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Introduction 
 
This booklet contains descriptions of the individual projects available in the academic 
year 2013-2014.  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. 
 
Ian Parry, Part III/MASt Astrophysics Course Coordinator 2013-2014 
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Modelling the X-ray reverberation delays in

Active Galactic Nuclei

Supervisors: Will Alston; Office: ‘tbc’; wna3@leicester.ac.uk
Erin Kara; Office: H26; ekara@ast.cam.ac.uk
Andy Fabian; Office: H23; 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). A large
fraction of the bolometric luminosity of AGN is emitted as X-rays, which are believed to
originate from the immediate vicinity of the SMBH. In order for us to disentangle the effects
of strong gravity imprinted on the X-ray spectrum, exact knowledge of the geometry of the
X-ray emission-region and the causal connection between emission components is required.

The recent discovery short time delays (. 100 s) between soft and hard X-ray energy
bands (soft lags) is thought to represent the reverberation signal as the inner accretion disc
reflects the primary X-ray continuum. These subtle signals directly encode the physical
scales of the reflecting region, which, when combined with spectral modelling of relativistic
reflection features, enable mapping of the inner accretion flow that is affected by strong
gravity.

The project aims to model the reverberation signal in a nearby Narrow Line Seyfert 1 (NLS1)
galaxy REJ 1034+396 using analytical transfer functions. The transfer function encodes all
the information about the reflecting geometry. The flux and spectrum of REJ 1034+396
has been observed to change in observations taken at different epochs. Any changes in the
reverberation signal will be looked for. Time depending, modelling of the reverberation sig-
nal as a function of X-ray energy can be performed, and this analysis can be extended to a
small sample of NLS1 galaxies.

Nature of the project work

This is an observational data analysis project involving the use of archival XMM-Newton X-
ray data. Standard X-ray analysis software as well as the IDL and R programming languages
will be used. 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 explore the time delays between different X-ray
energy bands

• Using Markov-Chain-Monte-Carlo methods to fit transfer functions to the time delay
spectrum

• Spectral fitting using the xspec software

Alston 1
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Figure 1: Left : Schematic of the black hole—accretion disc geometry (Fabian
2013,IAUS,290). The yellow star represents the ‘corona’ where the primary X-ray emis-
sion is produced. This then illuminates the disc to create the reflection spectrum. This
component is expected to be delayed due to the extra path taken by the photons. Right :
An example of time delay spectrum between a soft and hard X-ray energy band (Zoghbi
et al., 2011,MNRAS,412,59). The plot shows the time delay as a function of Fourier fre-
quency (1/timescale). Overplotted on the data are the model transfer functions which give
us information on the size and location of the reflecting medium.

Useful texts

• For an introduction to the properties of AGN see the classic textbook by Peterson, B.
(1997), or the more recent textbook by Beckmann & Schrader (2012).

• For an overview of the X-ray spectral components in AGN see Fabian (2006,ESASP,604,463)
and Fabian (2013,IAUS,290).

• For a detailed look at the work involved in this project see Alston et al., (2013,arXiv1307.6371)
or Kara et al., (2013,MNRAS,430,1408) and references therein.

Alston 2
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Probing the End of Reionization with the Most Distant Quasars

Supervisors: George Becker, Office K19, gdb@ast.cam.ac.uk

Paul Hewett, Office H19, phewett@ast.cam.ac.uk

Background – At some point within the first billion years of cosmic history the Universe underwent

a major transformation. Shortly after the hot Big Bang, the Universe had expanded and cooled

sufficiently for atoms to become neutral. We know from observations of distant quasars, however,

that within one billion years nearly all of the baryons in the Universe were once again ionized, as they

have remained ever since. We believe that this process of “reionization” was driven by ultraviolet

photons from the first galaxies. Understanding reionization, therefore, is vital for understanding

how the first galaxies formed. Observationally, however, this epoch is exceptionally difficult to

probe, and we currently have very little information on exactly when or how reionization occurred.

A potentially major step forward was recently taken with the discovery of the first quasar at z = 7,

or roughly 800 million years after the Big Bang. This object, ULAS J1120+0641, is now the most

distant quasar known, and the absorption patterns in its spectrum reflect the physical properties of

intergalactic gas at this early epoch. Most significantly, the spectrum of this object shows evidence

that the Universe may be at least 10% neutral at z = 7. Specifically, the truncation of its Lyman-α

emission line suggests that these photons have been absorbed by neutral gas along the line of sight.

If correct, this would be the first strong evidence that we are finally observing the reionization

epoch, at least near its end.

Additional z ∼ 7 quasars have been found since the discovery of ULAS J1120. We have also recently

obtained a better, higher-resolution spectrum for ULAS J1120 using the X-Shooter spectrograph

on the VLT. With the prospect of further z > 7 quasars found in ongoing surveys, it is therefore

an opportune time to rigorously test the claim that ULAS J1120 resides within the reionization

epoch, and to examine other objects for similar evidence.

Project Work – The primary evidence for neutral gas surrounding ULAS J1120 comes from the

fact that its Lyman-α emission line appears to be very strongly absorbed. Unfortunately, however,

we do not know what the original shape of the emission line was a priori, and so the observed

spectrum must be compared to the spectra of less highly absorbed quasars at lower redshifts.

Quasars, although remarkably similar to one another, are all unique in some way. It is therefore

possible that the truncated appearance of the Lyman-α line in ULAS J1120 partly reflects its

intrinsic shape, rather than absorption by neutral gas.

This project will examine the method used to quantify the level of absorption in ULAS J1120.

Specifically, the student will test how closely composite spectra generated from large samples of

low-redshift quasars match the intrinsic spectra of individual objects. Depending on the outcome

of this phase, the student will refine the composite generating scheme and/or apply it to the new

spectrum of ULAS J1120 along with the spectra of other z > 6 quasars. Ultimately, the student

will be able to re-evaluate what these objects tell us about the end of reionization.

This project is mainly observational, using large samples of low-redshift quasar spectra from the

Becker 1
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Sloan Digital Sky Survey along with spectra of z > 6 quasars from the world’s largest telescopes.

Familiarity with IDL or some other programing language would be very helpful.

REVIEW
doi:10.1038/nature09527

Early star-forming galaxies and the
reionization of the Universe
Brant E. Robertson1, Richard S. Ellis1, James S. Dunlop2, Ross J. McLure2 & Daniel P. Stark3

Star-forming galaxies trace cosmic history. Recent observational progress with the NASA Hubble Space Telescope has
led to the discovery and study of the earliest known galaxies, which correspond to a periodwhen the Universe was only
800million years old. Intense ultraviolet radiation from these early galaxies probably induced amajor event in cosmic

history: the reionization of intergalactic hydrogen.

T he frontier in completing the physical story of cosmic history is to
understand cosmic reionization—the transformation of neutral
hydrogen, mostly located outside galaxies in the intergalactic

medium (IGM), into an ionized state. Neutral hydrogen first formed
370,000 years after the Big Bang and released the radiation presently
observed as the cosmic microwave background (CMB)1. Initially devoid
of sources of light, the Universe then entered a period termed the ‘Dark
Ages’2, which lasted until the first stars formed from overdense clouds of
hydrogen gas that cooled and collapsed within early cosmic structures.
Observations of distant quasars3 demonstrate that the IGM has been
highly ionized since theUniverse was,1 billion years (Gyr) old, and the
transition from a neutral medium is popularly interpreted as being
caused by ionizing photons with energies greater than 13.6 eV (wave-
length, l, 91.2 nm), generated by primitive stars and galaxies4 (Fig. 1).
Astronomers wish to confirm the connection between early galaxies

and reionization because detailed studies of this period of cosmic history
will reveal the physical processes that originally shaped the galaxies of
various luminosities and masses we see around us today. Alternative
sources of reionizing photons include material collapsing into early
black holes that power active galactic nuclei, and decaying elementary
particles. Verifying that star-forming galaxies were responsible for cosmic
reionization requires understanding how many energetic ultraviolet
photons were produced by young stars at early times and what fraction
of photons capable of ionizing hydrogen outside galaxies escaped without

being intercepted by clouds of dust and hydrogen within galaxies.
Astronomers desire accurate measurements of the abundance of early
galaxies and the distribution of their luminosities to quantify the number
of sources producing energetic photons, as well as a determination of the
mixture of stars, gas and dust in galaxies, to determine the likelihood that
the ultraviolet radiation can escape to ionize the IGM5,6. The Lyman-a
(Lya) emission line, which is detectable using spectrographs on large
ground-based telescopes, is a valuable additional diagnostic given that it
is easily erased by neutral gas outside galaxies7–12. Its observed strength in
distant galaxies is therefore a sensitive gauge of the latest time when
reionization was completed.
In this primarily observational Review, we discuss substantial pro-

gress that now points towards a fundamental connection between early
galaxies and reionization. Recent observations with the Hubble Space
Telescope (HST) have provided the first detailed constraints on the
abundance and properties of galaxies in the first 1Gyr of cosmic history.
With some uncertainties, these data indicate that sufficient ultraviolet
radiation was produced to establish and maintain an ionized Universe
by redshift z< 7, corresponding to ,800 million years (Myr) after the
Big Bang. Further observations of these early systems using current
facilities will produce a more robust census and clarify what fraction
of the ionizing radiation escaped primitive galaxies. The rapid progress
now being made will pave the way for ambitious observations of the
earliest known galaxies using future facilities.

1Department of Astronomy, California Institute of Technology, MC 249-17, Pasadena, California 91125, USA. 2Institute for Astronomy, University of Edinburgh, Edinburgh EH9 3HJ, UK. 3Institute of
Astronomy, University of Cambridge, Cambridge CB3 0HA, UK.
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Figure 1 | Cosmic reionization. The transition from the neutral IGM left after
theUniverse recombined, at z< 1,100, to the fully ionized IGMobserved today
is termed cosmic reionization. After recombination, when the CMB radiation
was released, hydrogen in the IGM remained neutral until the first stars and
galaxies2,4 formed, at z< 15–30. These primordial systems released energetic
ultraviolet photons capable of ionizing local bubbles of hydrogen gas. As the

abundance of these early galaxies increased, the bubbles increasingly
overlapped and progressively larger volumes became ionized. This reionization
process ended at z< 6–8,,1Gyr after the Big Bang. At lower redshifts, the
IGMremains highly ionized by radiation provided by star-forming galaxies and
the gas accretion onto supermassive black holes that powers quasars.
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Fig. 1.— A schematic view of the Epoch of Reionization, with time increasing to the right. In our current

picture, ultraviolet photons from the first galaxies drive a transition from a neutral (dark grey) to a highly

ionized (purple) Universe at some point within one billion years of the Big Bang. ULAS J1120+0641 may

have existed at a time when this process was 90% complete. (Figure from Robertson et al. 2010)

Fig. 2.— The discovery spectrum of ULAS J1120+0641. At z = 7.1, the prominent emission lines have been

shifted into the near infrared. Compared to a composite of lower-redshift objects (green line), the Lyman-α

emission line (near 1 µm) appears to be sharply cut off on the blue side, and also somewhat absorbed near

the peak. This project will determine whether the composite is an accurate fit, and therefore whether ULAS

J1120 is surrounded by neutral gas at the tail end of reionization. (Figure from Mortlock et al. 2011)

References

Reionization:

Zaroubi, S., 2012, “The Epoch of Reionization” (book chapter), http://arxiv.org/abs/1206.0267

Fan X., Carilli C. L., Keating B., 2006, Annual Reviews of Astronomy and Astrophysics, 44, 415

ULAS J1120+0641:

Mortlock D. J., et al., 2011, Nature, 474, 616

Bolton J. S., et al., 2011, MNRAS, 416, L70
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Ages and masses of stars in the Galactic disk - 
news from the GES data 

 
Supervisors 
Dr. Maria Bergemann (IoA, University of Cambridge, mbergema@ast.cam.ac.uk) 
Prof. Gerry Gilmore (IoA, University of Cambridge, gil@ast.cam.ac.uk) 
 
Background 

Is there a universal age-metallicity relation (AMR) in the Galactic disk? This is 
one of the most intriguing unsolved problems in modern physics.  For a long 
time, the sole existence of the AMR has been a matter of great debate. The 
study by Edvardsson et al (1993) was a breakthrough. N-body hydro-dynamical 
simulations of Galaxy formation (e.g., Raiteri et al. 1996), which predicted Galaxy 
formation through a collapse of a rotating cloud and dark matter, described very 
well the observed correlation between age of formation and metallicity (Fig. 1), 
i.e. mean abundance of heavy elements in a star. 

