwarf galaxy at the upper end
of the MW dwarf galaxy mass distribution, whose stars may well make up the bulk of the
metal-rich MW halo
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figure1: The famous “field of streams” created using SDSS data, showing
several long stellar streams in the Northern sky, including the prominent
Sagittarius streams.

figure2: The Colour-Magnitude Diagram of part of the Sagittarius stream
from optical data. The CMD contains important information on many
evolutionary features important for characterising the evolution of the
dwarf galaxy.
References:
Belokurov et al. 2006,ApJ, 642, L137
Belokurov et al. 2013,NewAR, 57, 100
Belokurov et al. 2014,MNRAS, 437, 116
Ibata et al. 1995,MNRAS, 277, 781
Majewski et al. 2003,ApJ, 599, 1082
Niederste-Ostholt et al. 2010,ApJ, 712, 516
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9. Intensity Mapping of the High-Redshift Universe
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Advisors:

This project
Evolution of the Universe: This project will develop theoretical models of intensity mapping of line
emission from species such as CII and CO in the redshift range z = 6–10 shown by the red line. We
will also cross-correlate the line emission signal with predicted 21 cm signal from this redshift range.

Fifty million years after the hot Big Bang that birthed it (redshift z ∼ 80), the
Universe was cold and dark. It contained gas with temperature only a few degrees
higher than absolute zero (T < 10 K), and no luminous stars and galaxies. But
today, about 13.6 billion years later, the universe is bathed in light from stars in a
variety of galaxies, and the gas is thousand times hotter (T ∼ 104 K). We know little
about the phase of cosmic evolution—termed reionization—in which this transition
from the cosmic “dark ages” to a Universe full of galaxies occurred (see figure). Now,
observations of emission or absorption at 21 cm wavelength from this unexplored era
promise to reveal it. There is an ongoing global effort to detect this 21 cm signal
using the largest radio telescopes (e.g., LOFAR in The Netherlands, UK-supported
SKA in South Africa and Australia, US-led HERA in South Africa). But this effort
faces a hurdle: the 21 cm signal that it aims to detect is buried under much brighter
foreground emission from other sources, such as our own Milky Way galaxy. Therefore, if these experiments detect anything, how can we be sure that the measured
signal truly originates from the high-redshift universe and is not simply some residual
foreground radiation?
Several solutions to this problem have been put forward. One of them is to
observe emission at other wavelengths from galaxies in the epoch of reionization and
statistically cross-correlate it with the 21 cm signal coming from the inter-galactic
medium. The hope is that true cosmological 21 cm signal will show some crosscorrelation with line emission from galaxies; spurious 21 cm foregrounds will not.
Interestingly, for this idea to work, one need not detect individual galaxies. Instead,
one could use a technique called intensity mapping. To perform intensity mapping,
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instead of measuring line emission from individual galaxies, one measures large-scale
variations in the emission from many individual unresolved galaxies. In other words,
one sees the forest instead of the trees. In this project, we will predict the crosscorrelation signature of 21 cm signal with intensity-mapped line emission by building
theoretical models.

Project Outline
For this project, we will use cosmological simulations from the Sherwood Simulation
Suite (nottingham.ac.uk/astronomy/sherwood), which includes some of the largest
cosmological simulations performed so far. The high dynamic range of these simulations lets us perform realistic modelling of large-scale fluctuations in line emission
from galaxies as well as the 21 cm signal from the epoch of reionization. The project
will involve the following steps:
1.
2.
3.
4.
5.

Model specific intensity of line emission from galaxies in the simulation
Compute spatially averaged, intensity mapped, line emission
Compute power spectrum of the averaged line emission
Compute the 21 cm power spectrum from the same simulation
Compute cross-correlation between 21 cm and line emission signal

We will consider various emission lines, such as Lyman-α (wavelength λ = 1216 Å),
CII (158 µm), OI (63 and 145 µm), CO (2610 and 1300 µm), and NIII (57 µm).

Bibliography
• Loeb and Furlanetto, ‘The First Galaxies in the Universe’; Princeton University
Press, 2013: Chapters 12 and 13 are particularly relevant for this project.
• Lidz et al. (2011, ApJ 741 70) present a simple model for IM of CO emission
lines.
• For an example of how to model the CII emission line IM, see Gong et al. (2012,
ApJ 745 49).
• Lyα emission line IM has been treated by Pullen et al. (2014, ApJ 786 111)
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10. Simulating the Gaia-ESO Selection Function
Clare Worley, Anna Hourihane & Gerry Gilmore

The Gaia-ESO Survey is targetting 100,000 stars in the Milky Way for their stellar parameters,
chemical abundances and kinematics. In particular the Milky Way disk is being observed at both
medium and high resolution to study in detail the formation history of the thick and thin disks
(Gilmore & Reid, 1983). Now in the 4th data release, more than 30 papers have been published so
far including several on the formation and evolution of the Milky Way disk.
With such large statistically significant samples, understanding the effects of the selection function on the observed sample is crucial to ensure that it represents the true stellar population.
Stonkute et al. 2016 defined the selection function of the Gaia-ESO Milky Way sample and showed
the effects of accounting for the selection function on the observed metallicity distribution.

Figure 1: figure 19 from Stonkute et al.2016 showing the application of selection function weights
on the observed metallicity distribution (Blue line) to produce a corrected metallicity distribution
better representing the disk population (black dashed line). Left: Histogram of Giraffe medium
resolution sample. Right: as Left but the cumulative probability distribution
As further confirmation on the application of selection function weights on the observed sample,
a simlulated sample can be generated using galaxy models. There are several tools that can be used
to generate simulated stellar populations by tuning galactic models. These include:
• The Bescancon Model, http://model.obs-besancon.fr/
• Galaxia, http://galaxia.sourceforge.net/
• Trilegal, http://stev.oapd.inaf.it/cgi-bin/trilegal
For this project the weights from Stonkute et al. 2016 will be applied to the Gaia-ESO Milky
Way high and medium resolution samples and then compared to simulated populations. The Milky
Way sample has been observed in particular fields, sampling different lines-of-sight and different
galactic distances. By making comparison to the simulated population we will explore if and how
the chemical distributions vary with observed field.
Skills that will be learnt and developed will include data analysis in preferred language (e.g.
python, matlab etc), producing graphs for comparisons and sample extraction, statistical analyses
and becoming familiar with one or more of the galaxy simulation tools.
Recommended Reading:
• Thick and Thin Disk: Gilmore & Reid. 1983, MNRAS, 202, 1025;
• Gaia-ESO Selection Function: Stonkute et al. 2016, MNRAS, 460, 1131
• Galaxy simulation websites as above.
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11. Data-mining stellar evolution samples in the AMBRE catalogue
Clare Worley and Gerry Gilmore

The AMBRE project provided stellar parameters (effective temperature, surface gravity, metallicity and [α-Fe] ratios) for over 70,000 stars observed by the FEROS, HARPS and UVES spectrographs (Worley et al. 2012, De Pascale et al. 2014, Worley et al. 2016)
As shown in Figure for the HARPS and UVES samples, the range in stellar parameters is
extensive within the FGK spectral types. UVES is a high resolution spectrograph that is used
to chase unique stellar samples such as the most metal-poor ‘first population’ stars. HARPS was
designed for exo-planet hunting resulting in a large sample of solar-like stars.
Further analyses of the HARPS and UVES sample by the AMBRE team has produced detailed
chemical abundances to complement the stellar parameters. 23rd September 2016
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Figure 1: AMBRE HR diagrams with Metallicity colourmap. Left: HARPS. Right: UVES
This sample has great potential for a whole range of stellar evolution projects. Depending on
the interest of the student some examples are:
• Searching AMBRE for the most metal-poor stars in the sample for ‘first population’ studies
• Extracting a volume-limited sample to look for chemical abundance distributions in the solar
neighbourhood
• Cross-matching the AMBRE sample to exo-planet catalogues to derive relations of chemistry
with planet detection
• Identifying stellar members of clusters and structures in the disk and halo for studies in galaxy
formation and evolution
• Comparing stars with similar stellar parameters to investigate evolutionary differences due to
chemistry and kinematics
Skills that will be learnt and developed will include data analysis in preferred language (e.g.
python, matlab etc), producing graphs for comparisons and sample extraction, statistical analyses
and potentially cross-matching to other catalogues (e.g. photometry, exo-planets).
Recommended Reading:
• AMBRE UVES: Worley et al. 2016, A&A, 591, 81; AMBRE HARPS: De Pascale et al. 2014,
A&A, 570, 68; Worley et al. 2012, A&A, 542, 48;
• HARPS FGK Sample: Adibekyan et al. 2013, A&A, 554, 44; HARPS Stars and Planets:
Adibekyan et al. 2014, A&A, 564, 15
• Near-Field Cosmology and Metal-Poor Stars: Frebel & Norris, 2015, ARA&A, 53, 631.
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12. Hot spots and warps in quasar accretion discs
Supervisors: Nick Bate, Office: H22, Email: nbate@ast.cam.ac.uk
Paul Hewett (UTO), Office: H19, Email: phewett@ast.cam.ac.uk

Background
Quasars are amongst the most luminous objects in the Universe, often outshining their
entire host galaxies. They are thought to be powered by the accretion of matter on to
a supermassive black hole residing at the centre of the host. As matter falls inwards
towards this black hole, it forms an accretion disc which radiates energy from x-rays all
the way into the infrared.
Constraining the structure of quasar accretion discs is challenging. The discs are
extremely compact (∼ 0.4 light days at rest-frame UV wavelengths), and located at
cosmological distances (redshifts z > 1.5 for the objects considered here). Micro- to
nano-arcsecond resolution is required to directly image them, far beyond the reach of
current generation telescopes.
Fortunately, gravitational microlensing offers a solution to this problem. In ∼ 100
known cases, we observe a background quasar through an intervening galaxy. Light
from the background source is deflected as it travels past the foreground lens galaxy,
and as a result we see multiple images of the quasar (see Figure 1). Furthermore, stars
in the foreground galaxy introduce small, uncorrelated brightness fluctuations into each
individual image. The amplitude of these gravitational microlensing deviations depends
strongly on the size of the background source.

Figure 1: Gravitational (micro-)lensing of the Four-Leaf Clover quasar. The background quasar
is quadruply imaged by the foreground lensing galaxy. Image A is microlensed by a star close to
its light path, causing the image to brighten dramatically. (Credit: NASA/CXC/Penn State/G.
Chartas et al.)
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This presents us with an opportunity: the hot, UV-emitting parts of the accretion
disc are expected to be small, and so will be heavily affected by microlensing. Conversely,
the cooler, infrared-emitting parts of the accretion disc are much larger, and so will be
less microlensed. If we observe a lensed quasar at multiple wavelengths (equivalently,
temperatures), we can therefore constrain the radial temperature profile of its accretion
disc.
Current attempts at gravitational microlensing accretion disc measurements point to
problems with standard thin accretion disc theory (e.g. the SS-disc; Shakura & Sunyaev
1973). Disc sizes are measured to be factors of 2.5 to 4 times larger than expected from
theory. Temperature profiles are less well-constrained, but also hint at inconsistencies
with theory.
These analyses assume that accretion disc temperature falls off as a smooth powerlaw with distance from the central supermassive black hole. Reality is likely to be much
messier: accretion discs could be warped, or form hot spots; fragmenting gravitational
instabilities could form stars in the disc; accreted stars could go supernova, and so on.
This project aims to explore the impact of quasar accretion disc inhomogeneities on size
and temperature profiles inferred from gravitational microlensing observations.

Nature of the Project Work
This is a mathematical and numerical project. Some familiarity with programming in C
or Python is essential. The project outline is as follows:
• The first step will involve constructing a numerical model of a Shakura-Sunyaev
accretion disc. The output of this model will be SS-disc surface brightness profiles.
• The SS-disc will then be modified in simple ways: adding hot spots, or other regions of enhanced brightness. The exact physics of these inhomogeneities is not
particularly important, only their impact on projected brightness distributions.
• The resulting surface brightness profiles will then be convolved with microlensing
magnifications maps (available via GERLUMPH: http://gerlumph.swin.edu.au) to
simulate the effects of gravitational microlensing by a foreground field of stars.
C code will be provided for this purpose. The systematic impact of disc inhomogeneities on measurements of (smooth) accretion disc parameters (size, temperature
profile) will be explored.
• If time permits, the observational detectability of inhomogeneities will also be studied. Given long-term observations of a quasar accretion disc undergoing microlensing, is it possible to detect the presence of hot spots or warps?