Figure 1 Metallicity versus formation of star particles. The solid lines enclose the region where stars 
from the solar neighborhood fall, scaled so that the age of the Galaxy is 13 Gyr [2]. 

Later on, however, this apparent correlation of age and [Fe/H] was put under 
question and attributed to selection biases in the Edvardsson et al. analysis. 
Feltzing et al. (2001) found a large scatter of metallicity at all ages and confirmed 
the existence of old metal-rich population (Fig. 1 – green box), that also 
alleviated the long-standing problem between open clusters and Galactic field 
stars. However, Feltzing et al. 2001 determined ages and metallicities from 
photometry – a risky approach, prone to hidden biases. It is now clear that a 
large homogeneous sample of stars with very accurate metallicities from high-
resolution spectroscopy and robust ages is necessary. Thanks to the ongoing 
Gaia-ESO (GES) survey, which commenced in Dec. 2011, it is now possible to 

Bergemann - ages and masses - 1
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construct such a sample. The GES DR2 database will cover ~ 1400 stars, and it 
is ideal for re-analysis of the age-metallicity relation in the disk. 

The project  
A student will analyze the large observational database of stellar spectra 
provided by the Gaia-ESO survey (GES, which is lead by the IoA scientists). The 
task is to construct an unbiased sample of stars with accurate ages and to 
explore their element abundance distributions. Any statistically significant 
correlations may give a new evidence for the existence and nature of AMR. 

References: 

https://en.wikipedia.org/wiki/List_of_unsolved_problems_in_physics 
http://www.mpa-garching.mpg.de/mpa/research/current_research/hl2013-7/hl2013-7-en.html 
Edvardsson et al. 1993, A&A, 275, 101 
Raiteri et al. A&A, 1996, A&A, 315, 105 
Feltzing et al. A&A, 2001, 377, 911 
Gilmore et al., 2012, ESO Messenger 

 

 
 Figure 2 The Gaia-ESO spectroscopic survey is conducted on 8-m VLT telescopes in 

Chile. Gaia-ESO is complementary to Gaia space mission. 
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Improved spectroscopic analysis algorithms for 
Gaia-ESO 

 
Supervisors 
Dr. Maria Bergemann (IoA, University of Cambridge, mbergema@ast.cam.ac.uk) 
Prof. Gerry Gilmore (IoA, University of Cambridge, gil@ast.cam.ac.uk) 
 
Background 
The Institute of Astronomy runs the largest ever observational program on the 
8m Very Large Telescope in Chile, the Gaia-ESO stellar survey [1]. The goal of 
this 5-year survey, which commenced in December 2011, is to obtain spectra for 
many thousands of stars in the Milky Way and to determine their fundamental 
physical parameters: chemical composition, ages, and space velocities, i.e. 
kinematics. The data are unique – they combine very high resolving power and a 
broad wavelength coverage [Fig. 1]. We need extremely efficient numerical 
algorithms to deal with the observed data at the same rate as we obtain them. 
The other major requirement is that the errors on obtained parameters are small. 
Only then we can use the results for Galactic applications: to analyse the 
properties of the central bulge, outer and inner disk, open and globular clusters, 
to search for Sun-like stars, streams, and stars accreted from other galaxies, and 
to constrain models of Galaxy formation. 
 
The project  
We are developing a suit of numerical algorithms for the analysis of the Gaia-
ESO spectra. The algorithms are among the most advanced scientific software 
packages used in astronomy. Stellar parameters are determined using the 
generalized Bayesian approach [2,3,4], in which we combine several probability 
distribution functions obtained from stellar spectra, photometry, and stellar 
evolution models.  

We seek a motivated student with expertise in one of the following programming 
languages (IDL, C++, Fortran), who will optimize the programs and adapt them 
for IoA cluster computers. The scheme of the project is shown in Fig. 2. A 
student will work in a group lead by world-leading scientists in stellar and 
Galactic astronomy, and she/he will learn a lot about stellar and Galactic physics, 
which underlies our codes. Besides, she/he will learn to handle efficiently very 
large databases, manage jobs running in parallel (think of supercomputers!), and 
efficiently generate and present their own ideas - a set of basic skills necessary 
in any professional activity. There is also a possibility for exchange visits abroad, 
e.g. to our collaborators in Germany. 
  
References:  
[1] Gilmore et al. 2012, ESO Messenger 147, 2012;  
[2] http://adsabs.harvard.edu/abs/2004MNRAS.351..487P 
[3] http://adsabs.harvard.edu/abs/2005A%26A...436..127J 
[4] http://adsabs.harvard.edu/abs/2013MNRAS.429..126R 
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[5] http://mnras.oxfordjournals.org/content/429/4/3645 

 

Figure 1 The observed (black points) and best-fitting theoretical (red line) spectrum for one of the 
program stars. 

 

Figure 2 The scheme of the project and timelines 
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Nearby galaxies to understand galaxy evolution:
the case of M33

Supervisors: Mederic Boquien, Office: TDB, E-mail: mboquien@ast.cam.ac.uk
 Robert Kennicutt, Office: H49, E-mail: robk@ast.cam.ac.uk

Background
How  galaxies  form  and  evolve  across  the  Universe  is  one  of  the  great  questions  in  modern
astrophysics.  Through  what  phenomena  did  tiny  proto-galaxies,  distinguishable  at  the  farthest
reaches of the Universe, transform into spiral, elliptical, and irregular galaxies, all incredibly rich
and radically different objects we see around the Milky Way? To answer this fascinating question at
the most fundamental level, we have to dive into the heart of galaxies and explore what they can tell
us not only about their present, but also about their long history.

Over the past decade, an exceptional combination of instruments has provided us with an
hitherto unseen glimpse into galaxies across the Universe, from the far ultraviolet all the way to the
far infrared. For the first time we have been able to disentangle the various physical components of
nearby  star  forming  galaxies,  from  stellar  populations  of  various  ages  to  the  content  of  the
interstellar medium. This golden age has yielded fantastic insight not only into the evolution of
galaxies  but  also  into  the  chief  process  driving  the  transformation  of  baryonic  matter  in  the
Universe: the conversion of the gas reservoir of galaxies into stars, star formation. And yet, star
formation,  this  key  physical  process  driving  galaxy  formation  and  evolution  is  still  rife  with
mystery.

Because they are so close to us and because we can study them in such exquisite detail,
nearby galaxies play a key role in unraveling the mysteries surrounding the physics of galaxies and
ultimately their  evolution.  One of  our  closest  neighbours,  the  spiral  galaxy M33 (Fig.  1),  is  a
particularly cherished target for extragalactic astrophysicists. Over the past few years, it has been
the subject of several major surveys from the far ultraviolet targeting the emission of young stars
with GALEX to the mid and far infrared targeting the emission of dust with Spitzer and Herschel,
complementing a  truly expansive  ancillary dataset  (optical  and near  infrared  imaging of  stellar
populations,  Hα imaging of gas  ionised by young and massive stars,  radio observations of  the
atomic and molecular gas reservoir from which stars form, etc.). In order words, M33 is an ideal
target to understand galaxy formation and evolution through the prism of nearby galaxies.

Nature of the Project Work
The overarching goal of the project is to provide, for the first time, a fully consistent model of M33
from the far ultraviolet to the far infrared over multiple physical scales. Such a model will serve as
the standard baseline for further studies. This project can be divided in 3 main phases:

1. In a first step, the multi-wavelength data will be put on the same baseline in order to carry
out  an  empirical  analysis  on  a  pixel-by-pixel  basis  of  the  relation  between  the  various
components of the galaxy (stellar populations, star forming regions, gas reservoir, dust, etc.)
at different physical scales.

2. Using the state-of-the-art code CIGALE (http://cigale.lam.fr/, Fig. 2), a full model of the
spectral energy distribution of each pixel will be created for different resolutions. This will
allow for the determination of important local and global physical parameters such as the
star formation rate, the dust mass and temperature, the attenuation of the stellar radiation by
dust, the stellar mass, etc.

3. The  final  stage  of  the  project  will  be  to  investigate  and  understand  how  the  physical
parameters determined during step 2, are affected by the scale at which the galaxy is studied.

Depending on the progress of the project this study could be pushed further, exploring for instance
the impact of resolution on the Schmidt-Kennicutt star formation law for instance.

Boquien - M33 - 1
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Fig. 1: Fraction of the disk of the nearby spiral galaxy M33. Stars born over the last 100 Myr can be
seen in the far ultraviolet (blue). Gas ionised by the youngest stars born over the last 10 Myr can be
seen through the Balmer line Hα (green). The dust heated by the absorption of energetic photons
emitted by young stars can be seen through its black body emission at 70 μm (red). The outstanding
spatial resolution in M33 allows us to delve into exquisite details of the physics of galaxies over
multiple spatial scales. This aspect will be especially important to interpret observations from the
James Webb Space Telescope, the successor of Hubble.

Fig. 2: Example of the modelling of the spectral energy distribution of one pixel in a galaxy from
the far ultraviolet (left) to the far infrared (right). Each red cross represents an observation with the
corresponding uncertainties in green. The CIGALE model is the black line. Such models will be
generated for each pixel at various spatial scales to produce the first fully consistent model of M33
from the far ultraviolet to the far infrared.

Boquien - M33 - 2
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Star formation in galaxies:
observation and modelling of fine structure lines

Supervisors: Mederic Boquien, Office: TDB, E-mail: mboquien@ast.cam.ac.uk
 Robert Kennicutt, Office: H49, E-mail: robk@ast.cam.ac.uk

Background
Star formation is one of the main processes driving the transformation of baryonic matter across the
Universe, converting the primordial gas reservoir created during the Big Bang into stars and heavy
elements, drastically affecting the shape and appearance of galaxies. Understanding when, where,
why, and how stars form across the Universe is therefore of utmost importance to understand galaxy
formation  and evolution.  In  other  words,  it  is  critical  to  be  able  to  measure  star  formation  in
galaxies as accurately as possible.

To measure star formation, various methods have been developed over the past decades.
Based on simple assumptions, they generally link the energy output from young stars (typically
younger than 100 Myr),  to a star  formation rate in terms of solar masses created per year (see
Kennicutt & Evans 2012 for instance). Yet, classical methods can have serious drawbacks to derive
reliable star formation rates, intensifying the quest for alternate methods..

Over the last few years, there has been an increasing interest into fine structure lines of
heavy elements in the far infrared as an alternate method to measure the star formation rate in
galaxies. These lines appear extremely promising with the recent inception of ALMA, the larger
radio interferometre in existence, which can detect such lines in very distant galaxies. Yet, it is still
not entirely understood why some galaxies, which otherwise seem to be forming stars at a similar
pace, show great variability in their fine structure lines. The launch of Herschel in 2009 opened a
golden age for an exquisite study of these fine structure lines. KINGFISH (PI: Robert Kennicutt),
the  largest  Herschel  survey dedicated  to  the study of  nearby galaxies  has  mapped several  fine
structure lines in the far infrared,  constituting a real treasure trove (see Fig. 1 and Fig. 2 for a
striking example). This opens unprecedented avenues to investigate the potential and the impact of
fine structure lines on our understanding of galaxy formation and evolution, far beyond the simple
measure of the star formation rate.