References
Shakura & Sunyaev, 1973, A&A, 24, 337
Bate et al., 2008, MNRAS, 391, 1955 (http://arxiv.org/pdf/0810.1092v1)
Jimenez-Vicente et al., 2014, ApJ, 783, 47 (http://arxiv.org/pdf/1401.2785v1)
Dexter & Agol, 2011, ApJ, 727, 24 (http://arxiv.org/pdf/1012.3169v1)
Mortonson, et al., 2005, ApJ, 628, 594 (http://arxiv.org/pdf/astro-ph/0408195v2)
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13. Extreme matter accretion onto black
holes in ultraluminous X-ray sources
Supervisors: Ciro Pinto (office H56, email cpinto@ast.cam.ac.uk),
Anne Lohfink (H55, email alohfink@ast.cam.ac.uk),
Andy Fabian (H49, email acf@ast.cam.ac.uk)
BACKGROUND
In the centre of almost every galaxy there is a supermassive black hole (SMBH) weighing over
million suns. The discovery of “fully grown” SMBH at high redshifts, when the Universe was
young, challenges the theories of black holes growth, requiring long periods of high accretion, most
likely above the Eddington limit. This is a focus of the next generation large missions, e.g. ESA's
ATHENA X-ray observatory, but cannot be done with the current instrumentation due to the large
distances. Therefore, we need to study objects accreting at high rates in the nearby Universe.
Ultraluminous X-ray sources (ULXs) are extraordinary extragalactic, off-nucleus, point sources in
galaxies and have X-ray luminosities above any known steady stellar process (> 3·1039 erg/s). They
are powered by accretion onto compact objects such as neutron stars with strong magnetic fields
and stellar mass black holes (BH) at or in excess of the classical Eddington limit. Therefore, ULXs
provide the best workbench to study super-Eddington accretion and fast growth rates of black holes.
I recently published in Nature the discovery of X-ray emission and blueshifted (~0.2c) absorption
lines in the high-resolution XMM-Newton spectra of the two archetypical ultraluminous X-ray
sources NGC 1313 X-1 and NGC 5408 X-1. The absorption lines reveal the fastest, relativistic,
outflow ever seen in a X-ray binary and is consistent with predictions by models of hyper-accreting
stellar mass black holes. This discovery directly reveals the long sought, powerful winds in superEddington accreting sources and sheds new light on ULXs nature. This has opened up a new
research field and I propose an exciting follow-up project focusing on wind driving mechanisms.

Figure 1: Artistic picture of an ultraluminous X-ray source. A
compact objects, most likely a black hole, accretes matter from a
companion star in the form of a disk (left). When accretion is high,
radiation increases enormously and kicks a large amount of gas in
the surrounding space. This gas forms a wind which absorbs the
X-rays from the inner regions, leaving significant residuals to the
best-fitting continuum models in ULX X-ray spectra (right).
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Figure 2: Cartoon of a physical model of high mass accretion rate sources. The light blue region shows the soft X-ray
emission of the accretion disk, altered by a photosphere of a radiatively-driven optically-thick wind. The dark blue
region, closer to the compact object is dominated by highly variable, optically-thin, turbulent Comptonization emitting
high-energy (>1 keV) X-rays (left). XMM-Newton high-resolution spectrum of the ULX NGC 1313 X-1 with overlaid a
model of thermal collisionally-ionized emission (T~107K) and a relativistically (v~0.2c) blueshifted photoionized
absorption. The dotted lines indicate the blueshift from the rest-frame transitions (right).

NATURE OF THE PROJECT
In a pioneer work we have found evidence for an anti-correlation between the strength of the wind
and the spectral hardness of ULX NGC 1313 X-1; this suggested that the wind is strong when the
source is “soft”, i.e. when we can directly see the accretion disk (Figure 2, left). I propose to search
for wind features in both medium- and high-resolution X-ray spectra of the brightest ULXs and test
the connection between the strength of the wind features and the ULX spectral state. This will either
provide further evidence into this scenario or probe new physics in case we find surprising
mismatches. This work will made use of XMM-Newton archival and new observations including a
newly awarded large (500 ks) observation with the Chandra observatory. We may also want to
weigh the black holes through the comparison between the emission lines created by the shock that
wind creates on the surrounding medium and the theoretical models for different black hole masses.
This work compares theoretical predictions and observations pleasing students interested to either
theoretical aspects of astrophysics or observational techniques. As a by-product, it is interesting to
develop a theoretical framework to estimate BH masses through the widths of the emission lines.
This can be done in IDL, C/bash-shell or other programming languages preferred by the students.
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 archives of the X-ray satellites have
extraordinary, high quality, data that will be quickly reduced providing well-exposed spectra. SPEX
enables an advanced modelling of the spectra to measured the velocities and other characteristics of
the winds as well as other important properties of the ultraluminous X-ray sources.
USEFUL REFERENCES
- A review on ultraluminous X-ray sources http://arxiv.org/abs/0905.4076
- My paper on the discovery of winds in ULXs http://arxiv.org/abs/1604.08593
- An Interesting paper on wind versus spectral variability http://arxiv.org/abs/1509.06760
- A great paper on super-Eddington accretion (for theory lovers) http://arxiv.org/abs/astro-ph/0609274
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14. The fight between cooling and
heating in clusters of galaxies
Supervisors: Ciro Pinto (office H56, email cpinto@ast.cam.ac.uk)
Andy Fabian (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 10 6-8 K gas, known as the intracluster 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 5 million K, presumably due to heat produced
by energy released in galaxy mergers, sloshing of gas within the gravitational field or by the
powerful jets generated by matter accreting on the supermassive (106-9 Msun) black holes host in the
centres of the galaxies. It is still under debate which of these scenarios is most feasible and I
propose to use advanced X-ray spectroscopy techniques to investigate the nature of clusters heating.

Figure 1: Chandra X-ray image of the Perseus intra-cluster medium with low-pressure expanding regions, in
purple, filled with relativistic particles from the outbursts of the central supermassive black hole (left). These jets
release enormous amounts of energy which inflate cavities/bubbles and heat the gas, possibly preventing cooling
flows (centre). Centaurus cluster of galaxies with gas sloshing in the dark matter gravitational potential (right).

Our recent discovery of the long sought cool (~ 2 mln K) gas in a sample of giant ellipticals in
clusters of galaxies opened up a new window to study their thermodynamics. This was revealed by
the detection of O VII emission lines in their high-resolution XMM-Newton spectra (see Figure 2).
The comparison of the amount of gas at 105.5 K (O VI), 106.3 K (O VII) and 106.7 K (Fe XVII) may reveal
the nature of the O VII phase and cooling – heating balance in these massive astronomical objects.
Turbulence is thought to transfer heating throughout the ICM. It can be produced by jets from the
active galactic nuclei (AGN feedback), galactic mergers and gas sloshing in the dark matter
potential. It can be measured through the widths of the X-ray emission lines and from ratio between
turbulence-dependent and turbulence-independent emission lines. Therefore, turbulence estimates
are crucial to understand the thermodynamical status of the intra-cluster medium and are among the
main focuses of the current and next generation X-ray large missions (e.g. ASTRO-H2, ATHENA).
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Figure 2: XMM-Newton X-ray spectrum of NGC 1316 with strong O VII lines (left). Map of the Fornax cluster:
NGC 1404 is in collision with its core (NGC 1399) producing sharp shocked-edges and gas stripping (right).

NATURE OF THE PROJECT
I propose to constrain the turbulence and the amount of cool O VII gas in a sample of about 10 giant
elliptical galaxies. They will be compared with the presence of AGN jets, galactic mergers and
sloshing in order to unveil the main heating source and to address where/how cooling – heating
balance takes place. This ambitious project will be done with archival and new observations,
including a newly awarded XMM-Newton observation of NGC 1404, a giant elliptical galaxy
falling into the Fornax cluster of galaxies (Figure 2).
This work compares theoretical predictions and observations pleasing students interested to either
theoretical aspects of astrophysics or observational techniques. As a by-product, we could develop a
theoretical model to determine the turbulence from the ratio between resonance optically-thick lines
(affected by turbulence) and optically-thin lines (insensitive to turbulence). This can be done in IDL
and C/bash-shell, which are my programming languages or any one preferred by the student.
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 archives of the X-ray satellites have
extraordinary, high quality, data that will be quickly reduced providing well-exposed spectra. SPEX
enables an advanced modelling of the spectra to measure mass deposition rates, metal abundances,
turbulence, temperature structure and other important properties necessary to understand the nature
of the heating phenomena occurring in the galaxies.
USEFUL REFERENCES
- A review on heating of galaxies with AGN http://arxiv.org/abs/1204.4114
- A review on X-ray spectroscopy of galaxy clusters http://arxiv.org/abs/0907.4277
- My first paper on O VII discovery in ellipticals http://arxiv.org/abs/1411.0709
- My follow-up papers on O VII studies in ellipticals http://arxiv.org/abs/1606.04954
and turbulence constraints in ellipticals, groups and clusters of galaxies http://arxiv.org/abs/1501.01069
- A paper on resonant scattering theoretical modelling http://arxiv.org/abs/astro-ph/0604575
- A paper on the cooling flow problem http://arxiv.org/pdf/astro-ph/0210662v1.pdf
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15. Understanding the Outcomes of Planet-Planet Scattering
Supervisor: Roman Rafikov, email: rrr@damtp.cam.ac.uk

Background

Many exoplanets discovered by missions such as Kepler and by the radial velocity surveys
reside in multiple systems. Also, orbits of many exoplanets are highly eccentric, indicating a
violent dynamical past of these systems. High eccentricities can be naturally driven by the
planet-planet gravitational scattering that often results in the ejection of one of the planets
out of the system. Another possible violent outcome is the collision of the two planets,
leaving a single object in the system. And if one of the planets is driven into a highlyeccentric orbit by a strong scattering event, it may either directly collide with the parent
star, or get tidally circularized in a short period orbit, producing a “hot Jupiter”.
Many numerical studies have looked into the issue of the planet-planet scattering, finding a
number of interesting empirical correlations. It is easy to understand why ejections are
favored far from the star, while collisions are more typical in small-separation orbits.
However, the exact scalings of the system lifetime for each particular outcome have not
been understood. The problem lies is properly describing the long-term evolution of the
dynamical properties of the planets – their eccentricities and inclinations – which are
expected to grow with time as a result of stochastic pumping by the gravitational scattering.
Also, some of the previous numerical studies have been limited to the two-dimensional
(planar) geometry since this allows the system to evolve faster.

The goal of this project is to provide analytical understanding of the empirical relations
found in simulations. Dynamical excitation of the two-planet system will be explored in both
2D and 3D in the two-body scattering approximation. The analytical tools will be similar to
the framework used for understanding the dynamical evolution of the planetesimal disks.
Theoretical developments will be buttressed by the direct integration of the ensembles of
the two-planet systems, as well as the analysis of the existing datasets. The idea here will be
to explore the statistical properties of the full temporal evolution of the planetary orbital
elements as a result of scattering, and not just the probabilities of the final outcomes.

This project will open up a possibility of analytical understanding (in a statistical sense) of
the dynamical states of the whole ensemble of the extrasolar planetary systems.

Nature of the Project Work

This project will involve a combination of (1) rather technical analytical work, (2) running
ensembles of long-term numerical orbit integrations of the planet-planet scattering, and (3)
careful analysis of the numerical outcomes. The detailed tasks will include
•

•

Developing analytical understanding of the empirical scaling relations: likelihood of
ejections vs. collisions at different semi-major axes, distribution of the lifetimes of
the system prior to the violent outcome, etc.
Direct orbit integrations of the two-planet systems in 2D and 3D using Mercury or
some other orbit integrator.
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Careful analysis of the numerical outcomes, guided by the analytical predictions.
Examination of not just the final outcomes but also the intermediate states of the
system.

References

Chatterjee, S., et al 2008, ApJ, 686, 580
Rafikov, R. R. & Slepian, Z. S. 2010, AJ, 139, 565
Petrovich, C., Tremaine, S., & Rafikov, R.R. 2014, ApJ, 786, 101
Morrison, S. & Malhotra, R. 2015, ApJ, 799, 41
Petrovich, C. 2015, ApJ, 808, 120
Tremaine, S. 2015, ApJ, 807, 157

Left Mean lifetime of the planar two-planet system before one of the possible violent outcomes
occurs: ejection of one planet from the system, collision of the two planets, collision of one of the
planets with the star. Shown as a function of the planet-to-star mass ratio. Different curves
correspond to different values of the ratio of the planetary radius to the Hill radius, serving as the
measure of the semi-major axes of the planets. Right Individual probabilities of the two most
common outcomes of the gravitational scattering – ejection (top) and collision (bottom). Shown here
as functions of the planet-to-star ratio. From Morrison & Malhotra (2015).
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16. Signs of Planetary Demise Around White Dwarfs
Supervisor: Roman Rafikov, email: rrr@damtp.cam.ac.uk

Background

Low and intermediate mass stars evolve to become white dwarfs (WD) after the end of their
main sequence evolution. As many of them harbor planetary systems, the WDs inherit them,
in many cases in relatively pristine state. In recent years it has been realized that such
exoplanetary systems around stellar corpses can have observational manifestations. First,
atmospheres of many WDs are polluted with metals, which has been interpreted as the sign
of the accretion of planetary material by the WD. Second, several dozen WDs have been
discovered to harbor compact debris disks, which likely provide the reservoir for their
atmospheric pollution. These disks are likely a result of tidal disruption of the minor planets
that have been scattered into low periastron orbits by the more massive exoplanets. Thus,
understanding these debris disks and WD pollution can teach us about exoplanets orbiting
stellar remnants.
These debris disks evolve and deliver their material to the WD under the action of several
processes. One of the most basic of them is the Poynting-Robertson drag that sets a
minimum accretion rate of metals onto the WD. Recently, it was found that many debris
disks are rather narrow, resembling rings more than the disks. How natural is this
configuration and whether it results from the initial conditions (the tidal disruption event
itself) or subsequent evolution has not been clear.

The goal of this project is to explore the evolution of the WD debris disks driven by the
Poynting-Robertson drag and to try understanding the statistics of the debris disks. In
particular, the project will address how the drag changes the spatial distribution of the
debris in time, how does it affect the IR luminosity of the system, and how all this changes
for the WDs of different ages.

The results will shed light on the properties of the population of exoplanetary minor
objects, which are difficult to obtain by other means.

Nature of the Project Work

This project will involve a combination of (1) semi-analytical modeling, (2) gathering
statistics on the evolution of the WDs with debris disks based on the numerical results, and
(3) comparison with observations. The detailed tasks will include
•

•
•

Development of a code to solve for the debris disk evolution driven by the PoyntingRobertson effect. Exploration of the phase space of physical parameters.
Determination of the statistics of the debris disk widths and brightnesses as they
evolve.
Comparison of the results with observational statistics to set population constraints
on the debris disk properties.
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References
Farihi, J. 2011, http://arxiv.org/abs/1010.6067
Rafikov, R. R. 2011, ApJL, 732, L3
Rafikov, R. R. 2011, MNRAS, 416, Issue 1, pp. L55
Bochkarev, K. V. & Rafikov, Roman R. 2011, ApJ, 741, 36
Metzger, B. D., Rafikov, R. R., & Bochkarev, K. V. 2012, MNRAS, 423, 505
Bergfors, C., Farihi, J., Dufour, P., & Rocchetto, M. 2014, 444, 2147
Rocchetto, M., Farihi, J., Gänsicke, B. T., & Bergfors, C. 2015, 449, 574
Farihi, J. 2016, New Astronomy Reviews, 71, 9

Left Characteristic spectral signature (near-IR excess) produced by the debris disk orbiting near
the white dwarf. Several models for explaining the near-IR excess are shown. From Bergfors et al
(2014). Right Theoretical models for the evolution of the debris disks driven by the PoyntingRobertson drag. Snapshots of the surface density profiles are shown at several different moments of
time. One can see the development of a narrow ring in the late stages of the system evolution. From
Bochkarev & Rafikov (2011).
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17. Can we observe the A-band oxygen biomarker in Proxima b with
the European Extremely Large Telescope?
Supervisor: Ian Parry, irp@ast.cam.ac.uk, H57
Background
The discovery of a potentially habitable Earth-sized planet orbiting Proxima Centauri was recently
announced (Anglada-Escudé et al, 2016). This is a very exciting result because not only might the
planet harbour life but the star is our Sun’s nearest stellar neighbour. The discovery was made via
the radial velocity technique – the planet has not been detected directly but its presence is inferred
from the reflex motion of the star due to the orbiting planet. The orbital period is about 11 days and
the planet’s mass is at least 1.27 Earth masses. Clearly, because it orbits in the habitable zone
(Kopparapu et al, 2013) we would like to find out if it has life or not.
To look for evidence of life we need to take a spectrum of the planet itself. Transit spectroscopy
cannot be used because the orbit is not edge-on as viewed from the Earth so we must observe the
reflected light from the planet. This is difficult to do because the planet is only 0.05 AU from the
star and so the planet and the star appear only 38 milli-arcsec (mas) apart on the sky. Furthermore,
the planet is expected to be one million times fainter.
A very good biosignature to look for is the oxygen A-band at 763nm. The presence of O2 is a strong
indicator of life because it cannot exist for long in equilibrium - in the Earth’s spectrum oxygen is
clearly seen because it is continuously put in to the atmosphere by plants. The resolution of a
telescope (ignoring blurring due to turbulence in the Earth’s atmosphere) is 1.2λ/D where D is the
diameter of the telescope’s primary mirror and λ is the observed wavelength. At 763nm the
resolution of the largest telescopes available today (~8m) is ~24mas. This is not enough to separate
the star and the planet because for such an extreme brightness ratio a separation of at least 3λ/D is
needed. So we must wait until ~2024 for the European Extremely Large Telescope (E-ELT) with its
39m primary mirror to be able to resolve the planet (for the E-ELT 1.2λ/D = 5 mas).

Nature of the project
This project is a feasibility study. The student will learn about the E-ELT, adaptive optics,
coronagraphs, integral field spectrographs and high resolution spectrographs. This knowledge will
then be used to make an accurate model of the data that might be obtained for Proxima b to see if it
can reveal the oxygen biomarker. A detailed design of the instrument does not need to be made but
an outline of the instrument in the context of the ELT-HIRES instrument will be made. Because of
the oxygen present in the Earth’s atmosphere it will be necessary to use the cross-correlation
technique of Snellen et al (2015). This technique exploits the Doppler shift of the planet’s spectrum
due to its orbital motion and the fact that the oxygen band is made up of many individual spectral
lines.
References
1. Anglada-Escudé et al, (2016) Nature, Volume 536, Issue 7617, pp. 437-440.
2. Kopparapu et al (2013), The Astrophysical Journal, Volume 765, Issue 2, article id. 131, 16
pp.
3. Snellen et al, (2015), Astronomy & Astrophysics, Volume 576, id.A59, 9 pp.
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18. Searching for signs of life using a large spinning space telescope.
Supervisor: Ian Parry, irp@ast.cam.ac.uk, H57

Background
How common is life in the Universe? This is one of today’s biggest scientific questions but we do not
have an answer: all we can say is that there is at least one life-bearing planet in the entire universe.
This question can be answered (or at least meaningfully constrained) by searching for biosignatures
in the spectra of reflected light from ~100 Earth-sized planets that are already known to be orbiting in
their habitable zones (HZ). This requires a very large telescope in space and plans for such a mission
have been formulated by many different groups over the last 15 - 20 years (see Dalcanton et al, 2015
for a good example of current thinking on this topic).
The resolution of a telescope is 1.2λ/D where D is the size of the telescope’s primary mirror and λ is
the observed wavelength. Clearly the bigger the telescope’s primary the more targets we can
investigate. For a sample of G and K type hosts, most of the planets in the HZ will be between 25 and
50 milli-arcsec (mas) from their host star and 10-9 to 10-10 times fainter. To separate the planet’s
image from that of its host star at the wavelength (763nm) of the O2 biosignature we need a telescope
with D ~12m or more. Furthermore, the intensity of the light from the host star at the position in the
image of the exoplanet must be suppressed otherwise the exoplanet will be lost in its glare. The
oxygen A-band at 763nm is generally considered to be a very good biosignature to look for. The
presence of O2 is a strong indicator of life because it cannot exist for long in equilibrium - in the
Earth’s spectrum oxygen is clearly seen because it is continuously put in to the atmosphere by plants.
Conventional thinking leads to a telescope with a large static, approximately circular primary mirror
which is fully filled (i.e. most of the area of the circle is reflective). However there are potentially big
advantages to be had from using a spinning mirror which is neither circular nor filled.
1) For a given total mirror surface area, D can be much bigger.
2) By spinning the mirror about its optical axis the point spread function is rotationally averaged out
- effectively we synthesise a circular mirror of diameter D.
3) The image of an exoplanet will appear to rotate around the centre of rotation (i.e. the host star)
allowing it to be separated from the non-rotating speckle pattern formed by the host star. This
angular differential imaging (ADI) technique is already used by ground-based systems.
4) Rapid rotation (> 10 RPM) stabilises the speckle pattern because the rotation period is much
smaller than the timescale for the speckle pattern to change (due to sunlight hitting the telescope
structure and other external perturbers). This reduces systematic errors when subtracting off the
background to get the signal from the planet. Rapid ADI is not possible from the ground.

Nature of the project
This project is a feasibility study which requires strong computational skills. The student will learn
about telescopes, coronagraphs and integral field spectrographs and use an existing library of
wavefront propagation routines to model the time dependent data (essentially movies) that one would
get from such a telescope including time-dependent systematic errors. The student will then attempt to
develop algorithms to recover the original exoplanet data from the modelled data to demonstrate the
feasibility (or otherwise) of this idea.

References
1. Dalcanton et al (2015), “From Cosmic Birth to Living Earths: The Future of UVOIR Space
Astronomy”, arXiv:1507.04779
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19. How long is a day when a planet has two Suns?
Amaury Triaud, Office O16, email aht34@cam.ac.uk
John Papaloizou, DAMTP F1.13, email jcbp2@damtp.cam.ac.uk

Background
Although popularised in science fiction for nearly a century, until 2011, it was unclear whether
there existed any planets orbiting two stars at the same time. Circumbinary planets such as Kepler16b, were identified by Nasa’s Kepler satellite only this decade, and so far only nine such system
are known to exist.
Tidal forces can affect how a body rotates. For instance tides raised on the Moon by the Earth, have
synchronised its rotation velocity to the revolution it makes about the Earth. Similarly both Pluto
and Charon always present the same face to each other. Similar processes are thought to occur for
any planet orbiting close enough to its parent star. These processes are fairly well understood in the
case of two bodies.
A circumbinary planet is a three body problem. The position of the two stars, notably their distance,
keeps changing as seen from the planet’s referential frame. It affects the orbital path of the planet,
changing its orbital period sometimes by up to a week. The mass ratio between the stars, the period
ratios of the planetary to the binary star, the eccentricities of these orbits, and likely their mutual
inclinations are expected to affect the behaviour of the planet’s rotation period. It is expected that
the planet will not reach an exact synchronised state. Beyond its mathematical and physical interest,
this has implications in how heat will be redistributed with a planet’s atmosphere, and therefore on
whether circumbinary planets can be habitable or not.
The project will find out which physical and orbital parameters are important and how they affect
the planet’s spin, and how rapidly these interactions take place before the system reaches an
equilibrium state.

Nature of the project work
This a theoretical exploration of what happens to the rotation spin of a planet when it orbits a pair of
stars. This project is supervised in collaboration between the Institute of Astronomy and the
Department of Applied Mathematics and Theoretical Physics.
The object is to utilize expressions already obtained for tidal torques acting in a circumbinary
configuration. These can be used with a variety of assumptions about the dependence of the phase
lag on forcing frequency.
The well known constant time-lag and constant-Q tidal models are examples. We want to know
what is the direction of orbital evolution and whether a final equilibrium state of the planet is
obtained and then its dependence on mass ratio, period ratio, eccentricity and the various spin
vector inclinations. We would also investigate the timescale to reach equilibrium obtained from
extended numerical integrations.
The first step will be to get familiarised with an N-body integrator, and compute the orbital path of
a circumbinary planet, then to include tidal effects and find out how the planet's rotation evolves
with time for the case of aligned spin vectors.
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Additional extensions to this work include investigating the evolution of the angle between the
direction of the planet’s spin

References:
Hut 1981, A&A 99, 126. http://adsabs.harvard.edu/abs/1981A%26A....99..126H
Goldreich & Soter 1966, Icarus 5, 375. http://adsabs.harvard.edu/abs/1966Icar....5..375G
Doyle et al. 2011, Science 333, 1602 http://adsabs.harvard.edu/abs/2011Sci...333.1602D
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20. Lithium Production by Hot-bottom Burning

Supervisor: Christopher Tout, H61, email: cat@ast.cam.ac.uk
Second Supervisor: Robert Izzard, H36, email: rgi@ast.cam.ac.uk
Background
Much of the lithium in the Universe today was formed soon after the Big Bang. Stars usually destroy lithium very quickly by proton capture at about 3 × 106 K. However lithium is produced during hot
bottom burning in the early phases of AGB evolution by the Cameron–Fowler (1971) mechanism, when
temperatures at the base of the convective envelope are above 40 MK. First 7 Be is produced by the reaction
3

He + 4 He → 7 Be

(1)

7

(2)

and this captures an electron to form 7 Li,
Be + e− → 7 Li.

Any lithium produced by hot-bottom burning is rapidly transported to cooler parts of the envelope by
convection so there is a short period of time in which Li is significantly enhanced, typically by more than
a factor of ten, at the surface. Lithium is subsequently destroyed by proton capture,
7

Li + 1 H → 24 He.

(3)

The amount of lithium in the envelope at any time depends on the rates at which nuclear burning and
convection take place and interact. Though the reaction rates are reasonably well constrained models of
convection differ widely. In this project you will take as given a typical temperature and density structure
for an AGB convective envelope and investigate how different treatments of the convection affect the lithium
production. Such models could include instantaneous mixing, a diffusion approximation to mixing length
theory and more complex cases in which rising and falling convective cells move at different speeds and
have different cross-sections.
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 highly desirable.
Nature of the Project Work
Mathematical and computational.
* Understand mixing length theories of convection.
* Construct models of convection with nuclear burning in an AGB star’s convective envelope.
* Quantitatively assess the effects of different models on lithium production and destruction in AGB stars.
References
Cameron A. G. W., Fowler W. A., 1971, ApJ, 164, 111
Sackmann I.-J., Boothroyd A. I., 1992, ApJ, 392, L71
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Figure 1: A two stream model for convection in which upward and downward moving cells have different
areas A, speeds v, temperatures T and densities ρ.
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21. Signatures of nanoflare heating in solar active regions
G. Del-Zanna <gd232@cam.ac.uk>

Background
The solution to the long standing problem of solar coronal heating remains elusive despite major advances in
observational and theoretical capabilities over the last few decades. We know that solar active regions
generally comprise a variety of structures which are broadly classified as warm loops [T =1 MK], fan loops
[T < 0.8 MK], and hot loops [T = 3 MK] in the cores of active regions. A clear understanding of the thermal
distribution in coronal structures reveals information regarding the heating mechanism. The most widely
accepted theory for the coronal heating assumes that nanoflare storms occurring in the corona heat the
plasma to temperatures higher than 3 MK, with subsequent cooling to form the 3 MK loops (see, e.g. Cargill
2014). The presence of this hot plasma above 3 MK has been, however, a matter of much debate in the
literature, despite the fact that we now have plenty of observations to measure the temperature distribution
of the plasma (the DEM) and resolve this issue. Since 2010, we have wonderful high-cadence, highresolution EUV images of the solar corona from the Solar Dynamics Observatory (SDO) Atmospheric
Imaging Assembly (AIA). We also have X-ray imaging from the Hinode X-Ray Telescope (XRT), as well
as EUV spectra from Hinode EIS.
Several published results are based on AIA imaging, although it is known that combined AIA and XRT
observations improves the DEM at high temperatures (cf. Winebarger+2012). Most of the published studies
found significant hot emission above 3 MK. For example, Warren+(2011,2012) used data from EIS and AIA
to show that emission above 3 MK is common in a sample of active regions. Brosius+(2014) used
spectroscopic observations of one AR during a rocket flight and found pervasive hot plasma above 3 MK.
Testa and Reale (2012) also found evidence of 8 MK emission in one AR.
Our results are however in contradiction: Del Zanna (2013) and Del Zanna and Mason (2014) analysed
EUV and X-ray spectroscopic observations and found instead that the cores of quiescent ARs have very
little hot plasma. Similar results were also found by Ishikawa+(2014), using observations from a novel
Focusing Optics X-ray Solar Imager (FOXSI) sounding rocket payload. Del Zanna+(2015) studied the
evolution of the DEM in the core of an active region, showing that it did not change significantly, from one
rotation to the other.
Some results such as those from Schmelz+(2015) are contradictory. Schmelz+(2015) analyzed data from
XRT and AIA for 12 quiescent active region cores. The DEM distribution was truncated at 5 MK, to see if
the data could be consistent with such a distribution. For some regions, the XRT intensities continued to be
well-matched by the DEM predictions. This truncation, however, resulted in unacceptable fits for other
regions. This result indicates that the hot plasma is present in these regions.
In summary, there is clear evidence that emission above 3 MK is present, but not always.
The science questions:
1) What is the duration and the recurrence of the plasma hotter than 3 MK during the lifetime of a solar
active region ?
2) Is the recurrence enough to explain the persistency of the 3 MK loops ?