Nature of the Project Work
The overarching goal of this project is to improve state-of-the-art models of galaxies to include fine
structure lines. This work will serve as a baseline not only for the analysis of galaxies observed with
ALMA but  also  in  the  design  and characterisation  of  the  SAFARI instrument  for  the  satellite
SPICA, the spiritual successor of Herschel, which will be launched in the early 2020s. The project
can be divided in 3 main phases.

1. The  first  step  is  observational.  Using  fine  structure  lines  combined  with  broadband
observations of KINGFISH galaxies,  the relative impact of such lines on the broadband
emission will be assessed and analysed. Subsequently, sets of observational templates of fine
structure lines will be constructed and parametrised following the local physical properties
of the galaxies such as the star formation rate.

2. Then, depending on the progress of the project, and building upon the previous step, sets of
theoretical  templates  of  fine  structure  lines  will  be  constructed  using  the  CLOUDY
(http://www.nublado.org/) spectral synthesis code. This will be used to improve our physical
understanding of these lines.

3. If there is time left, the final step will be dedicated to including these new set of templates
into  the  state-of-the-art  CIGALE  (http://cigale.lam.fr/)  spectral  energy  distribution
modelling tool.
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Fig. 1: Maps of 5 fine structures lines in the nearby galaxy NGC 3521 (Kennicutt et al. 2011). Their
different morphologies across the galaxy shows that their impact on the broadband fluxes varies
spatially and that  several  templates  taking these variations  into account  are  needed to properly
model the galaxy. These questions will be addressed over the course of the project.

Fig. 2: Individual spectra of fine structure lines in NGC 3521 (Kennicutt et al. 2011). These spectra
represent different regions in the galaxy, showing the relative variations of the lines.
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The cross-correlation of galaxy clusters with Planck’s all-sky
lensing map

Supervisor: Anthony Challinor, Office: Kavli K2, E-mail: a.d.challinor@ast.cam.ac.uk

Galaxy clusters leave an imprint in the cosmic microwave background (CMB) due to
Compton up-scattering of the CMB off the hot intra-cluster gas. Bright clusters can
be easily identified by this effect; indeed the recent results from the Planck satellite
include a catalogue of nearly 1000 clusters found via their imprint in the CMB.
Although the majority of clusters are not bright enough to be seen directly by Planck,
they can be detected statistically by using the Planck maps across frequencies to try
and isolate a signal with the spectrum expected due to scattering in clusters (Planck
Collaboration XXI 2013).

The large-scale structure in the mass distribution leaves a further imprint in the
CMB due to weak gravitational lensing (see Lewis & Challinor 2006 for a review).
The subtle distortions produced by lensing in the CMB have been been exploited
by the Planck team to produce the first all-sky large-scale map of the lensing effect
of all large-scale structure in our observable Universe (Planck Collaboration XVII
2013; see Fig. 1). The lensing map and cluster map have a common source and
so should be correlated. The aim of this project is to calculate the expected level
of correlation and to search for this signal by cross-correlating Planck’s cluster and
lensing maps.

Nature of the project

The project involves analytic and computational work. After getting to grips with
the cosmological background, a possible plan for the rest of the project work is as
follows.

• Calculate the expected level of correlation between the cluster and lensing maps
and estimate the signal-to-noise for Planck (following, for example, methods
in Cooray & Sheth 2002).

• Cross-correlate the Planck lensing map with the cluster map and compare with
your theoretical expectation.
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Part-III astrophysics project booklet 2013-2014 Page 16 of 64



Mollweide view

Figure 1: Map of the projected lensing potential, the angular gradient of which
determines the lensing deflection field for the CMB, reconstructed from Planck.
Taken from Planck Collaboration XVII (2013).

• If time allows, consider contaminants to the cross-correlation, such as the cos-
mic infrared background, and develop methods to reduce their impact.

References

Planck Collaboration XXI, 2013, arXiv:1303.5081

Planck Collaboration XVII, 2013, arXiv:1303.5077

Lewis A. & Challinor A., 2006, Physics Reports, 429, 1 (arXiv:astro-ph/0601594)

Cooray, A. & Sheth, R., 2002, Physics Reports, 372, 1 (arXiv:astro-ph/0206508)

Challinor - 2

Part-III astrophysics project booklet 2013-2014 Page 17 of 64



Modelling a star-disc fly-by in the young  RW Aurigae system 

Supervisors:  Cathie Clarke, Office: H10, E-mail: cclarke@ast.cam.ac.uk  
                        Jane Buckle, Office: K33 (Kavli), E-mail: j.buckle@mrao.cam.ac.uk 
   
Background 
  
RW Aurigae consists of a pair of T Tauri stars (young low mass stars with age of a few million 
years) in the nearby star forming region of Taurus Auriga. At this young age, many stars are still 
surrounded by discs of  gas and dust which are believed to be the sites of planet formation. What is 
unique about RW Auriga is that the two stars (A and B) are close enough together that they are 
violently perturbing each others’ discs. In particular, submm imaging in both CO lines and in the 
dust continuum suggest that a tidal tail of material is being stripped out of the disc of RW Auriga A 
by its companion (Cabrit et al 2006). The structures in this image are broadly reminiscent of those 
obtained in simulations of star-disc interaction by Clarke & Pringle (1993); these early simulations 
however  pre-dated the imaging of RW Aurigae and only considered a limited range of parameters. 
 The aim of this project is to use hydrodynamical (SPH) simulations to model this interaction and to 
discover whether there are orbital parameters for the two stars that can account for all the observed 
features of the system.  The constraints that need to be satisfied include: i) ability to reproduce the 
morphology and kinematics of the gas and dust in the system as determined by Cabrit et al (2006) 
ii) additionally satisfy observational constraints on the relative proper motion (movement in the 
plane of the sky) of the two stars determined by Bisikalo et al (2012) (iii) provide a three-
dimensional geometry for the stripped material that can account for the eclipse of RW Auriga A 
recently observed by Rodriguez et al (2013).  

Nature of the Project Work 

• In the first instance the student will analyse snapshots of pre-computed SPH simulations of 
star-disc interactions. In order to fit all the observational constraints it will be necessary to 
experiment with various parameters (e.g. the relative orientation of the discs and the orbital 
plane of the two stars) and the student may at some stage also run further simulations with 
the SPH code (GADGET) in order to explore parameter space.  

•  The analysis will involve the production of surface density maps in projection and maps 
that trace the spatial variations of line of sight velocities as a function of position on the sky. 
The student will need to become familiar with the fundamentals of radio observations in 
order to compare this information with that contained in submm maps. They will also need 
to assess whether the simulated systems can reproduce the observed eclipse of RW Auriga. 

• The project requires moderate programming skills, knowledge of fluid dynamics at a Part II 
level and a facility with three dimensional geometry. Analysis codes can be written in any 
suitable programming language (e.g., IDL, C, Fortran, python). 
 

References   
 Bisikalo, D., Dodin, A., Kaigorodov, P. et al, 2012. Astr. Reports   56,686 

Cabrit, S., Pety,  J., Pesenti, N., Dougados, C.,  2006. A & A    482 ,897 
Clarke, C., Pringle, J.,  1993. MNRAS 261,190 
Rodriguez, J., Pepper, J., Stassun, K. et al,  2013. arXiv:1308.2017v1 
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Figure 1: Image of RW Aurigae from Cabrit et al 2006 showing the two stars (A and B) and 
contours of red-shifted and blue-shifted CO emission. The morphology and kinematics of the gas 
suggest that the red emission in the lower left is a tidal tail of gas that has been torn  out of the disc 
of RW Auriga A by the close passage of RW Auriga B. The purpose of the project is to examine, 
through hydrodynamical simulations whether such a scenario can match the observations of this 
system..  
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The evolution of the mass ratio in accreting proto-binaries
Supervisors:  Cathie Clarke, Office: H10, E-mail: cclarke@ast.cam.ac.uk  

Matt Young, Office:    H36, E-mail: my304@ast.cam.ac.uk 

Background 
     Binary stars are ubiquitous and, in the case of close pairs, account for a range of exotic 
phenomena (e.g. white dwarf mergers, X-ray binaries, Type IA supernovae) as the systems evolve. 
The evolutionary paths however depend on the ratio of the secondary to the primary  mass, q  (< 1), 
in the initial binary population. Recent surveys now provide a good census of q distributions in 
binaries and how these depend on primary mass and orbital separation (Raghavan et al 2010, 
Janson et al 2012) and this in turn can be used to test models of binary star formation.  

  The factors determining binary mass ratios are however poorly understood at present. In star 
formation simulations, proto-binary systems form from collapsing rotating clouds but then proceed 
to grow in mass as they accrete residual mass from their natal cloud. Simulations show that, 
particularly in close binaries, the ultimate mass ratio is almost entirely determined by this process 
rather than by the initial mass ratio of the proto-binary. The majority of simulations (e.g. Bate & 
Bonnell 1997, Bate 2000) find that late infalling material accretes preferentially onto the secondary 
(and hence q rises) but there have been a number of studies reporting the opposite trend (e.g. Ochi 
et al 2005, Hanawa et al 2009). Our preliminary study of the problem suggests that factors such as 
the temperature of the gas and whether the system is modelled in two or three dimensions may 
affect which star gains more mass. However at present there are no studies that have demonstrated 
numerical convergence (i.e. independence of numerical resolution) and can thus offer a robust 
prediction about the ultimate mass ratio attained and how this depends on system parameters. 

 The aim of this project is to remedy this omission through analysis of  high resolution smoothed 
particle hydrodynamic (SPH) simulations of accretion on to protobinaries.. The concentration of 
computational resources on a single accreting binary star obviously allows much higher resolution 
than is feasible in studies modeling entire clusters of stars and  the results  will be used to validate  
(or otherwise) the results from more poorly resolved cluster scale simulations (e.g. Bate 2009).  
Nature of the Project Work 

• The project involves the student analysing large volume simulation outputs pre-generated
with the GADGET SPH code and writing  original code to check the results and to measure
the relative accretion rates onto each star. The coding can be written in any suitable
programming language (e.g., IDL, C, Fortran, python).

• The project requires familiarity with fluid dynamics at a Part II level. The student will use
the empirical results from simulations to improve the theoretical model of accretion onto
protobinaries, thus improving our understanding of what factors control binary mass ratios.

References   
Bate, M.,  2000. MNRAS 314,33 
Bate, M., 2009. MNRAS  392,590 
Bate, M., Bonnell, I.,  1997. MNRAS ,  285 ,33  
Hanawa, T., Ochi, Y., Ando,  K, 2009. ApJ 708 ,485 
Janson, M. et al, 2012. ApJ  754  ,44 
Ochi, Y., Sugimoto, K., Hanawa, T., 2005. ApJ   623 ,922 
Raghavan, D. et al, 2010. ApJS  190,1 
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Figure 1: A pilot simulation of accretion onto a proto-binary: velocity vectors (in the frame co-
rotating with the binary) are shown in white and the gas surface density is colour coded red to white 
in ascending density. The secondary star is on the left. Note the spiral features extending from the 
binary and the white rim of the secondary’s disc where gas in an infalling stream is shocked against 
orbiting disc material.  
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Jets and plumes in the solar atmosphere 
 
Supervisors:  G. Del-Zanna, gd232@cam.ac.uk 

Helen E. Mason, hm11@damtp.cam.ac.uk 
 
Background 
 
Recent solar spacecraft (Hinode and the Solar Dynamics Observatory, SDO) have 
provided a unique opportunity to study different features in the solar atmosphere with 
high spatial and temporal resolution in X-ray and EUV emission. 
 