Clearly, if the recurrence is not enough, the nanoflare model is invalid, unless the nanoflares occur on very
short timescales and the plasma is does not have to reach ionization equilibrium.
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Nature of the Project Work
The student will start by searching the SDO and Hinode databases to identify a few good active regions to
study in terms of their evolution. The searches are mostly web-based and relatively straightforward. The
analysis of the data will involve running SolarSoft (IDL)
for data calibration and co-alignment, which is available on DAMTP computers (a login can be provided).
The programs could also be installed on a laptop, but the amount of data to be processed is large.
To start with, the Hinode XRT data will be used to create temperature maps from filter ratios. Then, IDL
programs will be run to estimate the temperature distribution using AIA alone or in combination with XRT.
Once densities and temperatures are estimated, the cooling times
of the hot plasma can be calculated, and compared to observation.
The project will involve some IDL programming, to select spatial and temporal regions, to plot lightcurves,
etc. The student will also learn the basics of the atomic data which we provide to the astrophysics
community (CHIANTI, see Del Zanna+2015b) and that are the basis for the analysis of the data to obtain
the temperatures.

References
Brosius+2014: http://adsabs.harvard.edu/abs/2014ApJ...790..112B
Cargill 2014: adsabs.harvard.edu/abs/2014ApJ...784...49C
Del Zanna 2013: http://adsabs.harvard.edu/abs/2013A%26A...558A..73D
Del Zanna & Mason 2014: http://adsabs.harvard.edu/abs/2014A%26A...565A..14D
Del Zanna+2015: http://adsabs.harvard.edu/abs/2015A%26A...573A.104D
Del Zanna+2015b: http://adsabs.harvard.edu/abs/2015A%26A...582A..56D
Ishikawa+(2014): http://adsabs.harvard.edu/abs/2014PASJ...66S..15I
Schmelz+2015: http://adsabs.harvard.edu/abs/2015ApJ...806..232S
Testa and Reale (2012): http://adsabs.harvard.edu/abs/2012ApJ...750L..10T
Warren+2011: http://adsabs.harvard.edu/abs/2011ApJ...734...90W
Warren+2012: http://adsabs.harvard.edu/abs/2012ApJ...759..141W
Winebarger+(2012): http://adsabs.harvard.edu/abs/2012ApJ...746L..17W

Images of a solar active region, in six of the SDO/AIA EUV bands and in two of the Hinode XRT X-ray
bands. The hot 3 MK loops are clearly visible in the XRT images, while the AIA images show a mixture of
hot and cooler emission [Figure from Warren et al, 2011].
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22. Strange Kepler light curves: Modelling the dips of KIC 8462852 as transiting dust clouds
Supervisors:
Rik van Lieshout (H23, lieshout@ast.cam.ac.uk)
Mark Wyatt (H38, wyatt@ast.cam.ac.uk)
Grant Kennedy (H36, 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.
Specifically, Kepler observations of the star KIC 8462852 have revealed deep, aperiodic, irregularly
shaped dimming events (Fig. 1; Boyajian et al. 2016). The light curve is particularly striking because the star
KIC 8462852 is otherwise quite unremarkable (F-type main-sequence star; Boyajian et al. 2016, Lisse et al.
2015). This type of behaviour has not been seen for any other star, indicating that its explanation must
involve a relatively uncommon phenomenon. Of the various mechanisms that have been investigated to
explain the dimming events, the most promising is the passage of a family of extrasolar comets that produce
large clouds of dust (Boyajian et al. 2016, Bodman & Quillen 2016).
An additional puzzle piece is that the star does not display a strong infra-red excess (i.e., emission
beyond what is expected from the star itself; Boyajian et al. 2016, Marengo et al. 2015, Thompson et al.
2016). Such excess emission would be expected if a large amount of dust orbits the star, since the dust is
heated by the star and would therefore radiate in the infra-red. Any scenario that explains the dips in the light
curve of KIC 8462852 using dust must conform to the upper limits on the amount of dust orbiting the star
that can be derived from the non-detections of infra-red excess emission.

Figure 1: The Kepler light curve of KIC 8462852, with zooms of the dimming events around days 800 and
1500 (Boyajian et al. 2016).
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Aims of the project
This project aims to study the properties of the dust
clouds that cause the dips in the light curve of
KIC 8462852, in order to understand the
mechanism that lead to the production of the dust
clouds and, ultimately, to further elucidate what
processes are at play in extrasolar planetary
systems. Specifically, a numerical model will be
built that simulates the passage of a large dust
cloud in front of a star (Fig. 2; see also Brogi et al.
2012, van Werkhoven et al. 2014). The model will
be applied to the relatively regular dip around day
800 in the light curve of KIC 8462852 (Fig. 1c).
This modelling should lead to constraints on the
amount of dust in the cloud and its expected orbit Figure 2: Sketch of a large dust cloud in the process
around the star, yielding predictions for the of transiting its host star. The dashed line marks the
infra-red excess of KIC 8462852 that can be tested orbit of the dust cloud.
against the non-detections.
More generally, modern photometric monitoring projects (aimed at finding transiting planets) produce
very large amounts of light curves of stars and, as a result, non-standard dimming events are becoming
increasingly more common. A general, parametric model for the transits of dust clouds is an extremely
valuable tool for analysing such light curves. Possible applications (beyond KIC 8462852) of the model that
will be produced in this project include the following:
 White dwarf WD 1145+017 is postulated to be occulted by disintegrating asteroids.
 Exoplanet β Pictoris b is predicted to undergo a near-miss transit between April 2017 and January
2018. It will pass so close to the line of sight towards its host star that, while the planet itself will not
transit, a possible ring system or circumplanetary dust cloud will occult the star.
Nature of the project
The project would involve the analysis of light curves, the development of a numerical model and their
application to the data, using programs written by the student (some programming experience beneficial).
Attending the Planetary System Dynamics course would be beneficial.
References
Bodman & Quillen 2016, ApJ, 819, L34, http://arxiv.org/pdf/1511.08821v2.pdf
Boyajian et al. 2016, MNRAS 457, 3988, http://arxiv.org/pdf/1509.03622v2.pdf
Brogi et al. 2012, A&A, 545, L5, http://arxiv.org/pdf/1208.2988v1.pdf
Lisse et al. 2015, ApJ, 815, L27, http://arxiv.org/pdf/1512.00121v1.pdf
Marengo et al. 2015, ApJ, 814, L15, http://arxiv.org/pdf/1511.07908v1.pdf
Thompson et al. 2016, MNRAS, 458, L39, http://arxiv.org/pdf/1512.03693v1.pdf
van Werkhoven et al. 2014, A&A, 561, A3, http://arxiv.org/pdf/1311.5688v1.pdf
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23. Circularising spaghettified asteroids around white dwarfs
Supervisors: Rik van Lieshout, H23, email: lieshout@ast.cam.ac.uk
Amy Bonsor, H31, email: abonsor@ast.cam.ac.uk
Mark Wyatt, H38, email: wyatt@ast.cam.ac.uk
Background
Over the last several decades we a
b
have discovered thousands of planets
around stars other than our Sun. Almost all of these stars will one day
evolve to end their lives as white
dwarfs. But, what happens to the
planetary systems? What is the fate
of our own Solar System?
The best way to learn about the
fate of our own Solar System (without
t=0
t=0.34 d
time travelling) is to observe nearby
d
stars that were once like our Sun, but c
have now evolved to become white
dwarfs. What can we learn observationally about their planetary systems?
Over 30% of white dwarfs show
evidence in their spectra for the accretion of planetary material. That
is, planetary material that has surt=0.36 d
t=0.51 d
vived the star’s evolution to the white
dwarf phase in an outer planetary sys- Figure 1: Snapshots of a numerical simulation of an asteroid
tem (outside of a few AU), and ends being tidally disrupted by a white dwarf (Debes et al. 2012).
up in the white dwarf’s atmosphere.
The best theory to explain how this planetary material ends up in the white dwarf’s atmosphere
involves dynamical instabilities induced following stellar mass loss on the giant branch. These instabilities can lead to planets, exo-moons, asteroids or comets, being scattered onto star-grazing
orbits. Any solid body that reaches within about a solar radius of a white dwarf will be torn apart
by the strong tidal forces (Fig. 1). This process is well understood, but the big open question that
remains regards how the disrupted planetary material gets onto the white dwarf.
Any planetary bodies scattered onto star-grazing orbits will initially have extremely eccentric
orbits (e > 0.99) and the debris resulting from a tidal disruption will spread out over these orbits,
forming a highly eccentric ring around the white dwarf (Fig. 2). Several lines of observational
evidence indicate, however, that the debris eventually orbits the star on tight, low-eccentricity
orbits close to the tidal disruption radius (Farihi 2016). The fragments of the asteroids or comets
must therefore be transported from their original, highly eccentric, several-AU-scale orbits to nearcircular, solar-radius-scale orbits. Conservation of energy and angular momentum make it very
hard to circularise and shrink orbits. Radiation pressure forces from the white dwarf (specifically,
Poynting–Robertson drag) can contract the orbits of small dust grains (Veras et al. 2015), but for
the largest fragment (which likely contain most of the mass) this mechanism takes too long.
The Project
As described above, the circularisation of the orbits of tidally disrupted asteroids around white
dwarf stars is an unsolved problem. The aim of this project is to investigate whether collisions
between fragments can facilitate this process.
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The project is mathematical and computational in nature, involving basic manipulations of
equations and the development of simple numerical models, using programs written by the student.
Some programming experience would be advantageous, but is not essential. Attendance of the
Planetary System Dynamics course would be beneficial.
References
Debes et al. 2012, ApJ, 747, 148, http://arxiv.org/pdf/1201.0756v1.pdf
Farihi, 2016, NewAR, 71, 9, http://arxiv.org/pdf/1604.03092v1.pdf
Krivov et al. 2006, A&A, 455, 509, http://adsabs.harvard.edu/abs/2006A%26A...455..509K
Veras et al. 2014, MNRAS, 445, 2244, http://arxiv.org/pdf/1409.2493v1.pdf
Veras et al. 2015, MNRAS, 451, 3453, http://arxiv.org/pdf/1505.06204v1.pdf

Figure 2: The evolution of the debris resulting from a tidally disrupted asteroid with an eccentricity
of e = 0.9966 (Veras et al. 2014). The blue crosses mark the position of the white dwarf. Note
that while this calculation is done for a relatively small orbit, with a semi-major axis of 0.2 AU,
the qualitative results also apply to larger orbits.
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24. The impact of the birth environment on
the lifetime of proto-planetary discs
Supervisors:

Giovanni Rosotti, H21; email: rosotti@ast.cam.ac.uk
Cathie Clarke (UTO), H10; email: cclarke@ast.cam.ac.uk

Background
Planets form in discs composed of dust and gas in rotation around young stars. With a typical
lifetime of a few Myr, these discs provide the building blocks needed to assemble planetesimals,
asteroids, planetary cores and ultimately planets.
Star formation does not proceed in isolation and disc typically reside inside dense stellar clusters
(such as the Orion Nebula Cluster; see Figure 1); it is likely that also our own Solar System was
once part of a cluster. While some processes that disperse the discs happen also in isolation, the
cluster contributes to the dispersal via so-called external processes.
Two in particular are important: external photo-evaporation (mass-loss induced by the high energy
radiation from nearby massive stars) and encounters with other stars (which strip away part of the
mass of the disc). Surprisingly, while they have both been studied separately, little work has been
done on ranking their relative importance.
The project aims to fill this gap and understand which process is more important, as a function of
the properties of the cluster environment, such as its mass and size, and the properties of the stardisc system itself (such as the mass of the central star).