Jets and plumes are ubiquitous recurrent features in the solar corona, and can be 
distinguished particularly well in coronal holes, but also occur in active regions. Their 
lifetime can range from minutes to hours (Madjarska, 2011). It widely thought that the 
principal formation mechanism is magnetic reconnection following magnetic flux 
emergence (Moreno-Insertis, Galsgaard, 2013). However detailed observations 
of the plasma heating and cooling, and the relationship to the photospheric magnetic 
field have been sparse. 
 
The hot plasma is sometimes ejected into the heliosphere, but often fails to reach solar 
escape speeds, cools and falls back. It has been proposed by several authors that jets 
and plumes could be one of the source regions of the fast solar wind, which streams 
out of coronal holes. 
 
Nature of the Project Work 
 
The aim of this project is to study the relation between flux emergence as observed in 
the photosphere (with e.g. Hinode/SOT and SDO/HMI magnetograms) and the 
characteristics of the jets as they evolve, in particular the heating and cooling 
processes.  Jets and plumes will be studied using X-ray and EUV imaging and 
spectroscopy. 
 
The student will start by searching the SDO and Hinode databases to identify a few 
candidates to be studied in detail. The searches are mostly web-based and relatively 
straightforward. The analysis of the data will involve running SolarSoft analysis 
software (IDL) for data calibration and co-alignment. Imaging observations from 
SDO/AIA will provide key new information at high cadence (12s) and resolution (1''). 
Multi-band observations will be used to obtain information on the evolution of the 
temperature of the plasma. This will be compared to X-ray imaging from 
Hinode/XRT. If EUV spectral data are available for the selected solar features, the 
student will first familiarize with our CHIANTI atomic database and programs, and 
then use them to accurately measure electron densities and temperatures (Chifor et al, 
2008a, 2008b). The project will involve some IDL programming. 
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Links and References 
 
www.chiantidatabase.org 
www.helioviewer.org 
Chifor et al. 2008a, A&A 481,L57 
Chifor et al. 2008b, A&A 491, 279 
Madjarska, 2011, A&A, 526, A19 
Moreno-Insertis, Galsgaard, 2013, ApJ, 771, 20 
 
 
 

 
 
 
Figure 1: Solar jets seen in the polar coronal hole in the X-rays by Hinode/XRT 
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Exploring massive stars beyond the Milky Way 

supervisors:  Morgan Fraser,   m.fraser@qub.ac.uk

Background 

Massive stars (more than 8 times the mass of the Sun) live short, but exciting lives 
before exploding as core-collapse supernovae (SNe). They are particularly important 
as producers of the heavy elements which go into forming subsequent generations of 
stars, planets and people. Massive stars are bright - with luminosities between 30,000 
and 1,000,000 times of the Sun, and this allows us to study them in galaxies beyond 
the Milky Way. 

One of the best resources for studying extra-galactic massive stars is the Hubble 
Space Telescope (HST). As it is outside the Earth's atmosphere, HST has superior 
resolution to most ground-based telescopes. Furthermore, in the two decades since its 
launch, HST has amassed a huge archive of images which are publicly available. 

Nature of the project 

This project will be observational, and will entail the analysis of archival HST data of 
nearby galaxies. The aim of this project is to attempt to address several key questions 
on massive stars, with particular relevence to their role as core-collapse SN 
progenitors. 

1. Can we probe evolved massive star variability over timescales of years?
2. Is there any evidence for optically dark SNe (via. direct black hole formation)?
3. Can we identify the most luminous (and hence massive) single stars?

To address these, you will learn to use standard photometry and image analysis 
packages. You will measure the magnitude of sources in images, and perform image 
subtraction to search for variability. The project may also include experiments with 
artifical data to validate techniques, and some scripting to perform automated 
analyses. 

References 

Smartt et al. 2009 ARA&A, 47, 63    
Kochanek et al. 2008, ApJ, 684, 2 
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Figure 1: This colour HST composite of the nearby galaxy M74 illustrates the 
spectacular resolution and sensitivity of HST (Credit: Hubble Heritage) 
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Using VISTA VVV to constrain the distance to some
of the most massive clusters in the Milky Way

Supervisors: Carlos González-Fernández
Mike Irwin,   mike@ast.cam.ac.uk

Background

The place of our Galaxy within the cosmic galactic zoo is still an open issue. As the Sun sits
close to the Galactic plane, finding the large scale structure of the Milky Way is complicated,
particularly when we look towards the inner Galaxy, where source confusion and interstellar
extinction complicate even more our studies. These same issues also conspire to constrain
our understanding of the star formation history of the Galaxy.

The near-infrared (NIR) is the ideal wavelength range to address these issues. At these fre-
quencies the interstellar medium becomes more transparent than in the visible (the extinction
in the K-band is roughly 1/10th than in the V-band) while stars are still the dominant source
of radiation. We have already used VISTA VVV data to establish the presence of a large,
flat structure in the inner disc identified as a Bar (González-Fernández et al. 2012), not to
be confused with the Galactic Bulge (López-Corredoira et al. 2007). It is expected that a
Bar-like structure will trigger noticeable star formation, particularly at the ends where it
interacts with the disc (Wozniak et al. 2007).

This star formation has already been detected in the near-end of the Bar where several
clusters rich in red supergiants have been discovered (illustrated in figure 1.), adding up to
nearly 105M⊙ and being one of the most active formation regions of the Galaxy (Negueruela
et al. 2009; González-Fernández et al. 2011). A similar eruption is yet to be found at the far-
end of the Bar. This is mostly because the geometry of this structure has been constrained
only recently (González-Fernández et al. 2012). We have already located a couple of very
massive cluster candidates, and obtained spectra of their brightest componentes, confirming
their nature as massive stars.

To assign these clusters to a given structure (and to derive good estimations of their masses),
we need a good measurement of their distances which is a challenging task. On the one hand,
the luminosity function of massive stars (blue and red supergiants) spans a very wide range
in intrinsic magnitudes, so we cannot use them to derive photometric distances. On the other
hand, if these clusters are indeed associated with the Bar, it is quite likely that this structure
induces non-circularity on their orbits, making distances based on dynamical methods, that
normally assume circular orbits for the disc, very innacurate.

One possible way out of this conundrum would be the detection within these clusters of some
variable stars, such as cepheids, with a calibrated period-luminosity relation. To try this,
we have at hand several epochs of VVV data (Minitti et al. 2010), but as these fields are in
the inner disc, the density of sources is very high, so the detection of variable stars and the
analysis of their light curves is far from trivial.

, cgonzal@ast.cam.ac.uk

Gonzalez-Fernandez - 1

Part-III astrophysics project booklet 2013-2014 Page 26 of 64



Nature of the Project Work

The main objective of the project is to locate and classify variable stars in or around some of
the most massive clusters of the Galaxy (VdBH 222, Teutsch 85 and Westerlund 1). Ideally,
this will lead to robust distance determinations. This task will be broken into several smaller
steps:

1. the fields containing these clusters have already been reduced and analyzed using the
VISTA data processing pipeline. However, it is possible to obtain more precise mea-
surements using list-driven photometry (see for example Irwin et al. 2007) to generate
the relevant measures;

2. these will be used to create lightcurves for each source thereby circumventing the
need for complex crossmatching - the typical source density in these areas is around
5× 105 sources/deg2;

3. one of the main steps will be to identify and classify the variables found in each field;

4. the variable stars will then be further analysed to see if there are any with a calibrated
luminosity-period relation and attempt to obtain distances for the clusters. For VdBH
222 and Teutsch 83 these will be be the first robust estimation, while for Westerlund
1 this measurement can be cross-checked with existing estimates;

5. with independent estimates of their distances available we will be able to break the
distance/age degeneracy and obtain a good estimation of the masses of these clusters.
In all likelihood, VdBH 222 and Teutsch 85 will be among the top 10 most massive
clusters in the Milky Way. Westerlund 1 is already the most massive.

As these fields have a rather high stellar density, there is ample room for serendipitious
discoveries such as distant AGB (Mira) stars, dim red supergiants in the far disk, etc..

References and suggested reading

1. Stetson, P. B.; 1996, PASP, 108, 851: ”On the Automatic Determination of Light-
Curve Parameters for Cepheid Variables”

2. Irwin, J., Irwin, M., Aigrain, S., et al.; 2007, MNRAS, 375, 1449I: ”The Monitor
project: data processing and light curve production”

3. Negueruela, I., Clark, J. S. and Ritchie, B. W; 2010, A&A, 516A, 78N: ”The population
of OB supergiants in the starburst cluster Westerlund 1”

4. Portegies Zwart, S. F., McMillan, S. L. W., & Gieles, M.; 2010, ARAA, 48, 431:
”Young Massive Star Clusters”
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Figure 1: Left: Masses and sizes of the known clusters in the Milky Way, from Protegies
Zwart et al. (2010), with our tentative estimates for VdBH 222 and Teutsch 85 added.
Confirming the locus of these clusters on this plot is the main aim of this project. Right:
Composite colour image of VdBH 222 produced using J, H and Ks VISTA tiles. The brightest
stars in this picture are mostly spectroscopically confirmed red supergiants.
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Unravelling the structure of ionized bubbles in our galaxy

Supervisors: Thomas Haworth, haworth@astro.ex.ac.uk    
Cathie Clarke, cclarke@ast.cam.ac.uk

Background

Massive stars affect the insterstellar medium through the actions of their ionizing radia-
tion, winds and eventually supernovae. One big unanswered question is what impact this
has on star formation. Do massive stars hinder star formation by dispersing material,
or do they encourage it by destabilizing clumps of gas to collapse?

Throughout the galaxy we observe a number of ionized “bubbles” around massive stars.
These are subject to investigation because they are sites of star formation and are excel-
lent laboratories to try and answer the above posed question. There are many diagnostics
of these bubbles, but our understanding is limited by the fact that they have 3D geomet-
rical structure that we can only observe from one viewing angle. For example some (e.g.
Beaumont and Williams, 2010) suggest that some bubbles are possibly more cylindrical
than spherical which would have consequences for our models of feedback.

According to Haworth (in prep.), there should be a simple relation between bubble geom-
etry, the morphology of molecular gas near bubbles and the quantity of ionising photons
that escape the bubble. There should be relatively little ionising photon escape from
a spherical bubble (because it is encased in molecular material) and thus in this case
the bubble should be filled (in projection) with molecular emission. In the case of a
cylindrical bubble that has punched a hole in the surrounding molecular material and is
viewed close to pole on, ionising photons should escape more freely and the molecular
emission should be ring-like in projection.

In this project the student will analyse archival data in order to see whether there is
a correlation between the morphology of molecular emission and the escape of ionising
photons, this latter being detected through the level of radio continuum emission (Rubin
1968).
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Figure 1: Some examples of ionized bubbles reported by Deharveng et al. (2010).

Nature of the project work

This project is primarily working with observational data. The project entails

• Choosing a set of ionized bubbles for the investigation.

• Finding radio continuum archival data for as much of the data set as possible (e.g.
from the MAGPIS science archive). This traces the ionized gas.

• Finding molecular line archival data for as much of the data set as possible (e.g.
from the JCMT science archive or perhaps in communication with Chris Beau-
mont). This traces the molecular boundaries of the bubble.

• Find spectral classes of the sources exciting the bubbles. Combine this with the
radio data to estimate the amount of ionizing photons escaping.

• Investigate the ionizing photon escape fraction as a function of molecular line
coverage of the bubble.

References

1. On Lyman continuum flux estimates from radio observations of ionized bubbles,
Thomas Haworth, in prep. (contact me at haworth@astro.ex.ac.uk for the latest copy)

2. Molecular Rings around Interstellar Bubbles and the Thickness of Star-Forming
Clouds. Beaumont C. N., Williams J. P., 2010, ApJ, 709, 791

3. A gallery of bubbles: The nature of the bubbles observed by Spitzer and what AT-
LASGAL tells us about the surrounding neutral material, L. Deharveng et al., 2010,
A&A, 523, A6

4. A Discussion of the Sizes and Excitation of H II Regions, Rubin, Robert H., 1968
ApJ, 154, 391
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SMALLER PLANETS AROUND BRIGHTER STARS WITH 
SUPERWASP 

 
Supervisors:  Simon Hodgkin, APM A5, sth@ast.cam.ac.uk 

Sergey Koposov, H32, koposov@ast.cam.ac.uk 
Mike Irwin, APM A1, mike@ast.cam.ac.uk 

 
Background 
 

Transiting systems offer the best opportunity to characterize the atmospheres of planets 
outside our own solar system. During a transit, the opaque planet and its atmosphere 
partially block the light from the host star. By measuring photometry or spectroscopy 
through the transit, we can measure the planet and atmosphere radius as a function of 
wavelength, and hence learn about the distribution of atomic and molecular features in the 
planetary atmosphere. Observations taken during the secondary eclipse enable us to 
measure the emission from the planet itself. Current measurements include the detection of 
Rayleigh scattering (a haze) in HD189733b, as well as emission from the alkali metals 
sodium and potassium (Sing et al. 2011, see Figure 1). In HD209458b sodium is also 
confirmed along with carbon and initial evidence for CO, H20, TiO and other molecules. 
National Geographic magazine claimed that this was the 4th most important HST discovery 
in its all time top ten (October 28, 2010). Recent work is tackling evidence for clouds, the 
thermal profiles of their atmospheres, and the atmospheric circulation. Snellen et al. (2010) 
have demonstrated that HD209458b shows evidence for CO outflow/winds, and have used 
this to measure the velocity of the planet, and solve fully for the mass of both components 
(as for a double-lined spectroscopic binary. In the same paper they show evidence for a 
strong wind flowing from the dayside to the non-irradiated nightside of the planet. 
 
Figure 2 taken from Pont (2010, www.exoclimes.com) illustrates how the scale height of 
the atmosphere, coupled with the magnitude of the star under study, limits the sensitivity of 
ground- and space-based follow-up studies. The further to the top right the planets are, the 
easier it is to measure their atmospheric features with transmission spectroscopy. The 
dotted lines show curves of constant S/N. The planets to the right of the top curve have an 
atmosphere detectable with a 90-minute integration (~1 transit) with the Hubble Space 
Telescope. The planets to the right of the remaining two lines would have detectable 
atmospheres if the amount of incident photons were increased by a factor 5 and 10 
respectively. So far, nearly everything we know about exoplanet atmospheres still comes 
from these two systems (80% of the scientific publications in the field). More HST and 
Spitzer orbits have been spent on HD189733b alone, than was spent on the Hubble Deep 
Field (Sing 2011b). They are clear outliers in Figure 2, both in terms of the scale-height of 
their atmospheres, and the number of detectable photons during a 1-hour transit. Finding 
targets as bright as these, with a range of properties (e.g. temperature, radius) is crucial to 
the future study of exoplanet atmospheres. The list of targets for atmospheric studies with 
Spitzer, HST, JWST and possibly Finesse and EChO in the future, is currently too short. 
 
SuperWASP is one of the most successful experiments in the world, finding more than 80 
confirmed transiting exoplanets around bright stars. The brightest planet hosts are 
particularly prized, since they allow us to study planetary atmospheres: a key step towards 
detecting extra-terrestrial life. The Kepler mission is revealing the spectacular diversity of 
exoplanet systems in the Galaxy. However, only wide-field surveys such as SuperWASP 
can find the planets orbiting the brightest hosts, providing the key targets for flagship 
missions such as JWST. Having worked closely with SuperWASP data products since 
project start, we understand that the lightcurves are far from perfect. The existing 
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photometry suffers from complex instrumental systematics. This has limited SuperWASP 
discoveries to Jupiter-sized planets, despite photon noise limits that should allow much 
smaller planets to be detected (Smith et al. 2006). 
 
Nature of the project work 
 

It is likely that the millions of SuperWASP lightcurves of bright stars include the 
unrecognised signatures of ice-giant and even terrestrial planets, currently hiding in the 
noise. We propose to reanalyze the data, applying sophisticated techniques to identify and 
remove systematics. We will then be sensitive to planets with smaller radii, i.e. from 
Jupiters to Neptunes. 
 
This project has the potential to discover new exoplanets around very bright stars and very 
small stars; systems that have been monitored extensively for the last 7 years by 
SuperWASP, but may have been hidden in the noise. Even one new transiting exoplanet 
around a 7-9th magnitude star will have incredible value to the community, and will trigger 
significant interest and follow-up study. To achieve these goals we will implement state-of-
the-art analysis techniques that come out of our experience with large format cameras in the 
optical and near infrared. This project is aimed at a student who is comfortable working 
with large and complex datasets, and performing significant (preferably Python) coding and 
data analysis. We will begin by applying an "Ubercalibration" technique (e.g. Wittman, 
Ryan & Thorman 2012)to a subset of SuperWASP lightcurves to test the method. We will 
then extend the method to a much larger sample of data which has undergone improved 
processing. 
 
 
References: 
 
Sing , D. et al., 2011, MNRAS, 416, 1443  
Smith, A.M.S., et al., 2006, MNRAS, 373, 1151 
Snellen, I. et al. 2010, Nature, 465, 1049 
Wittman, Ryan & Thorman, 2012, MNRAS, 421, 2251 
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Figure 1 Cartoon from 
www.exoclimes.com 
(top) showing a 
simulated transit 
spectrum highlighting 
emission from excited 
Na and K. See also Sing 
et al. 2011 for the 
analysis of the HST data 
(bottom). 
 

 
 

 

Figure 2 taken from Pont (2010, 
www.exoclimes.com) illustrates how 
the scale height of the atmosphere, 
coupled with the magnitude of the 

star under study, limits the sensitivity 
of ground- and space-based follow-

up studies. The further to the top 
right the planets are, the easier it is to 
measure their atmospheric features 

with transmission spectroscopy. The 
dotted lines show curves of constant 
S/N. The planets to the right of the 

top curve have an atmosphere 
detectable with a 90-minute 

integration (~1 transit) with the 
Hubble Space Telescope. The planets 

to the right of the remaining two 
lines would have detectable 

atmospheres if the amount of 
incident photons were increased by a 

factor 5 and 10 respectively. 
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Studying old stars in our Galaxy

Supervisors: Paula Jofré, Office: H34, E-mail: pjofre@ast.cam.ac.uk
Anna Hourihane, Office: H52, E-mail: aph@ast.cam.ac.uk
Gerry Gilmore, Office: H47, E-mail: gil@ast.cam.ac.uk

1 Background

Figure 1: The Gaia-ESO survey collects spectra from the

stars of our Galaxy with the European telescopes in Chile

(VLT) and operates to complement the Gaia mission.

The stars in spiral galaxies are located mainly in
the bulge, the disk and the surrounding halo. Al-
though the stellar matter contained in the Milky
Way halo is small compared to that contained in
the disk or bulge, the halo is important because
its stars formed when the Galaxy was born. Thus,
halo stars are preserved fossils of the formation
history of the Milky Way.

More than fifty years ago the first formation
scenario was proposed by Eggen, Linden-Bell and
Sandage [1], who claimed that the stars in the
Galaxy formed rapidly, during the collapse of the
proto-Galactic cloud. About fifteen years later,
Searle and Zinn [2], in their study on globular
clusters, claimed that some proportion of the halo
stars must have originated in external galaxies and
that these stars were later accreted by the Milky
Way. Today, it is still not clear what percentage
of the total Galactic stellar halo formed via col-
lapse or accretion. An important reason for this
problem is that the determination of ages of indi-
vidual halo stars is very inaccurate, as these stars
are very far away and faint. This task is thus a
major challenge in Galactic archaeology.

Nowadays, the Galaxy is being scanned with
large observing programmes. Modern instruments
are capable of collecting a large sample of halo
stars with enough accuracy to analyze individual
stellar populations via statistical analyses. Those
surveys have made Galactic studies a hot topic in
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modern Astronomy, because the available data of stellar properties is growing fast. In particular, the
Gaia-ESO public spectroscopic survey (GES, [3, 4]) will target more than 105 stars using the state-
of-the-art European spectrographs at VLT in Chile. Being developed mainly in Cambridge, but also
by many other European institutions, GES will not only be the first one in providing a consistent and
accurate overview of the distributions of kinematics and chemical abundances of the Milky Way, but
will add enormous value to the Gaia mission [5] to be launched in the autumn of this year.

2 Nature of the Project Work

We propose that the student will exploit the results from the GES spectral parameter release. The
student will analyze the newest unpublished second Data Release and select from it the halo stars. He/she
will concentrate on turn-off stars, whose stellar parameters are very sensitive to age. Furthermore, the
student will focus on finding age-chemical composition gradients with the aim to address the question
of how many of the halo stars formed in the proto-Galactic cloud and how many of them in the accreted
galaxies.

The proposed project will provide the opportunity to investigate classical fundamental problems in 
Astronomy while giving the student visibility to a large international community of scientists developing 
and exploiting this on-going Survey. This project will contribute greatly to the first science cases of the 
Gaia-ESO Survey.

References

[1] Eggen, Lynden-Bell & Sandage, 1962, Astrophysical Journal, vol 136, page 748
Evidence from the motions of old stars that the Galaxy collapsed

[2] Searle & Zinn, 1978, Astrophysical Journal, vol 225, page 357,
Compostitions of halo clusters and the formation of the galactic halo

[3] Gilmore et al. 2012, The ESO Messenger, vol 147, page 25,
The Gaia-ESO Public Spectroscopic Survey

[4] http://www.gaia-eso.eu/
[5] http://sci.esa.int/gaia/
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The Escape of Ionizing Radiation from
High-redshift Galaxy Collisions

Supervisors: Simon Karl, Office K16, E-mail: skarl@ast.cam.ac.uk
Martin Haehnelt, Office K27, E-mail: haehnelt@ast.cam.ac.uk

Background
Between redshifts 15 ≥ z ≥ 6 the formation of the first stars and black holes in galaxies led
to the re-ionization of hydrogen in the Universe. The nature of the main sources of ionizing
radiation that transformed the intergalactic medium (IGM) into its highly-ionized (i.e. highly
transparent) state we see today is still actively investigated. Since observed quasar luminosity
functions drop steeply towards higher redshifts, massive stars seem to be the most promising
candidates to drive hydrogen re-ionization. The expected escape fractions (fesc) of stellar ion-
izing radiation from star-forming galaxies into the IGM, however, depend critically on the ability
of the ionizing photons to escape from the dense gas-cocoons in which the stars are born. In
this project the student will investigate the effect of galaxy mergers on opening up low column
density channels in tidally disturbed regions of merging galaxies.

Nature of the Project Work
The project will include analytical modelling as well as analysing numerical simulations. In a
first step the student will calculate the escape fraction of ionizing photons for a simple analytic
model of an isolated galaxy. In this step, the student can largely follow the approach outlined
in Conroy & Kratter (2012; see also the original derivations by Ricotti & Shull 2000). Then, in
a second step, the student will analyse numerical merger simulations to investigate the effect
of low column density channels on the overall escape fraction in different stages of the galaxy
merger.

References
Ciardi, B. & Ferrara, A. 2005, SSRv, 116, 625 (Chapter 5)
Conroy, C. & Kratter, K. 2012, ApJ, 755, 123
Ricotti, R. & Shull, J. M. 2000, ApJ, 542, 548

Figure 1: Re-ionization at work (plotted is the number density of neutral hydrogen) at redshifts
z=16.5, 12, and 8.5 in a cosmological numerical simulation (see Ciardi & Ferrara 2005).
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Modelling interferometric observations of warm 
debris disks

Grant Kennedy (gkennedy@ast.cam.ac.uk), Mark Wyatt (wyatt@ast.cam.ac.uk)

Background

Like the Sun, many stars have belts of comets and asteroids, collectively known as debris

disks (Wyatt 2008). While these are intrinsically interesting as signposts of planet formation

processes, they may also hinder our ability to image Earth-like planets around nearby stars

due to the increased background emission (Roberge et al 2012), if such a belt lies in the

terrestrial zone. In preparation for future space missions that will attempt to image these

planets, considerable effort is being put into characterising warm dust around nearby stars.