Nature of the project
This is a theoretical project. Depending on the student’s skills and inclinations, it can be tuned more
towards (semi)analytical work or numerical simulations It is anticipated that some level of
programming skills will be required in any case, preferentially in a scripting language such as
Python or IDL. Familiarity with Unix-based systems is also desirable. If the student is interested in
numerical simulations of the stellar dynamics, codes written in C++ and Fortran will be used, but no
programming skill is required to use them. A possible outline of the project is as follows:
• Compute analytical estimates for the mass-loss due to encounters and external-photoevaporation
as a function of the cluster parameters (mass, size and stellar density)
• Generate fake clusters through Monte Carlo simulation and calculate integrated disc mass loss
due to encounters and external photoevaporation (see Figure 2), neglecting orbital motion of
stars within the cluster
• Refine the estimates through N-body modelling of the stellar cluster
• Survey the parameter space and identify the dominating mechanism of disc dispersal
• Classify real stellar clusters according to the previously identified regimes

References
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.
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For a comparison of the two processes in Orion, see Scally & Clarke (2001), MNRAS, 325,
449, http://arxiv.org/abs/astro-ph/0012098
For a review about the birth environment of the Solar System, see Adams (2010), ARAA, 48,
47, http://arxiv.org/abs/1001.5444
For the state of the art on external photo-evaporation, see Facchini, Clarke & Bisbas (2016),
MNRAS, 457, 3593, http://arxiv.org/abs/1601.07562
For semi-analytical estimates of the importance of external photo-evaporation, see Fatuzzo &
Adams (2008), ApJ, 675, 1361, http://arxiv.org/abs/0712.3487

Figure 1: Hubble space telescope optical image of the Orion Nebula Cluster. The insets shows
zooms of proto-planetary discs which are undergoing external photo-evaporation (so-called
proplyds).

Figure 2: An example output from the modelling of a stellar cluster. Histogram of the mass-loss rate
due to external photo-evaporation (from Scally & Clarke 2001).
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Nucleosynthesis in Single and Binary Stars of Intermediate Mass

Supervisor: Ghina Halabi, Observatory Building H32 email: gmh@ast.cam.ac.uk
Responsible UTO: Christopher Tout, Hoyle Building H61, email: cat@ast.cam.ac.uk
Background
The main objective of the project is for the student to gain and develop good understanding of key
physical and chemical processes during the evolution of single and binary low- and intermediatemass stars. In the late stages of their evolution,
these stars evolve to the Asymptotic Giant Branch
(AGB), during which they lose mass prolifically and
eject most of their envelopes into the interstellar
medium. This ejecta is enriched in the AGB phase
nuclear products, such as carbon, fluorine, nitrogen and heavy elements. This makes them major
contributors to the chemical evolution of their host
galaxy and globular clusters.
Although many of the details of this evolutionary phase are well established, we still lack understanding of important physical processes, such as
mixing of chemical elements and mass loss during
the AGB phase. More importantly, the evolution of
these giants is strongly dependent on whether the
star is single or in a binary system.
The student will learn how to use the Cambridge Figure 1: Evolution of 1, 5 and 10M stars in the
stellar evolution code STARS to evolve a represen- Hertzsprung-Russell diagram, including their AGB
tative selection of stars, both single and in binary phases. (Source: www.atnf.csiro.au)
systems, of various masses to the AGB phase. Binary evolution involving an AGB star is quite complex and faces several critical issues such as Roche-Lobe
overflow. The project thus entails sufficient understanding of the underlying physics and provides a good
opportunity for the student to learn about the evolution and nucleosynthesis of these enigmatic and interesting objects.
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
Computational.
* Learn how to use the Cambridge STARS stellar evolution code in both it’s single and binary star modes.
* Understand and model the evolution of intermediate-mass stars including when in their thermally pulsing
AGB phase.
* Estimate the chemical yields of such stars and the effect of a binary companion on these yields.
References
Stancliffe R. J., Tout C. A., Pols O. R., 2004, MNRAS, 352, 984
Karakas A. I., Lattanzio J. C., 2014, PASA, 31, 30
Thomas, H.-C., 1977, ARA&A 15, 127T
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26. The effect of the Milky Way bar on tidal streams
Supervisors
Denis Erkal (derkal@ast.cam.ac.uk, Office: H21)
Vasily Belokurov (vasily@ast.cam.ac.uk, Office: H20)

Background
One of the unshakeable predictions of the ΛCDM paradigm is that small haloes collapse first and
then merge to form large haloes. As a result, galaxies like the Milky Way are bathed in a sea
of subhaloes (e.g. Figure 1a below). The largest of these are massive enough to kick-start star
formation and will appear as satellites. However, the smaller ones with masses below ∼ 108 M will
be devoid of stars and almost entirely dark. These low mass subhaloes are particularly interesting
as a test of ΛCDM and as a way to constrain the mass of the dark matter particle (e.g. Schneider
et al. 2012). The only way to detect these small subhaloes is through their gravitational effect
on luminous matter. One of the most promising avenues is to detect their effect on tidal streams
from disrupted globular clusters (Figure 1 below and e.g. Yoon et al. 2011, Erkal & Belokurov
2015a,b). Recent observations of the Palomar 5 stream have confirmed that the two tails of the
stream are asymmetric (Figure 1b, 2 below, Odenkirchen et al. 2003, Ibata et al. 2016) which
is a hallmark of a perturbation to the stream. However, the perturbation does not necessarily
imply an interaction with a subhalo since both the Milky Way bar (Hattori et al. 2016) and giant
molecular clouds (Amorisco et al. 2016) can also perturb the stream. In the particular case of Pal
5, we have already shown that the bar can introduce asymmetries in the stream (Erkal, Koposov,
Belokurov in prep) but we are now interested in understanding more generally what the bar can
do. Using the so-called modified Lagrange Cloud Stripping (Gibbons et al. 2014) which allows
for rapid disruption of tidal streams, the student will investigate the effect of various bar models
on streams on a variety of orbits around the Milky Way. The main goal is to determine if a bar
can reproduce the precise signatures seen in Pal 5 and thus help show whether or not there is
evidence of a subhalo interaction. If time permits, the same machinery can be used to explore the
importance of the bar on other known streams.

Project Work
In the project, the student will implement various bar potentials and explore the effect of the bar
using modified Lagrange Cloud Stripping simulations. As the work will be mostly numerical, the
student should ideally be familiar with programming. There is also the potential for some analytical
work although the main focus will be numerical.

Useful References
• Amorisco N. C., et al. 2016, arXiv:1606.02715 • Erkal D., Belokurov V., 2015a, MNRAS, 450,
1136 • Erkal D., Belokurov V., 2015b, MNRAS, 454, 3542 • Gibbons S. L. J., Belokurov V., Evans
N. W., 2014, MNRAS, 445, 3788 • Ibata R. A., Lewis G. F., Martin N. F., 2016, ApJ, 819, 1
• Odenkirchen M. et al., 2003, AJ, 126, 2385 • Schneider A., Smith R. E., Maccio A. V., Moore B.,
2012, MNRAS, 424, 684 • Yoon et al. 2011, ApJ, 731, 58

Project No. 26

Page 45

Part III/MASt Astrophysics 2016-2017

Version: 7th October 2016

(a)

(b)

Figure 1: a) Two streams evolved in the presence of subhaloes around a Milky Way-like galaxy
in a cosmological simulation. Blue/pink shows the underlying dark matter and the green/black
points show two tidal streams. Notice the density enhancements and depletions which are due to
interactions with subhaloes. b) Map of stars near Pal 5 on sky. The globular cluster is in the center
and the thin over-density of stars from bottom-left to top-right is the stream. This section of the
stream is roughly 3 kpc long and the observed stream is 9 kpc long.
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Figure 2: Comparison of simulations of Pal 5 against data. Panels show stream position on sky,
density along stream, width of stream, radial velocity, and distance to stream respectively. The
globular cluster which produced the stream is in the center at φ1 = 0◦ . On the left (a) is a simulation
of an unperturbed stream. Notice that it is broadly symmetric in contrast with the data. On the
right (b) is a simulation which includes a subhalo flyby which can broadly reproduce the density
features. If the perturbation is caused by a subhalo, we estimate it had a mass of 107 − 108 M .
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27. Can planets survive in young turbulent protoplanetary discs?
Supervisor: Farzana Meru

Background
Planets form in discs made of gas and dust that swirl around their central star. When the discs are
young, they are massive and turbulent because of the effect of the disc's self-gravity. Once planets
form they will interact with the discs by exchanging angular momentum. This gives rise to torques
that are exerted on the planet which causes the planet to migrate through the disc. The planet will
generally migrate inwards and can potentially be lost into the central star. If the planets are massive
enough they can open up a gap in the gas disc which causes them to migrate much slower, so that
they can survive.
We know from previous studies (Baruteau et al 2011; Malik et al 2015) that planets in young discs
will migrate very rapidly in the turbulent parts of young discs and can be lost. However, only the
outer parts of these discs are turbulent. The inner regions are much calmer and may provide a safe
haven for planets to open up a gap and survive, but this has currently not been simulated.

Nature of the project work
This project is a theoretical project which will test the above hypothesis by performing computer
simulations of planets embedded in discs using a Smoothed Particle Hydrodynamics code. The
discs will be simulated in two ways to mimic the effect of including and not including the
turbulence on the migration of the planet. The student will achieve the following more general
goals:
- learn the current background on planet-disc interactions, specifically about planet migration and
gap-opening in discs
- learn how to run hydrodynamics simulations on the University's computing cluster
- develop analysis tools to analyse the data

References
Baruteau et al PPVI chapter: http://arxiv.org/abs/1312.4293
Baruteau et al (2011): http://adsabs.harvard.edu/abs/2011MNRAS.416.1971B
Malik et al (2015): http://adsabs.harvard.edu/abs/2015ApJ...802...56M
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28.The high-frequency rms-flux relation in
accreting black holes
Supervisors: Will Alston; Office: H56; wna@ast.cam.ac.uk
Matt Middleton; Office: H52; mjm@ast.cam.ac.uk
Andy Fabian; Office: H49; 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 the 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 rmsflux 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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29. Accretion and the location of planet formation in binary systems
Supervisors:

Richard Booth
Amaury Triaud
Cathie Clarke

(H35, rab200@ast.cam.ac.uk)
(Obs 16, aht34@ast.cam.ac.uk)
(H10, cclarke@ast.cam.ac.uk)

Background
Around single stars planet formation is known to be ubiquitous, with half of solar type stars
likely hosting planets. Much less is known about planets orbiting binary stars, which may be
found orbiting both stars (circumbinary planets) or alternatively just one of the stars (circumprimary planets, or circum-secondary if orbiting the less massive star). For several of the
known circum-primary planets the stellar orbits can be quite eccentric and occasionally the
stars can come within a few AU (see Fig. 1). It is quite natural to expect that in these systems
the presence of a close in companion star will have affected the disc from which the planets
have formed. The very existence of these planets provides a natural laboratory that can be
used to test some of the processes thought to occur in protoplanetary discs.
Since the formation of planets depends crucially on the gas and solids (dust, ices, rocks and
planetesimals) from which they form, we would like to test the supply of both components to
the circumstellar discs in which planets may form. For example, how does the mass-ratio of
the binary or its eccentricity affect the supply? Do the gas and solids behave in the same way?
An example accretion flow for the gas onto a circular binary is shown in Fig. 2 (from Young,
Baird & Clarke 2015).
In addition to the occurrence of planets the supply of gas and solids can be constrained by
looking at the abundance patterns in stars hosting discs since certain (refractory) elements are
preferentially locked up into solid. For example, in Herbig Ae stars, which host
protoplanetary discs, this depletion is associated with a large inner cavity in the disc, which is
likely carved by a massive planet that prevents the accretion of solids (Kama et al. 2015).
Similar depletions are also observed in many binaries, such as some post-AGB binary stars
(Van Winckel, 2003), suggesting that in this case the binary might be disrupting the accretion
of solids.

Nature of the project work
The project is numerical/theoretical in nature, the idea being to simulate the transfer of gas
and solids from the circumbinary disc that contains the largest reservoir of material onto the
individual stars in the binary. The project extends work done on the accretion of gas onto
circular binaries, which was the subject of a previous Part III project that led to a publication
(Young, Baird & Clarke, 2015). The first task will be to reproduce those results. You will then
explore the parameter space and investigate for the first time the accretion of solids in
binaries. By determining the destination of the accreted material we hope to understand
whether planet formation is more likely to occur in one of the circumstellar discs, or perhaps
the circumbinary disc. Additionally, we hope to demonstrate that the depletion of refractory
elements can be understood through the accretion of solids being suppressed.
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You would address these questions by using a state-of-the-art Smoothed Particle
Hydrodynamics (SPH) code to simulate accretion flows in binary systems. The SPH code is
based upon GADGET-2 (Springel 2005), which is written in C and has been updated to
include modern algorithms and solid particles as well as gas (Booth et al. 2015). Analysis of
the simulations could in principle be done in any language, but python is highly
recommended. The ideal candidate will need to become comfortable with writing and reading
code in C and in working with UNIX-like systems.

References:
Booth, Sijacki, & Clarke (2015), MNRAS
Kama, Falsom & Pinilla (2015), A&A
Martin & Triaud (2014), A&A
Springel (2005), MNRAS
Triaud et al., in prep.
Van Winckel (2003), ARA&A
Young, Baird & Clarke (2015), MNRAS
Young & Clarke (2015), MNRAS
Fig. 1: The distribution of circumprimary and circum-secondary (white
circles) planets plotted against the
periastron of the binary and planet.
Including some planets within systems
with very close binary companions!
(Triaud et al., in prep)

Fig. 2: Accretion from a circumbinary
disc onto a binary with mass ratio 0.2.
Most of the mass accretes on to the
lower mass star, but circumstellar discs
can be seen around both stars. The
surface density is shown by the colours
along with the streamlines of the flow.
From Young, Baird & Clarke (2015)
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30. Improving CMB power spectrum estimation
Supervisor: James Fergusson, Office: B1:12, email:J.Fergusson@DAMTP.cam.ac.uk

Background:
One key issue that arises when you try to estimate the CMB power spectrum is how to deal with
large foreground contamination from our galaxy and point sources. This is dealt with by masking
the map (setting contaminated pixels to zero). This causes issues when the map is decomposed into
spherical harmonics. The sharp cut induced by masking leads to coupling between different modes
which must be disentangled for our estimates to be unbiased. This effect can be reduced by using
apodised masks where masked pixels are again set to zero but the surrounding pixels are also
suppressed to smooth the transition away from masked regions.
Bispectrum analysis uses a different approach where makes pixels are instead filled in using the
surrounding pixels as a guide, this process is called inpainting. Recently [1] we discovered that this
approach is superior to the standard apodiation method and can lead to improvements of between
20-40% for power spectrum estimation. There is one remaining issue which is that while the
projection matrix (which is necessary for debiasing) for apodiation can be calculated analyticaly in
a simple way, the matrix for inpainting is much more difficult to calculate. The focus of this project
will be to develop methods to estimate the projection matrix efficiently from simulations allowing
this method to be used on Planck data.

Nature of project work:
This project will be highly numerical and experience of writing code is essential. You will be
provided with the necessary code to perform inpainting and calculate the matrix by brute force in
small test cases (for temperature only data) which is written in FORTRAN90.
• The first part would be to write algorithms to estimate the matrix accurately in small test
cases then look to see how this can be optimised so it can be scaled up.
• If this is successful the project would have a second part where this is implemented in
CosmoMC to show the improvement in error bars possible for simplified Planck-like data sets at
which point there we would have enough material to produce a paper on the topic.
• In the case where there is very rapid progress these methods could be extended to
polarisation and/or applied to the publicly available Planck data.
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31. Lyman Alpha Profile of Simulated Galaxies Supervisors:
Taysun Kimm, K18, email: tkimm@ast.cam.ac.uk
Martin Haehnelt (UTO), K27, email: haehnelt@ast.cam.ac.uk
Background
Lyman alpha (Lya) is one of the strongest lines and thus easy to detect with large telescopes. Owing to this advantage, many types of astrophysical systems in the high-redshift Universe are identified through the Lya line, such as Damped Lya Absorbers or Lyman Alpha Emitters (LAEs). However, the nature of these objects are still under debate, because Lya emission is sensitive to the velocity structure of neutral hydrogen around galaxies, which is very difficult to constrain in observations. Although there exist analytic solutions to a particular set of problems in Lya radiative transfer
(Figure 1), an accurate understanding of the line profile requires Monte-Carlo radiative transfer
(MCRT) calculations in a realistic interstellar and intergalactic medium. The latter makes this problem particularly challenging and at the same time interesting.
Recent observations revealed an intriguingly rapid drop of the fraction of LAEs in the sample of
star-forming galaxies at z~7 (Schenker et al. 2014). This is interpreted as evidence for reionisation,
as neutral hydrogen in the intergalactic medium can absorb/scatter Lya photons and suppress the
fraction of LAEs. However, as already mentioned, accurate predictions of Lya emission requires
MCRT based on resolved hydrodynamic simulations. Previous attempts to study the Lya profile using simulated galaxies concluded that the results depend strongly on the numerical resolution and
the detailed modelling of stellar feedback processes that shape the evolution of the interstellar
medium.
The aim of this project is to better understand the emergence of Lya in high-z, turbulent galaxies
by using a MCRT code (Barnes & Haehnelt 2010; Barnes et al. 2011). The project will post-process
high-resolution galaxy simulations run with up-to-date stellar feedback processes, and compare to
observed spectra of the Lya line. The exercise can be extended to galaxies at intermediate redshifts
(z~2) where redshifted Lya lines, indicative of galactic outflows, are commonly detected.
Nature of the project work
This is a theoretical and highly computational project. The student will use a MCRT code, LAMP
(Barnes et al. 2011), to simulate the Lya profile. The code is written in Fortran, so some familiarity
would be useful.
* The student will first familiarise with the LAMP code by performing simple tests for which analytic solutions are known (Figure 1).
* The student will then apply this technique to more complex geometries obtained from idealised or
cosmological hydrodynamic simulations (Figure 2). This will include the Sherwood simulation
suite (Bolton et al. 2016) or simulations performed with the AMR code RAMSES (Teyssier 2002).
References
Barnes, L. A., & Haehnelt, M. G., 2010, MNRAS, 403, 870
Barnes, L. A., & Haehnelt, M. G., Tecsari, E., Viel, M., 2011, MNRAS, 416, 1723
Bolton, J. S., et al., 2016, astro-ph/1605.03462
Schenker, M. A., Ellis, R. S., Konidaris, N. P., Stark, D. P., 2014, ApJ, 795, 20
Teyssier, R., 2002, A&A, 385, 337
Suggested Reading
Dijkstra, M., 2014, PASA, 31, 40
Barnes, L. A., & Haehnelt, M. G., 2010, MNRAS, 403, 870
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!
Figure 1. Comparison between the analytic solution of the Lya emission escaping from a uniform
sphere (solid lines) and Monte Carlo calculation (histograms). The plot shows the spectrum (J) as a
function of a dimensionless frequency variable (x=(ν-ν0)/Δν), where ν0 is the central Lya frequency
and Δν is the natural line width. The characteristic double-horn profile arises due to Lya photons
escaping in the ‘wings’ of the line profile where the optical depth is small enough. Different colours
denote different optical depths at line centre.

!
Figure 2. Two examples of the column density distributions of neutral hydrogen in hydrodynamic
simulations (top panels) and corresponding Ly𝛼 surface brightness maps (middle panels) with the
contour showing the surface brightness limit of the Rauch et al. (2008) observational survey. The
bottom panels display 2D spectra, computed using a slit placed along the z-direction.
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32. The search for a hot Jupiter in the young
star FU Orionis
Supervisors:

Cathie Clarke, H10; email: cclarke@ast.cam.ac.uk
Mike Irwin, SPO; email:mike@ast.cam.ac.uk

Background
FU Orionis is a remarkable young system in which the light from the central star is completely
swamped by the accretion luminosity emitted by its surrounding disc. Evidence of a luminous disc
is provided by the fact that the optical spectrum exhibits absorption lines having the characteristic
double peaked structure expected for Keplerian discs (Kenyon et al 1988).
Herbig et al 2003 however noted that the line profiles are asymmetrical and that enhanced
absorption cycles back and forth between the red and blue wings of the line with a period of 3.5
days. Powell et al found the same periodicity in data acquired 10 years later, thus demonstrating the
stability of the periodic phenomenon. They interpreted this behavior in terms of the model of
Clarke & Armitage 2003 in which the asymmetry is attributed to a hot spot in the disc produced by
accretion on to a planet orbiting in the innermost disc. The detection of a `hot Jupiter' in this
unusual and very young system would be highly notable. However, there are other explanations
for the observed behaviour of the optical lines - the asymmetric emission in the disc may not be
spot-like but could instead be a bar-like or spiral feature that is radially extended. In this case it
would also be expected to cause modulation of the infrared absorption lines which are produced
further out in the disc.
The goal of this project is to analyse data on the infrared absorption lines in FU Orionis which
were obtained using the CRIRES spectrometer on the VLT. The amplitude of the expected signal is
too small for the effect to be evident by visual inspection of the spectrum (see Figure). Instead it is
necessary to cross correlate the forest of absorption lines in the observed spectrum with a steady
template spectrum. The resulting Cross Correlation Function (CCF) provides a measure of the line
shape as a weighted average over all the lines in the spectrum. It will be necessary to calculate the
CCF for each observation and then to analyse whether there is periodic variation in the shape of the
CCF from night to night.

Nature of the project
This is a project involving the analysis of pre-reduced infrared line spectra, requiring the calculation
of the CCF for each observation and then an analysis of evidence of possible periodicity. A
successful student will need to familiarise themselves with the fundamentals of cross correlation
techniques and time series analysis. The approach will closely follow that set out in Powell et al, at
least initially. There is scope for extending the project by comparing the results with predictions
from hydrodynamical models of a planet embedded in a disc. The student will need to write
analysis programs in any language of their choice.
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References
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.
Clarke, C., Armitage, P., 2003. MNRAS 345,691
Herbig, G., Petrov, P,, Duemmler, R., 2003, A[J 595, 384
Kenyon, S., Hartmann, L., Hewett, R., 1988, ApJ 325,231
Powell, S., Irwin, M., Bouvier, J., Clarke, C., MNRAS .

Figure 1: Left panel: A series of optical spectra of FU Orionis taken on different nights. Although
the forest of absorption lines is apparent, it is not immediately obvious that the lines are double
peaked. Right panel: Cross correlation functions (CCFs) for a series of FU Orionis spectra taken on
different nights. CCF analysis produces a mean shape function for all the lines on a given night and
shows a) double peaked structure and b) a modulation of the line profile from night to night. This
project will involve a similar analysis of infrared spectra and will use any periodic modulation of
line profiles to test the hypothesis that FU Orionis has a young planet embedded in its disc.
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33. A search for redshifted emission in the quasar population – constraining the
properties of outflows and inflows
Supervisors: Paul Hewett, Office: H19, E-mail: phewett@ast.cam.ac.uk
The existence of material in high-velocity outflows associated with the majority of luminous
quasars is well established. Indeed, when looking at the rest-frame ultraviolet (100-300nm)
spectra of quasars, evidence has only been found for outflowing gas directed towards the
observer. The velocity of the material towards the observer results in a shift of features to shorter
wavelengths and such `blueshifts’ are accepted as the signature of outflows.
If outflows are bi-polar or spherical then the material outflowing on the far side of the black hole,
which would be redshifted, is apparently not seen. Similarly, no reliable evidence for the
presence of infalling material, which would also be redshifted from the viewpoint of the
observer, has been found. A quantitative census of the frequency of blueshifted and redshifted
gas associated with quasars has not been possible because of the difficulty of establishing the
zero-velocity reference for each quasar. Current estimates can possess errors of more than
1000kms-1. Our new procedure for estimating the zero-velocity reference for quasars results in
dramatically improved measurements, with a random uncertainty a factor of more than three
smaller than current estimates and, most importantly, essentially no systematic error dependent
on the particular form of the quasar ultraviolet spectrum.
The Sloan Digital Sky Survey (SDSS) is the largest astronomical survey of the sky at optical
wavelengths. More than 400,000 spectra of quasars are included in the Legacy “DR7” and
“DR12” releases. Using the much expanded size of the quasar sample now available, one goal of
the project will be to quantify the frequency of quasars showing evidence for the presence of
redshifted material.
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 redshifted gas would represent real progress. On the other hand, identification of
even a small number of quasars showing the phenomenon would be an important contribution to
our understanding of the physical nature of outflows and inflows 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 quasar spectra are diverse and any
redshifted signature is likely to be weak; a number of different schemes for isolating spectra in
which the redshifted-signature is present will have to be developed. If a population of quasars
with redshifted material is identified then the immediate follow-up task will be to quantify how
the objects differ, in terms of their other physical properties, from the quasar population as a
whole.
* 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.
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* Developing code (in Matlab, python or C for example) to quantify the properties of the
individual quasar spectra is essential. Sub-samples of quasars of particular “types” or with
indicators of redshifted emission-line flux can then be selected and statistical comparison of
properties performed.
Subsequent steps will be determined by the outcome of the search. In the event that no
population of quasars with redshifted signatures 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.
References
Hall, P. et al. 2013, MNRAS, 434, 222 Describes a search for redshifted gas in SDSS DR12
quasars that is visible in absorption. The Introduction and Section 4 onwards contain material
relevant to understanding the kinematics and detectability of gas that appears to be redshifted.
The SDSS DR7 and DR12 web pages: http://www.sdss.org/dr7/ and
http://www.sdss.org/dr12/

Figure: Three composite spectra of quasars with different outflow, “blueshift”, signatures. The
prominent emission line features arise from different ionic species in the gas relatively close to
the central black holes. From left to right the four strongest emission lines are due to i) neutral
hydrogen and four-times ionised nitrogen (Lyman-α, NV at 1216 and 1240 Angstroms), ii) threetimes ionised oxygen and silicon (OIV and SiIV at 1400 Angstroms), iii) three times ionised
carbon (CIV at 1550 Angstroms) and iv) twice-ionised aluminium, sulphur and carbon (AlIII],
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SIII] and CIII] around 1900 Angstroms). The outflow signature is most evident in the CIV
emission line, which, for the extreme outflow composite (in blue), indicates gas moving at
thousands of kilometres per second away from the quasar nucleus. Do quasars with redshifted
emission from CIV exist?
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34. Modelling the stochastic replenishment of exozodiacal debris
disks
Supervisors: Mark Wyatt (H38, wyatt@ast.cam.ac.uk)
Background
The inner Solar System is permeated with a disk of dust called the Zodiacal Cloud that
originates in the destruction of asteroids and comets. Nearby stars have analogous
exozodiacal dust disks that reside in the regions where there may be terrestrial planets. Such
exozodi provide prospects for discovering terrestrial planets through mapping their structure,
but may also limit attempts to image such planets (Roberge et al. 2012). For now just the
brightest exozodi have been discovered, but surveys of nearby stars are ongoing with the
LBTI that will characterize the exozodi luminosity function (i.e., the fraction of stars with
relative fluxes brighter than a given level, see Fig. 1) down to much fainter levels. This will
provide valuable information with which to constrain the origin and evolution of exozodi.
The rapid collisional depletion of asteroid belts orbiting at a few au argues for the
replenishment of exozodis from an outer reservoir of comets (Wyatt et al. 2007). Since the
size distribution of comets is likely to be such that the mass is dominated by a few large
objects, the amount of mass in an exozodi is expected to vary stochastically, with bright
massive disks only expected after the arrival in the inner system of a large comet; this would
be the case for those systems with currently detected exozodi. Modelling of such stochastic
processes has been shown to account for pollution signatures in White Dwarfs (Wyatt et al.
2014; see Fig. 1 right).
Nature of the project
This project would involve the development of simple numerical and analytical models for
the stochastic incorporation of comets into exozodi, from which to make predictions for the
exozodi luminosity function. This would be used to ascertain how information about the size
distribution is encoded in the exozodi luminosity function, to determine which models can be
ruled out from the observations, and make predictions for the ubiquity of faint exozodi (like
that in the Solar System). Programming knowledge and attendance of the Planetary System
Dynamics course would be beneficial.
References
Kennedy G., Wyatt M. 2013, MNRAS,
433, 2334
Roberge A., et al. 2012, PASP, 124, 799