The most promising instrument for warm dust detection is the Large Binocular Telescope

Interferometer (LBTI), which will observe dozens of nearby stars over the next five years.

The first goal of this project is to figure out how an LBTI observation constrains the

parameters of a simple disk model. Because it is a nulling interferometer, the observable from

an LBTI observation is a single number; the amount of disk emission that “leaks” through

because it is larger than the stellar point source (see Millan-Gabet et al 2011 and Fig 1).

There are therefore very large degeneracies in the parameters that could describe a detected

(or undetected) disk. Characterising these degeneracies is the first goal of this project, and

one specific result of this work will be to figure out what limits on disk brightness are set by

an observation of a given star. This modelling will be done for the actual stars that LBTI

will observe, thus resulting in a prediction of what disks the survey can detect for each star.

A second goal is to study how extra information from other observations helps pin down

disk parameters. For example, a warm disk may be accompanied by an outer disk (as in the

Solar System). In this case the warm dust disk may be reasonably assumed to be coplanar

with the outer disk, thereby constraining several of the model parameters for the warm disk

and allowing better constraints on the others. This modelling will again be done for the

actual survey stars where these extra constraints exist, thereby showing how the results

change if extra information is used in modelling the observations.

The final component of the project will be to figure out what the limits on disk brightness

derived from the modelling mean in terms of their impact on a mission to image terrestrial

planets.
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Fig. 1.— Images of a face-on disk model (left) and the transmission for a nulling interfer-

ometer at null (middle) and peak (right) from Millan-Gabet et al (2011). The “leak” is

essentially the total of that seen in the middle panel, and can be thought of as the result of

multiplying the left panel by a sin2 function oriented at about 45◦.

Nature of the Project

This project is based around computational modelling of observations, and will involve

using and modifying computer code that models LBTI observations of model disks, so some

experience of programming will be useful.

References

Millan-Gabet et al 2011, ApJ, 734, 67

Roberge et al 2012, PASP, 124, 799

Wyatt 2008, ARA&A, 46, 339

Kennedy - 2

Part-III astrophysics project booklet 2013-2014 Page 38 of 64



Investigating	  the	  galactic	  disc	  history	  
with	  	  the	  Gaia-ESO	  Survey	  

Supervisors:	  G.	  Kordopatis, 	  gkordo@ast.cam.ac.uk,
                          G.	  Gilmore, gil@ast.cam.ac.uk

Background:	  
The	  history	  of	  the	  formation	  of	  the	  stellar	  disc	  of	   the	  Milky	  Way	  still	  remains	  a	  
mystery.	   In	   the	  past	   ten	  years,	  a	  variety	  of	  scenarios	  have	  emerged	   in	  order	   to	  
explain	  the	  properties	  of	  the	  older	  disc	  stars,	  like	  for	  example	  dynamical	  heating,	  
radial	  migration	  or	  direct	  accretion.	   In	  order	  to	  be	  able	  to	  disentangle	  between	  
these	  scenarios,	  the	  access	  to	  large	  spectroscopic	  datasets	  in	  order	  to	  extract	  the	  
chemo-‐dynamical	  information	  of	  the	  stars	  is	  necessary.	  	  	  
Present	   data	   with	   sufficient	   statistical	   weight	   to	   allow	   the	   study	   of	   merger	  
signatures	   are	   of	   too	   low	   precision	   (e.g.:	   SEGUE)	   to	   allow	   the	   signal	   to	   be	  
detected.	   The	   Gaia-‐ESO	   Survey	   (GES)	   is	   the	   ground	   follow	   up	   survey	   of	   Gaia	  
which	  obtains	  high-‐resolution	  spectroscopic	  data	   from	  the	  VLT,	  of	  FGK	  stars	  of	  
the	  Milky	  Way.	  It	  began	  observations	  in	  January	  2012	  and	  has	  already	  released	  
its	   first	  data	   release,	   composed	  of	   roughly	  5000	  stars.	  The	  second	  data	   release	  
comprising	   105	   stars	   is	   expected	   for	   January	   2014.	   Gaia-‐ESO	   data	   will	   thus	  
provide	  the	  first	  opportunity	  to	  make	  this	  study	  reliably.	  

Nature	  of	  the	  project	  
We	   aim	   to	   study	   the	   velocity	   dispersion	   of	   the	   stars	   observed	   by	   GES	   as	   a	  
function	  of	  metallicity,	  alpha	  enhancement	  and	  elemental	  abundances	  in	  order	  to	  
find	  signatures	  of	  the	  merger	  history	  of	  the	  Milky	  Way.	  
For	   that	   the	   student	   will	   need	   to	   develop	   capabilities	   of	   investigating	   a	   large	  
online	  data-‐base	  (like	  the	  one	  of	  GES),	  extract	  the	  useful	  information	  and	  exploit	  
the	  data.	  	  

References:	  	  
Gilmore	  et	  al.	  2012,	  The	  Messenger,	  vol.	  147,	  p.	  25-‐31	  
Bovy	  et	  al.	  2012,	  ApJ,	  755,	  115	  
Minchev	  et	  al.	  2013,	  Nature	  ,	  accepted	  

Figure	  1:	  Vertical	  velocity	  
dispersion	  as	  a	  function	  of	  
metallicity	  and	  alpha	  element	  
abundances	  (yields	  of	  Supernova	  
of	  type	  II)	  for	  the	  old	  stars	  of	  the	  
Milky	  Way,	  as	  seen	  from	  the	  
SEGUE	  survey	  (Bovy	  et	  al.	  2012).	  	  
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Fine-scale structure formation in Saturn's A- and B-rings

Supervisor: Henrik Latter,  Office: F1.09 Pav F, CMS, Email: hl278@cam.ac.uk 

Background:

The Voyager probe, and Cassini more recently, revealed that the rings of Saturn exhibit a
phenomenal wealth of axisymmetric structure, ranging from the very short (~100 m) to the
extremely long (~100 km). It has proven quite a challenge to fully explain the origin of
these patterns (Porco et al. 2005, Schmidt et al. 2009, Colwell et al. 2009). The rings are
composed of trillions of icy boulders ranging in size from a few millimetres to a few metres,
undergoing several gentle collisions per orbit. But it is becoming clear that these seemingly
innocuous interactions,  in alliance with the particles'  self-gravity, can have considerable
collective  effects,  especially  on  fine-scales.  These  effects  can  be  modelled  with  some
success using a viscous fluid; and such models indicate that regions in Saturn's rings (its A-
ring and outer B-ring) are subject to a linear instability issuing from the ring's viscosity and
differential rotation. It is likely that the saturation of this instability, termed the 'viscous
overstability',  generates the irregular structure observed on fine scales.   

Previous work has shown that the viscous overstability leads to nonlinear travelling waves
of roughly 200m in wavelength, and that these waves are subject to interesting modulational
dynamics on longer scales (~1 km) (Latter & Ogilvie 2009, 2010). However, this work has
omitted one important ingredient – the self-gravity of the disk. This additional effect will
certainly alter the dynamics of the instability's non-linear saturation. It is the project's main
aim to see how. 

Nature of the project work:

• The  student  will  write  a  one-dimensional  finite-difference  code  simulating  the
evolution of the Navier-Stokes and continuity equations in a local patch of disk (the
shearing sheet).  A pre-existing skeleton code is  available as a template (Latter &
Ogilvie 2010). It is possible to use Fortran, Matlab, Python, IDL, etc for this task.
Self-gravity will be implemented using fast Fourier transforms.

• Subsequently, the  student  will  verify  the  accuracy of  the  code with a  number  of
benchmarks.  The  code  should  reproduce  the  linear  growth  rates  of  the  viscous
overstability  with  self-gravity,  and  support  the  steady  non-linear  wavetrains
analytically computed by Latter & Ogilvie (2009).

• Finally, the code should be used to simulate the long-time evolution of the viscous
overstability  for  a  limited  range  of  parameters.  How  does  self-gravity  alter  the
saturation of the instability? Do we still get travelling wavetrains? If so what are their
properties? How are their modulational dynamics changed? Note that because the
problem is 1D the computational requirements are relatively light.
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  Figure 1. 
   Images from Cassini of four regions 

in  Saturn's  rings  exhibiting  various  
fine-scale structure (and additional
wave features)  (from  Porco  et  al.  
2005).  Each  pixel  is  roughly  
100m

Figure 2.
A synthetic stellar occultation profile calculated from a simulation of the viscous  
overstability  in  a  patch  of  disk  of  15  km  radial  extent  (Rein  &  Latter  2013).  
Wavetrains and their large-scale modulations can be observed.
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The lithium abundances of star clusters 

Supervisors:  Karin Lind: klind@ast.cam.ac.uk, H51 
Gerry Gilmore: gil@ast.cam.ac.uk, H47 

Background 
The light element lithium has unique properties that makes it fundamental for 
astronomy and cosmology. The Universe was born with Li in significant amounts and 
its cosmic abundances has since then been altered by complex nucleosynthesis in stars 
and the interstellar medium. By measuring the surface abundances of Li in very old 
stars in the Milky-Way, we can learn more about the physics of stellar interiors, but 
also about the Big Bang itself.  Stars in open and globular clusters are excellent 
targets for this type of studies, e.g. because the stellar masses and ages can be 
accurately constrained.  

With the multi-object spectrograph FLAMES on the 8m Very Large Telescope in 
Chile, we have collected Li data for large samples of stars, partly via the Gaia-ESO 
public spectroscopic survey. The challenge lies in accurately determining the 
fundamental stellar parameters and chemical composition given the narrow 
wavelength band that has been observed.  

The goal of this project is to study Li in stars that just left the main sequence and 
evolved into the giant phases. Previous findings indicate that the surface abundance 
increases slightly in these stars because a Li pocket, which previously were built up 
and hidden underneath the surface, is being erased. Understanding how this 
mechanism works in different environments is key to understanding why the stars do 
not contain as much Li as expected from the Big Bang, a problem that has been 
haunting astronomers for decades. 

Nature of the Project 
The project will involve 

1) Becoming familiar with a suite of existing IDL routines for automated analysis of
high-resolution spectra.  
2) Tailor the analysis setup to the observed wavelength region around the Li
resonance line. This involves extensive tests using well-known stars, like the Sun, and 
comparisons with photometric data.    
3) Interpreting the derived Li abundances in the context of the cosmological Li
problem. This involves reading the relevant literature and learning basic principles of 
stellar structure and evolution.   
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"Signatures of intrinsic Li depletion and Li-Na anti-correlation in the metal-poor 
globular cluster NGC6397", Lind et al. 2009, Astronomy & Astrophysics, 503, 545 

"The Gaia-ESO public spectroscopic survey", Gilmore et al. 2012, The Messenger, 
147, 25 

Figure 1:  The left-hand panel shows how the Li abundance (x-axis) varies with 
absolute magnitude (y-axis) in a globular star cluster. The right-hand panel shows the 
location of the same stars in a traditional colour-magnitude diagram. The small 
increase in A(Li) in the middle of the subgiant branch (Mv~3.3) is the focus of the 
project. 
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Wavefront reconstruction in photon starved applications. 
 
Supervisor: Craig Mackay, office: Observatory building, O25, email:cdm@ast.cam.ac.uk. 
 