Wyatt M., et al. 2007, ApJ, 658, 569
Wyatt M., et al. 2014, MNRAS 439, 3371

Figure 1: (Left) Fraction of stars with 12μm fluxes brighter than a given level (Kennedy &
Wyatt 2013), showing the observed level (solid line) and that predicted from a simple model
(dashed line) that will be improved in this project and compared with LBTI observations.
(Right) Model for the mass of comets in the atmosphere of a White Dwarf as a function of
the sinking time for metals to remain in the atmosphere (Wyatt et al. 2014).
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35. Blue stragglers: can lithium tell us if a star
has experienced cannibalism?
Supervisors:
Paula Jofré, H34 – email: pjofre@ast.cam.ac.uk
Chris Tout (UTO), H61 – email: cat@ast.cam.ac.uk

Figure 1: Blue stragglers are stars that became more massive thanks to a companion

Background
Lithium is among the most fragile elements of the periodic table. So a star has several opportunities
to destroy its lithium content during its lifetime, especially when it experiences extreme physical
processes, such as mass-transfer from a companion.
We believe that isolated stars have a very quiet life on the main sequence so that the content
of their chemical elements imprinted in their atmosphere remains static. This should apply to
lithium too. However, studies have shown that many main-sequence stars like our Sun are depleted
in lithium. Planet-hunters tried to explain these stars by presence of planets, suggesting that Li
is ingested by the planets during the formation of extra-solar systems [1]. With extensive radial
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velocity monitoring of solar-type stars by the HARPS instrument [2] it was shown that both Linormal and Li-poor stars have planets. So the reason for Li-paucity remains unclear.
Although mass transfer has been suggested as a possible explanation for these stars [3], there
has not been any detailed study to confirm this suggestion. If a Li-poor star results from stellar
cannibalism (see Figure) and as such, a blue straggler, the remainder of its companion should still
be detectable. A large radial-velocity monitoring is ideal to test this scenario, in which we would
expect Li-poor stars to show large radial-velocity variations compared to Li-normal stars.

Nature of the Project
A systematic study of the radial-velocities of a large sample of main-sequence stars will be performed.
The radial velocities can be determined either by the student, using available astrophysical tools
(such as iSpec [4]), or downloaded directly from the HARPS pipeline, which is public. Likewise
lithium abundances can also be determined by the student or obtained from previous published
work. The idea would be to make a statistical analysis to show whether Li-poor stars are more
often in binary systems than Li-normal stars. The aim of this project is then to test if stellar
cannibalism could be responsible for the destruction of lithium in the atmosphere of some stars.
This would allow us to use Li abundance measurements in the future to detect main-sequence stars
that have undergone mass-transfer. This is a contribution to the field since the physical mechanisms
that govern mass transfer are poorly constrained.

References
1 Delgado-Mena et al. 2014, http://adsabs.harvard.edu/abs/2014A%26A...562A..92D
2 Mayor et al. 2003, http://www.eso.org/sci/facilities/lasilla/instruments
/harps/science/papers/harps mess114.pdf
3 Ryan et al. 2001, http://adsabs.harvard.edu/abs/2001ApJ...547..231R
4 http://www.blancocuaresma.com/s/iSpec/
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36. Planetary Nebulae Revealed by Gaia: Distances and Dynamics
Supervisor: Nicholas A Walton (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.
The first major Gaia Data Release (Gaia DR1) has recently (14 Sep 2016) been released, providing parallax
information for ∼2 million objects brighter than G∼11.5 and positional information for over 1 billion objects
(mainly stars) to G=20.7.
Gaia is optimised for the detection of point sources, and in general is not sensitive to extended objects (with
sizes ≥0.5 arcsec). However, Gaia is able to resolve structure within extended objects. This is demonstrated
by commissioning observations of the large PN NGC 6543, where the complex nebula is decomposed by Gaia
into thousands of individual mapping points. 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 DR1 (and future releases) 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 overall 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:
1. Internal Dynamics of Planetary Nebulae
(a) 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.
(b) Investigate likely proper motion estimates from 1st (summer 2016) and final Gaia data releases,
using HST imagery as the baseline images.
(c) 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.
2. Planetary Nebulae Luminosity Function
(a) Generate a catalogue of PN with central stars observed by Gaia in Gaia DR1, assessing detections
of both central stars and surrounding nebulae.
(b) Estimate improvements to distance estimates for those PN
The project will involve extensive use of ESA Gaia DR1 data (http://gea.esac.esa.int/archive/)
References:
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1. An example of early observations of the Cat’s Eye PN by Gaia can be found at http://www.cosmos.
esa.int/web/gaia/iow_20141205
2. Gaia Data Release 1: Gaia Collaboration, Brown et al, 2016, A&A (http://adsabs.harvard.
edu/abs/2016arXiv160904172G)
3. Garcia-Diaz et al, 2015, ApJ 798, 129
4. 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 1.2hr; 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. Note that on board image detection changes have resulted
in fewer detections of the fainter structure in the current Gaia DR1 release. This project will investigate current
detections.
(HST image credit: NASA, ESA, HEIC, and The Hubble Heritage Team (STScI/AURA). Gaia image credit:
ESA/Gaia/DPAC/UB/IEEC)
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37. ALMA observations of star formation in the host galaxies of quasars
and the coevolution of supermassive black holes.
Supervisors:

Richard McMahon: Office: Kavli K22, E-mail: rgm@ast.cam.ac.uk
Manda Banerji: Office: Kavli K19, E-mail: mbanerji@ast.cam.ac.uk
Peter Hague: Office: Battcock Centre, E-mail: prh44@mrao.cam.ac.uk

Background
One of the most important phenomena in the Universe are the supermassive (up to 1010 Solar
Masses) black holes (SMBHs) that inhabit the central regions of all massive galaxies
including our own galaxy the Milky Way (Ghez et al., 2005). The most luminous of these
objects are called quasars where electromagnetic radiation from the accreting supermassive
black hole in the central active galactic nucleus (AGN) outshines starlight by a factor of up
to 10,000 and the mass of the central supermassive black hole shows a remarkable and
unexpected correlation with the mass of the stellar bulge in present day galaxies (e.g.
Kormendy & Ho 2013). This is explained in galaxy formation models (Kauffmann &
Haehnelt, 2000) by the coeval assembly of stellar bulges and accreting SMBHs through gasrich mergers that fuel both star formation and black-hole accretion which manifests itself as
a luminous quasar phase. This quasar phase in galaxies is observed to be more common at
high redshifts (z>1) when the Universe was much younger and hence this is an obvious
epoch (5 billion year ago and before the Solar System formed) at which to study the
phenomenon and to understand the formation phase (e.g. Banerji et al., 2012, MNRAS, 427,
2275; Priddey et al., 2003, MNRAS, 339, 1183).
This research project will aim to use observations in the microwave (l~1mm; n~300Ghz)
region of thermal dust emission and molecular line emission from carbon and oxygen to
investigate the relationship between star formation rate, dust mass, molecular gas mass,
dynamical mass and black hole mass and accretion rate. The project will use a large sample
of ~100 new observations with the Atacama Large Millimetre Array (ALMA). ALMA is a
new 66 dish radio interferometer telescope based in the Atacama desert, Chile that started
scientific operations in 2011. We will systematically analyse all the quasar observations
obtained between 2011 and the end 2015. ALMA will allow us to extend the work like that
of Priddey et al, 2003 by a factor on 10-30 in depth and a factor of 10-30 in sample size.
ALMA also has the potential to provide Hubble Space Telescope scale spatial resolution of
the dust and molecular gas. Figure 1 shows some example data showing thermal dust
emission and CO gas emission in a new sample of quasars with redshifts around z~2.
Nature	
  of	
  the	
  Project	
  Work
•

•
•

The work is a mixture of observational and computational and will involve analysis
of images and tabular data, primarily microwave observation with the Atacama
Large Millimetre Array (ALMA). There will also be an opportunity to explore data
at other wavelengths e.g. Optical (Dark Energy Survey); mid-infrared (WISE
satellite), X-ray observations (Chandra and XMM-Newton satellites).
The work will involve both using and modifying existing Python computer
programs and then using simple but robust statistical techniques.
The project will also show how multi-wavelength observations from radio to X-rays
can be used to determine astrophysical parameters.
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The project is a gentle introduction to data intensive scientific discovery.
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  the	
  Hα	
  redshifts.	
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38. Wobbling holostars
Thomas Mädler, Gerard Gilmore
September 30, 2016
Hawking [1] and Beckenstein [2] realised that black holes in an Anti-deSitter (AdS) spacetime, that is a spacetime with a negative cosmological
constant, can be viewed as a thermodynamical system with an associated
entropy and temperature. This observation was the origin of the gauge
gravity duality or holographic principle stating that a conformal field theory
(CFT) with gravity in a d−dimensional spacetime is dual to a field theory in
a (d − 1) dimensional flat spacetime. The best understood implementation
of the holographic principle is the AdS/CFT correspondence [3], in which
one relates a theory of gravitation in an asymptotically AdS spacetime with
a conformal field theory of a strongly-coupled super Yang Mills theory in flat
spacetime.
The AdS/CFT correspondence is a
weak/strong correspondence principle meaning weak coupling in an
AdS spacetime relates to strong
coupling in the dual CFT and
vice versa.
A black hole in a
d−dimensional AdS spacetime is
then dual to a equilibrium state of
an field theory in a (d − 1) dimensional Minkowski spacetime.
This part III project seeks to understand another (possibly stable) Figure 1: Illustration of the AdS/CFT
equilibrium state of a CFT which is correspondence, where the quantum field
dual to spherically symmetric fluid (green dotted line) in curved (AdS) space
configurations in an AdS spacetime. is dual to a quantum field (blue solid line)
Such a fluid configuration is nothing of a CFT in flat space.
else than a star in an AdS spacetime
and may therefore be referred to as
holographic star or shortly holostar. The holostar is a solution of the Einstein equations with a negative cosmological constant and the governing
equations are modification of the well-known Tolman-Oppenheimer-Volkoff
equation in four dimensions [4]. The aim is to study a perturbed holostar by
analysing radial perturbations to the Einstein-Fluid system with respect to
the influence of the dimensionality of the AdS spacetime. For such a study
the fluid can be neutral or have a charge. Indeed, the oscillations of stars in
four dimensions and where the cosmological constant is zero are well understood [5], so that those known approaches can be used as a backup-check
d-dimensional
Minkowski space
``boundary’’

(d+1) dimensional
AdS space
``bulk’’

quantum field
with gravity

quantum field of a
CFT without
gravity

holographic dimension - AdS radius
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and starting point of the project.
Depending on the progress of the project, a successful outcome may well
be publishable in a journal, but the latter is not a requirement for attacking
the project.
Requirements
• General Relativity
• Hydrodynamics
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39. Uncovering the Milky Way with variable stars in Gaia DR1 #1
Supervisors: Vasily Belokurov, E-mail: vasily@ast.cam.ac.uk
Wyn Evans, Office: E-mail: nwe@ast.cam.ac.uk
Variable stars are unique tracers of the Galaxy. The character of the variability, or in other
words, the shape of the light-curve, depends sensitively on the evolutionary stage the star is in.
It encodes precious information as to the starâs age, mass, temperature, luminosity, size and its
chemical composition. Using variable stars as tracers helps us to unpick different components
of the Galaxy that otherwise are mashed together in their projection on the sky. Curiously,
most stars vary. It is perhaps not too wild an extrapolation to claim that, in fact, ALL stars are
variable! It is just that the amplitude of their variability can sometimes be too low to be
detected with the instrumentation available. To date, the stars with most striking changes in
brightness have been identified and catalogued. However, our census of the Galactic variable
sources remains largely incomplete. That is, has remained largely incomplete until the 14th of
September 2016, the day when the Gaia Data Release 1 has been made available to the
community worldwide.
Gaia is a robotic space telescope which has been scanning the entire sky for the last year and a
half and will continue surveying the Galaxy for another four years. Gaia follows a preprogrammed scanning pattern returning to each part of the sky approximately hundred times
over the 5 year period. Because Gaia is in space, the weather, changes in the temperature, or
the day/night pattern do not affect the flow of the data it sends to Earth. Because there is no
atmosphere between the Gaia's telescopes (it has two!) and the objects it is observing, its
angular resolution is similar to that of the Hubble but over an area that is 40,000 times larger!
As part of the Gaia DR1, positions and magnitudes of all star-like sources brighter than G=20
across the whole sky are delivered. This dataset contains records for more than a billion
objects. However, additionally, the GDR1 also contains an estimate of the error on the flux of
each source. Given that Gaia has scanned each portion of the sky multiple times, the source flux
error correlates with the amplitude of variability of each star, quasar or AGN. Therefore, GDR1
is a new, completely un-mined all-sky variability data-base. In this project, you will identify the
familiar classes of variable stars such Cepheids, Mira, Eclipsing binaries and RR Lyrae. Using
these, you will be able to study the properties of the Milky Way galaxy itself as well as its
satellites. This is the very first time such a resource has become available so be prepared to
discover things never seen before! This includes new stellar streams, clusters and associations,
as well as gross features of the Galaxy such as asymmetries, warps and rings.
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40. Uncovering the Milky Way with variable stars in Gaia DR1 #2
Supervisors: Vasily Belokurov, E-mail: vasily@ast.cam.ac.uk
Wyn Evans, Office: E-mail: nwe@ast.cam.ac.uk
Variable stars are unique tracers of the Galaxy. The character of the variability, or in other
words, the shape of the light-curve, depends sensitively on the evolutionary stage the star is in.
It encodes precious information as to the starâs age, mass, temperature, luminosity, size and its
chemical composition. Using variable stars as tracers helps us to unpick different components
of the Galaxy that otherwise are mashed together in their projection on the sky. Curiously,
most stars vary. It is perhaps not too wild an extrapolation to claim that, in fact, ALL stars are
variable! It is just that the amplitude of their variability can sometimes be too low to be
detected with the instrumentation available. To date, the stars with most striking changes in
brightness have been identified and catalogued. However, our census of the Galactic variable
sources remains largely incomplete. That is, has remained largely incomplete until the 14th of
September 2016, the day when the Gaia Data Release 1 has been made available to the
community worldwide.
Gaia is a robotic space telescope which has been scanning the entire sky for the last year and a
half and will continue surveying the Galaxy for another four years. Gaia follows a preprogrammed scanning pattern returning to each part of the sky approximately hundred times
over the 5 year period. Because Gaia is in space, the weather, changes in the temperature, or
the day/night pattern do not affect the flow of the data it sends to Earth. Because there is no
atmosphere between the Gaia's telescopes (it has two!) and the objects it is observing, its
angular resolution is similar to that of the Hubble but over an area that is 40,000 times larger!
As part of the Gaia DR1, positions and magnitudes of all star-like sources brighter than G=20
across the whole sky are delivered. This dataset contains records for more than a billion
objects. However, additionally, the GDR1 also contains an estimate of the error on the flux of
each source. Given that Gaia has scanned each portion of the sky multiple times, the source flux
error correlates with the amplitude of variability of each star, quasar or AGN. Therefore, GDR1
is a new, completely un-mined all-sky variability data-base. In this project, you will identify the
familiar classes of variable stars such Cepheids, Mira, Eclipsing binaries and RR Lyrae. Using
these, you will be able to study the properties of the Milky Way galaxy itself as well as its
satellites. This is the very first time such a resource has become available so be prepared to
discover things never seen before! This includes new stellar streams, clusters and associations,
as well as gross features of the Galaxy such as asymmetries, warps and rings.
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41. Formation of hot Jupiters via high-eccentricity mechanisms
Supervisor: Jean Teyssandier, DAMTP (jt591@damtp.cam.ac.uk)

1

Background

Jupiter-size planets on short-period orbits (the so-called hot Jupiters) represent a puzzle to
planet formation and evolution. One way to form such planets is through migration of Jupitersize planets in a protoplanetary disc. Such planets are expected to remain within the disc
midplane. If this plane is aligned with the stellar equator, then the spin-orbit angle (angle
between the stellar spin axis and the orbital plane of the planet) of hot Jupiters should be zero.
However, observations have shown that hot Jupiters exhibit large spin-orbit angle, with even
retrograde orbits (Triaud et al., 2010).
Such extreme configurations can result from dynamical interactions between planets that
excite eccentricities. Once the eccentricity of one of the planets reaches near-unit values, its
periastron becomes very small. At this point, tidal interactions between the star and the planet
can dissipate orbital energy and form a short-period planet, with a wide range of inclinations.
Recent radial velocity surveys of systems containing a hot Jupiter have revealed companions of several Jupiter masses on eccentric orbits with separations of a few astronomical units
(Neveu-VanMalle et al., 2015, and PhD Thesis). In such systems, dynamical interactions between the two planets could be responsible for the formation of the hot Jupiter, for instance
through the Kozai mechanism, which can take place in the presence of an inclined and eccentric planetary companion (Naoz et al., 2011). In Teyssandier et al. (2013) we highlighted
the importance for the companion to be moderately eccentric in order to trigger the “octupolar” term in the 3-body Hamiltonian and generate eccentricities high enough to produce hot
Jupiters. Recently, Liu et al. (2015) have provided a good analytical understanding of how precession driven by relativistic effects, stellar oblateness and the tidal bulge can suppress Kozai
oscillations at short orbital periods. The consequence is that the proto-hot Jupiter cannot have
formed too close to the star, in order for the Kozai mechanism to be triggered. On the other
hand, the proto-hot Jupiter cannot be originally placed too close to the planetary companion
for stability reasons. As a result, the range of parameter space that can be initially occupied
by the proto-hot Jupiter is quite narrow, especially in terms of semi-major axis. This parameter space needs to be explored in more details. Another promising mechanism to form hot
Jupiters is secular chaos (Wu & Lithwick, 2011), which also requires a planetary companion in
this range of period, mass and eccentricity, along with a third planet further away. The aim of
this project is to study whether the Kozai mechanism or secular chaos can therefore provide a
realistic model for the formation of these hot Jupiters in systems that show evidence for having
been dynamically hot in the past.

2

Nature of the Project

This is a theoretical project which will test the above ideas by performing computer simulations of long-term planet interactions, including various precessional effects. Some analytical
estimates can also be derived.
Studying the Kozai mechanism will require to solve the secular equations, which is a set of
first-order ODEs. The student will be expect to write his/her own integrator, in the programming language of their choice. The student will first reproduce known results in the literature
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regarding the Kozai mechanism, and then move on to add the forces described in Liu et al.
(2015), to explore the high-eccentricity dynamics.
Studying secular chaos will require a mixture of analytical and numerical work. Some of
the numerical work can be done using the publicly available N-body code Mercury. The analytical part will mostly consist in writing down a simple model of a test particle perturbed by
two planets.
Attending the Planetary System Dynamics lectures would be helpful but not essential.
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APPENDIX
Part III Research Projects – 2016-2017
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 or Tuesday of Michaelmas Full Term (10 or 11 October 2016).
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 (14 October 2016). Students who do not supply rankordered 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 (18 October 2016). 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 (2 December 2016). 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 Wednesday, Thursday and Friday of Lent Term ( 15, 16, and 17 March 2017). 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 19 April 2017. An eighth Supervision, to
discuss the draft report, should take place no later than the first Tuesday of Easter Full Term (25
April 2017).
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 (2 May 2017). 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
Wednesday, Thursday or Friday of Easter Full Term (NB 15, 16 or 17 May 2017). 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 20 June 2017.
Project reports may be collected from the Course Secretary after 9.00 am on Wednesday 21 June
2017.
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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CONTACT INFORMATION
Email +*@ast.cam.ac.uk unless stated otherwise
Project Title
pp
Contacts
1.Asterosemismology of stellar populations
2
Rob Izzard
Chris Tout
Email: rgi
Email: cat
2.The Galactic stellar population of single and 3
binary stars
3.Cosmic trees: understanding the
relationships between different generations
of stars
4. The chemical effects of tidal interaction in
the RW Aurigae system

4-5

Paula Jofre
Email: pjofre

Gerry Gilmore
Email: gil

6-7

John Ilee
Email: jdilee

Farzana Meru
Email: fmeru
Cathie Clarke
Email: cclarke

5. Gas around white dwarfs

8-9

Amy Bonsor
Email: abonsor

Quentin Kral
Email: qkral

6. A better search for Tatooine

1011

Grant Kennedy
Email: gkennedy

Mark Wyatt
Email: wyatt

8.The stellar populations of the Sagittarius
dwarf spheroidal galaxy

1213
1415

Thomas de Boer
Email: tdeboer

9.Intensity Mapping of the High-Redshift
Universe

1617

Girish Kulkarni
Email: kulkarni

Martin Haehnelt
Email: haehnelt

10.Simulating the Gaia-ESO Selection Function 18

Clare Worley
Email: ccworley

Gerry Gilmore
Email: gil

11.Data-mining stellar evolution samples in
the AMBRE catalogue

19

Anna Hourihane
Email: aph

12.Hot spots and warps in quasar accretion
discs

2021

Nick Bate
Email: nbate

Paul Hewett
Email: phewett

13. Extreme matter accretion onto black holes
in ultraluminous X-ray sources

2223

Ciro Pinto
Email: cpinto

Anne Lohfink
Email: alohfink

7.The long arm of binary perturbations to
planetary systems

14.The fight between cooling and heating in
15.Understanding the Outcomes of PlanetPlanet Scattering
16. Signs of Planetary Demise Around White
Dwarfs

2425
2627

Andy Fabian
Email: acf
Roman Rafikov
Email: rrr@damtp

Cathie Clarke
Email: cclarke

28-29
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Project Title
17. Can we observe the A-band oxygen
biomarker in Proxima b with the European
Extremely Large Telescope?

pp
30

18.Searching for signs of life using a large
spinning space telescope

31

19.How long is a day when a planet has two
Suns?

3233

Ian Parry
Email: irp

Amaury Triaud
Email: aht34

Contacts

Nikku Madhusudhan
Email: nmadhu

John Papaloizou
Email:
J.C.B.Papaloizou
@damtp
20.Lithium Production by Hot-bottom Burning

3435

Chris Tout
Email: cat

Rob Izzard
Email: rgi

21.Signatures of nanoflare heating in solar
active regions

3637

Giulio del Zanna
Email: G.DelZanna@damtp

Henrik Latter
Email:
H.Latter@damtp

22.Strange Kepler light curves: Modelling the
dips of KIC 8462852 as transiting dust clouds

3839

Rik van Lieshout
Email: lieshout

Mark Wyatt
Email: wyatt

Grant Kennedy
Email: gkennedy
23. Circularising spaghettified asteroids
around white dwarfs

4041

Rik van Lieshout
Email: lieshout

Mark Wyatt
Email: wyatt

Amy Bonsor
Email: abonsor
24.The impact of the birth environment on the 42lifetime of proto-planetary discs
43

Giovanni Rosotti
Email: rosotti

Cathie Clarke
Email: cclarke

25.Nucleosynthesis in Single and Binary Stars
of Intermediate Mass

44

Ghina Halabi
Email: gmh

Chris Tout
Email: cat

26. The effect of the Milky Way bar on tidal
streams

4546

Denis Erkal
Email: derkal

Vasily Belokurov
Email: vasily

27.Can planets survive in young turbulent
protoplanetary discs?

47

Farzana Meru
Email: meru

Cathie Clarke
Email: cclarke
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Project Title
28.The high-frequency rms-flux relation in
accreting black holes

pp
4849

Contacts
Andy Fabian
Email: acf

William Alston
Email: wna

29. Accretion and the location of planet
formation in binary systems

5051

Richard Booth
Email: rab200

Cathie Clarke
Email: cclarke

30.Parameter constraints from the CMB

52

James Fergusson
Email:
jf334@cam.ac.uk

Anthony Challinor
Email: adc1000

31.Lyman Alpha Profile of Simulated Galaxies

5354

Taysun Kimm
Email: tkimm

Martin Haehnelt
Email: haehnelt

32.The search for a hot Jupiter in the young
star FU Orionis

5556

Cathie Clarke
Email: cclarke

Mike Irwin
Email: mike

33.A search for redshifted emission in the
quasar population – constraining the
properties of outflows and inflows

5759

Paul Hewett
Email: phewett

34.Modelling the stochastic replenishment of
exozodiacal debris disks

60

Mark Wyatt
Email: wyatt

35. Blue stragglers: can lithium tell us if a star
has experienced cannibalism?

6162

Paula Jofre
Email: pjofre

Gerry Gilmore
Email: gil

36. Planetary Nebulae Revealed by Gaia:
Distances and Dynamics

6364

Nic Walton
Email: naw

Gerry Gilmore
Email: gil

37. ALMA observations of star formation in
the host galaxies of quasars and the
coevolution of supermassive black holes

6566

Richard
McMahon
Email: rgm

Peter Hague
Email: prh44@mrao

Manda Banerji
Email: mbanerji
38. Wobbling holostars

6768

39. Uncovering the Milky Way with variable
stars in Gaia DR1 #1

6970

40. Uncovering the Milky Way with variable
stars in Gaia DR1 #2

7172

41. Formation of hot Jupiters via higheccentricity mechanisms

Thomas Maedler
Email:
tm513@cam
Vasily Belokurov
Email: vasily

Gerry Gilmore
Email: gil

Vasily Belokurov

Wyn Evans

Jean Teyssandier

Mark Wyatt
Email: wyatt

Email: jt591@damtp

Wyn Evans
Email: nwe
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60792
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66619
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Rafikov, Roman
Rosotti, Giovanni
Teyssandier, Jean
Tout, Christopher
Triaud, Amaury
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Walton, Nic
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Wyatt, Mark
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ccworley
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37092
39281
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60799

37509
65247
37506
66671

Room
Hoyle 56
Kavli K19
Hoyle 22
Hoyle 20
Hoyle 31
Hoyle 35
Hoyle 10
Hoyle 35
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Hoyle 21
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Hoyle 49
B1.12 (DAMTP)
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Battcock Centre *mrao.cam.ac.uk
37551
37507
39282
66667
64606
37504
66096
37504
37527
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60398
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