Background.  Astronomical objects are very distant so that from the ground a Galaxy like our 
own at a redshift z~1 is barely resolved because of the smearing caused by atmospheric 
turbulence.  Hubble Space Telescope has a resolution ~x8 better and large ground-based 
telescopes in theory can do much better still.  We have been developing a new observing 
technique in Cambridge called Lucky Imaging which, when combined with low order adaptive 
optics has delivered the highest resolution images ever taken (figure 1). 
 

 
 
Figure 1: The globular cluster M 13 in I band observed with the Lucky Imaging Camera 
behind the low order PALAO adaptive optic system on the Palomar 5 m telescope. The 
resolution in this image is about 35 mas or approximately 3 times that of the 
(undersampled) Hubble Space Telescope. This is the highest resolution image of faint 
objects ever taken in the visible or infrared anywhere by anyone. This is a 10% Lucky 
Image selection from the data set. 
 
A new instrument called AOLI has just completed its first commissioning run on a large 
telescope.  The key novel component is the adaptive optics system because it is critical that it 
works on the very faintest reference stars as there are so few bright stars in the sky that are 
usable by conventional AO systems.  The question here is how many photons do we actually 
need to make a satisfactory fit to the wavefront distortions so that our system will work.  Many 
of the mathematical techniques have already been described by an earlier Part III student (Peter 
Aisher), but the critical lowlight level limits were not looked at insignificant detail, and the 
techniques of getting the best out of the recorded data have not been looked at all.   
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Nature of the Project Work.  The student will start by becoming familiar with the principles of 
multi plane curvature wavefront sensors and the ways that atmospheric phase is extracted from 
the recorded near-pupil images.  Using mathematical models of the distortion generated by the 
atmosphere, simulated wavefronts may be produced to generate a good representation of the near 
pupil images that would be detected on a real telescope (figure 2). 
 

 
 
Figure 2: The propagation of light (intensity) from the pupil plane of a telescope. The 
pupil (shown in the centre) has uniform illumination and a phase value to represent the 
propagation through a Kolmogorov simulated turbulent atmosphere. On either side of 
the pupil, the intensity breaks into speckles. The smaller speckles show the higher order 
structure and are located nearer to the pupil while the larger structure, which shows the 
low orders, develops as the propagation distance is increased. 
 
The fitting procedure then needs to be investigated to see what the consequences are of very low 
light level operation.  The fitting methods must deliver the most consistent and reliable fit and 
yet to be stable against those moments when the light available becomes too faint to use so that 
the system does not actually make things worse.  Most of the work will involve computer 
simulation and could involve using either higher-level packages such as Matlab or working with 
Graphics Processor Unit (GPU's) software environment which we are already using for some of 
this work. 
 
References. 
 

• Lucky Imaging website: www.luckyimaging.com 
• P. L. Aisher; J. Crass; C. Mackay, "Wavefront phase retrieval with non-linear curvature 

sensors"  Monthly Notices of the Royal Astronomical Society 2012; doi: 
10.1093/mnras/sts472.  
http://mnras.oxfordjournals.org/cgi/reprint/sts472?ijkey=Gj4x3zSgOXYY8NF&keytype
=ref 

• SPIE vol 8446, 2012, "The AOLI low-order non-linear curvature wavefront sensor: a 
method for high sensitivity wavefront reconstruction", Jonathan Crass, Peter Aisher, 
Bruno Femenia, David L. King, Craig D. Mackay, Rafael Rebolo-López, Lucas Labadie, 
Antonio Pérez Garrido, Marc Balcells, Anastasio Díaz Sánchez, Jesús Jimenez 
Fuensalida, Roberto L. Lopez, Alejandro Oscoz, Jorge A. Pérez Prieto, Luis F. 
Rodríguez-Ramos, Isidro Villó. 
http://www.ast.cam.ac.uk/sites/default/files/SPIE_Curvature_Crass_0712.pdf 
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A new search for the most luminous accreting supermassive black holes 
in the Universe in the redshift range 1 to 4. 

Supervisors: Richard McMahon, Office: Kavli K22, E-mail: rgm@ast.cam.ac.uk, 
Susannah Alaghband-Zadeh, Office: Kavli K06, E-mail: sa543@ast.cam.ac.uk 

Background 

One of the most exciting phenomena in the Universe are the supermassive (upto 109 Solar 
Masses) black holes that inhabit the central regions of massive galaxies inluding the Milky 
Way. Accretion of matter onto these objects results in radiation over a wide range of the 
electromagnetic spectrum from the radio to gamma rays. These galaxies where the central 
active galactic nucleus (AGN) outshines starlight by a factor of up to 10,000 are called 
quasars. 

Most of the radiation in the most luminous quasars is emitted at infra red wavelengths. We 
have recently developed a new technique (Banerji, McMahon et a, 2012) to identify the 
most luminous of the these extreme objects at a redshift of 1 to 4 (see Figure 1) by 
combining our ground based near IR survey data with data obtained by the NASA WISE 
satellite. We propose to use this new technique to discover examples of the quasar 
phenomenon at a critical point in their evolution when they are the most luminous and 
where feedback processes are predicted to be most prevalent. This new sample of quasars 
will be ideal laboratories to investigate AGN feedback processes in action at the epoch 
when galaxies are forming most of their stars and to test some of the theoretical ideas on 
AGN feedback summarised in a recent review by Fabian (2012). 

The first part of this project will use the  WISE satellite data combined with our own 
ground based near infra data to determine which quasars discovered by the Sloan Digital 
Sky Survey and quasars from the  Baryon Oscillation Spectrocopic Survey (BOSS) are the 
most luminous. This will be done by comparing the observed spectral energy distribution 
from 1-10 microns with a simple model and correcting the observed observations for 
extinction by intervening dust. 

In the second part of this project the observed spectral energy distribution observations in 
the first part will be compared with an independent historical sample of published quasars 
in order to determine which quasars in this historical sample have been wrongly classified 
as quasars due to experimental errors. 

Finally, if time permits observations from the WISE satellite will be used to discovery new 
quasars and there will be an opportunity to obtain spectroscopic observations of these new 
objects.   

Nature of the Project Work 
• The work is a mixture of observational and computational and will involve working 

with tabular catalogues of numerical data as well as images at a range of different 
wavelengths. 

• The project will involve analyzing catalogues of infra-red observations from the 
WISE satellite and European Southern Observatory ground based telescopes  data 
using existing software. 
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• The project will involve visually inspecting  infra-red images from the WISE 
satellite and ground based telescopes in order to remove outliers from the dataset. 

The work will involve both using and modifying existing computer programs and then 
using simple but robust statistical techniques to analyze the data: e.g. least squares fitting 
of polynomial or composite power law and modified Planck black body curve. 
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Figure 1. Left: redshift versus black hole mass of our reddened quasars compared to 
submillimetre bright quasars from Coppin et al. (2008) and Orellana et al. (2011) as well as 
X-ray-selected submillimetre galaxies hosting AGN from Alexander et al. (2008). Our sample 
of reddened quasars constitutes some of the most massive black holes at z ∼ 2. Right: 
bolometric luminosity versus black hole mass for our sample of reddened quasars compared 
to the optically selected quasars from the SDSS (Shen et al. 2011), submillimetre bright 
quasars (Orellana et al. 2011) and submillimetre galaxies hosting AGN (Alexander et al. 
2008). The dashed line corresponds to Eddington accretion. Note that the scaling relations 
used to derive the black hole masses and bolometric luminosities means the two quantities 
are necessarily correlated. 
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Tidal evolution of the moons of Saturn

Supervisor: Gordon Ogilvie, DAMTP
Office: F1.11, CMS

e-mail: gio10@cam.ac.uk

Background. Each of the moons of Saturn raises a tide in the planet. Tidal
dissipation leads to a torque that transfers angular momentum from the spin of
the planet to the orbit of the moon, causing the orbit to expand on an astronom-
ical timescale. The inner major moons Mimas, Enceladus, Tethys and Dione are
found in an interesting configuration (Peale 1999), with the orbital periods of
Tethys and Dione being almost exactly twice those of Mimas and Enceladus. (In
fact, Mimas and Tethys are found in an unusual 4:2 inclination-type resonance,
while Enceladus and Dione are in a 2:1 eccentricity-type resonance.)

A conventional explanation for this configuration is that differential outward
migration caused by tidal dissipation in Saturn causes pairs of moons to enter
and become locked into such resonances. This process also generates orbital
eccentricity, leading to tidal dissipation in the moons. In principle, this could
explain the source of heat required to create the volcanic plumes from Enceladus
observed by the Cassini spacecraft.

However, there are several difficulties with this scenario. First, if the tidal
quality factor Q of Saturn is regarded as a fixed parameter, then the relative
orbital migration rates make it difficult to account for the present configuration.
Second, if a lower bound on Q is set by the requirement that Mimas is as old as
the solar system, then the heating rate of Enceladus is thought to be insufficient
to explain its current activity (Meyer & Wisdom 2007).

Recent observational and theoretical developments motivate a re-examination
of this problem. An analysis of historical astrometric observations (Lainey et
al. 2012) suggests that the tidal torques on the orbits of Enceladus, Tethys
and Dione are much larger than previously thought, but also implies a puzzling
negative torque on the orbit of Mimas. On the other hand, theoretical stud-
ies of tidal dissipation in giant planets (Ogilvie & Lin 2004; Wu 2005; Ogilvie
2009) suggest that Q may be strongly dependent on the tidal frequency, which
is different for each moon and also evolves in time.

Project. The aim of this project would be to review the observational
constraints on the dynamical state of the inner major moons of Saturn and
to explore the consequences of a strong frequency-dependence of Saturn’s tidal
quality factor for their evolution. A variety of computational models could be
used for this purpose, such as (i) simple evolutionary equations for the orbital
semimajor axes of the moons, together with a prescription for resonant locking;
(ii) versions of Lagrange’s planetary equations from celestial mechanics, which
include only the relevant interaction terms between the satellites; and (iii) full
N -body simulations with a prescription for tidal forces. Is it possible to explain
the current configuration starting from a plausible initial condition? Can the
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recent observational findings be explained in a way that is consistent with con-
straints on the evolution over an astronomical timescale, or do they require that
the moons are relatively young?
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Figure 1: Orbits of the inner major moons of Saturn
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Temperature and density structure of planet-forming
regions

Olja Panić (opanic@ast.cam.ac.uk), Mark Wyatt (wyatt@ast.cam.ac.uk)

Background

Pre-main sequence stars are often surrounded by discs of gas and dust, remnant material

of the protostellar collapse phase. Deep inside these discs planets are being actively formed;

they accrete material, open gaps, migrate (Paardekooper & Mellema, 2008). A key pre-

requisite to understand these processes is understanding the internal structure of the discs,

and in particular their high density ’midplane’ region. Extremely low temperatures (10-50

K) cause a number of observational difficulties, that are being overcome with the advent of

submillimetre interferometers (e.g. Panić et al. 2008) and in particular the largest ground-

based observatory currently being completed in Chile (ALMA: www.almaobservatory.org).

An important signpost, the CO ’snow-line’ at 20 K, has recently been observed with ALMA

in the TW Hya disc (Fig.1). This measurement provides both the measure of temperature

at a specific disc radius and the ladial location inside which CO gas is abundant and reliable

as a gas density tracer.

The project

While a number of previous, both theoretical and observational studies have focused on

the global structure of discs, the field is lacking quantitative understanding of the influence

various parameters have on the temperature structure of the disc midplane, where planets

form. Some parameters, like the stellar luminosity and flared disc geometry have a clear

direct influence on the amount of heating the midplane receives indirectly from the stellar

light captured in the disc surface. The influence of other parameters, like dust size and

composition are more challenging to disentangle.

In the first part of the project, the student will use the MCMax radiative transfer code

(Min et al. 2009) to calculate a grid of disc models of varying geometry, radial density dis-

tribution, and dust properties for a typical Herbig Ae star. These models will be compared

using their spectral energy distributions (SEDs), and their resulting radial temperature dis-

tributions, both calculated by the code. For example, SED plots similar to the one shown in

Fig. 2, but extended to millimetre wavelengths could allow an insight into the effect different

parameters have on the SEDs. Corresponding plots of the temperature structure, would

show how the location of the 20 K CO snow-line can be constrained from SED observations.
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Fig. 1.— Figure from Qi et al. (2013). Observed images of dust, CO and N2H
+ emission

toward TW Hya. Left: ALMA 372 GHz continuum map, extracted from the line free channels

of the N2H
+ observations. Center: image of CO J = 3− 2 emission acquired with the SMA

(Andrews et al. 2012). Right: ALMA image of N2H
+ J = 4 − 3 integrated emission with

a single contour at 150 mJy km s−1 beam−1 and the rms is 10 mJy km s−1 beam−1. The

synthesized beam sizes are shown in the bottom left corner of each panel. The red dashed

circle marks the best-fit inner radius of the N2H
+ ring from modeling of the visibilities. This

inner edge traces the onset of CO freeze-out according to astrochemical theory, and thus

marks the CO snow line in the disk midplane.

The student would then proceed by applying the results of the study by modelling

the spectral energy distribution of the disc around the Herbig Ae star HD 163296, drawing

conclusions about the density and temperature structure in its planet-forming regions.
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Fig. 2.— Figure from Meijer et al. (2008). The spectral energy distributions resulting

from the parameter study. In each panel, a single parameter is varied in the standard base

model, as specified in the panels: a) dust mass, b) inclination, c) index of power law of

mass distribution, d) disk size, e) minimum grain size, f) maximum grain size, g) stellar

luminosity, and h) carbon/silicate ratio.
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Description of the project

The diffuse interstellar medium (ISM) is an integral part of the Galactic evolution.
Metals are produced by stars and their abundances are the direct testimony of the
history of stellar evolution. Oxygen plays an important role in the metal enrich-
ment of the Galaxy because it is the most abundant heavy element. Significant
amounts of metals like O, Mg, Si, and Fe are missing in the interstellar gas and
are locked into dust particles. The interstellar dust composition is not well known
and therefore the total abundances are yet to be accurately determined.

It is possible to probe ISM dust composition, total abundances, and abundance
gradients in the Galaxy through the study of interstellar absorption features in
the high-resolution X-ray spectra of Galactic low-mass X-ray binaries (LMXBs).
These sources are characterized by a compact object, such as a black hole or a
neutron star, surrounded by an accretion disk of matter that strongly emits in the
X-ray energy domain. This energy band includes transitions from different ionic
species of N, O, Ne, Mg, and Fe contained in different interstellar gas phases.
The summation of all the phase contributions provides the total abundances of the
ISM. These abundances, as measured towards different Galactic directions, allow
to estimate the Galactic abundance gradients, which can be compared with the
metallic yields of supernovae and other evolved stars.

On another hand, this project may lead to the discovery of winds produced
by the accretion disk, which reveal the geometry of the source and its feedback
on the surrounding environment. Winds are often observed in X-ray binaries, but
their launching mechanism is yet to be fully understood. It is thought that both
thermal and radiation pressure contribute to expel clouds of hot plasma from the
outer atmosphere of the accretion disk. The chemical composition of the winds,
and therefore of the accretion disk, indicates the nature of the donor star. Finally,
the detection (or not) of variability in the winds will describe their response to
variations in the source flux and possibly their location.

Work to be done

This project is highly feasible because a lot of successful work has already been
done in this field and several tools are available. There are dozens of useful
datasets in the archives of the two major X-ray missions, namelyXMM-Newton
andChandra. The main tasks of this work are:

• The download of the grating spectra of the brightest LMXBs and their re-
duction with the standard software available (SAS1 and CIAO2),

1http://xmm.esa.int/sas/
2http://cxc.harvard.edu/ciao/index.html

Study of ISM composition and binary winds 
through X-ray absorption line spectroscopy
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• the spectral analysis and modeling with the fitting package SPEX3, which
has the largest database of atomic and molecular transitions,

• the estimates of interstellar ionic column densities and abundances. Abun-
dances are defined as the ratios between the column densities of certain
elements with those of a reference one such as hydrogen. These are nor-
mally expressed in units of Solar abundances. The abundances as measured
towards different lines-of-sight (LOS) constrain the metallicity gradients,

• the extrapolation of ISM abundances in the Solar neighborhood and their
comparison with the abundances in the Solar system and in nearby stars,

• the search for evidence of X-ray binary winds through the detection of
blueshifted and/or broadened absorption lines,

• the photoionization modeling of the winds, the study of their chemical abun-
dances and of nature of the donor star,

• the search for variability in the winds (and comparison with the variations
in the source flux) and the estimates of their location in the binary system.

Historical background and references

Accretion disks provides an important workbench to probe magnetized plasma dy-
namics, photoionization, thermal and ionization equilibria (for a review see Diaz
Trigo & Boirin 2012). The response of the ionized plasma to changes in the con-
tinuum and outflow kinematics may indeed constrain the source that drives winds,
the connection between jets, disk, and corona, and possibly the disk geometry.
Prominent Fe K emission lines are commonly seen in LMXB high-quality spectra
and a clear asymmetry is seen in the line profile, as would be expected if the lines
originate from the innermost region of the accretion disk and therefore subject to
strong relativistic effects (see e.g. Cackett et al. 2012 and references therein).

Most LMXBs do not exhibit intrinsic features in the soft X-ray energy band,
but their spectra are rich of absorption lines originating in the interstellar medium
(ISM) that lies in their line-of-sight (LOS). The ISM influences the Galactic evo-
lution through the exchange of matter with the stars and shows a complex struc-
ture consisting of phases at different equilibrium temperatures (for a review, see
Draine 2011). In the spectra of background sources the ISM produces reddening
and absorption lines. The K-shell transitions of C, N, O, Ne, and Mg, and the
L-shell transitions of Fe fall in the soft X-ray energy band. The launch of the

3www.sron.nl/spex
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Figure 1: Oxygen average abundances from different stellar indicators. The ISM is
under-abundant. Oxygen is partly missing in the gas phase and is locked into dust grains.

XMM-Newton andChandra satellites, provided with high spectral resolution grat-
ings, permitted to determine the ionization states and the amount of dust in the
LOS towards several X-ray sources (see e.g. Paerels et al. 2001; de Vries et al.
2003; Juett et al. 2004; Costantini et al. 2005, 2012; de Vries & Costantini 2009;
Kaastra et al. 2009; Lee et al. 2009; Pinto et al. 2010).

Recently, Pinto et al. (2013) have performed an extended analysis of the ISM
towards nine LMXBs with deepXMM-Newton spectra and extracted total abun-
dances, dust depletion factors, and attempted to constrain dust chemistry. They
also measured the abundance trends in the Galaxy and confirmed the well known
metallicity gradient. The interstellar oxygen, as extrapolated in the Solar neigh-
borhood, seems to agree with the abundances in the Sun and in other nearby stars.
This suggests that, locally, the diffuse ISM and the Galaxy are chemically ho-
mogenous (see also Stasińska et al. 2012).

Some ISM abundances exhibit large deviations from a monotonic distribution,
maybe due to additional absorption by metal-rich material surrounding the X-
ray sources. Absorption occurring near the source may be distinguished by the
diffuse Galactic absorption when velocity shifts or Doppler broadening apply (see
e.g. Schulz et al. 2010, Costantini et al. 2012, and Ioannou et al. 2003).
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Figure 2: Geometry of an X-ray binary system (Jimenez-Garate et al. 2002). Winds
normally originate from the atmosphere of the accretion disk.

Figure 3:Detail of the iron and oxygen in theXMM-Newton/RGS spectrum of the LMXB
GX 339-4 with three alternative interstellar models (see Pinto et al. 2013).
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Figure 4: Column densities of dusty oxygen (top) anddust
dust+gas oxygen ratios (bottom)

versus interstellar hydrogen for a sample of nine LMXBs (see Pinto et al. 2013).
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Scattering of comets and asteroids

Andrew Shannon Office: H32, shannon@ast.cam.ac.uk
Alan Jackson Office: H29, ajackson@ast.cam.ac.uk

Mark Wyatt Office: H38, wyatt@ast.cam.ac.uk

1 Background

Comets are formed early in a solar systems’ history, when close encounter(s)
between planet(s) and the leftover small bodies scattered those small bodies
onto orbits that are stable for hundred of millions or billions of years. This
is normally modelled by N-body simulations of the solar system, which, due
to the age of the solar system, are computationally expensive. For the solar
system, with a known arrangement of planets, this is quite feasible (see, e.g.,
Duncan et al., 1987, who did this on a 200 MHz machine in a few weeks).
However, it is now generally believed the solar systems’ planets have had an
active dynamical history, which would necessitate numerous simulations to
explore many possible histories (although see Brasser & Morbidelli, 2013, who
consider a single alternate history, and argue/hope it may be representative).
To further complicate matters, there is now evidence of comets/comet-like
bodies in other stellar systems, such as the “falling evapourating bodies” of
β-pictoris (Lagrange-Henri et al., 1988), or the pollution of white dwarfs by
asteroidal and/or cometary bodies (Jura, 2003).

2 Nature of the Project Work

The student will use N-body simulations to characterise how the orbits of
small bodies change after close encounters with a planet, in a statistical
fashion. They will also use those N-body results to assess the validity of a
fast encounter prescription we have recently developed. Time permitting, the
student will also develop prescriptions for scattering is systems with multiple
planets, and possibly for other relevant dynamics (in particular, galactic tides
and perturbations from passing stars are important to forming comets)
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Figure 1: Fate of bodies scattered around the solar system. Red is those
bodies not simulated to completion after 2500 CPU-hours; green is ejected
from the solar system, blue is impacted a planet, pink is impacted the sun,
and turquoise is comets. These simulations were performed with the current
arrange of planets in the solar system. To consider alternate arrangements
of the planets, or the comets created in other planetary systems, is compu-
tationally prohibitive.

Figure 2: Comparison of
small body orbits after
∼100 scatterings in N-
body simulations (black)
and our semi-analytic ap-
proach (red). Character-
ising and/or resolving any
discrepancies would per-
mit us to predict comet
populations for arbitrary
planetary systems.
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Chemical Abundance Distributions & Anomalies in
Globular Clusters in the Gaia-ESO Survey

1 Introduction

The Gaia-ESO Survey (GES) is an exciting new endeavour in the expanding field of Galactic Ar-
chaeology. The scientific objective of the survey is to characterise the stellar fossils within the
various stellar populations within the Milky Way by determining fundamental, chemical and dy-
namical parameters for 100,000 stars. With this wealth of information we can test our theories on
the formation and evolution of our Galaxy.

One of the stellar populations being observed in GES are Galactic Globular Clusters (GGC).
These very old dense stellar systems exist predominantly in the halo of our galaxy and their ages, on
the order of the age of the Universe, mean that they retain information regarding the earliest times
in our galaxy. As closed systems, their chemical evolution can be explored through the chemical
signatures within their current stellar components.

Recent advances in technology and analysis techniques have revealed, through photometry and
chemical abundance analysis, that many globular clusters show evidence of multiple stellar popu-
lations. This is a fundamental shift in paradigm from the previous assumption that GGCs were
comprised of a single stellar population.
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A recent review of these discoveries is given
in Gratton et al. 2012. Disentangling the dif-
ferent stellar populations by their chemical sig-
natures allows us to identify the pollution and
evolution mechanisms at work in these complex
stellar systems.

There are a range of chemical abundance
anomalies observed in GGCs. A key anomaly
is the Sodium-Oxygen (Na-O) anti-correlation
which has recently been theorised to be evi-
dence of primordial and secondary stellar pop-
ulations (Carretta et al. 2010).

Evidence of different stellar populations is
also seen in other elements, for example Bar-
ium (Ba) has a bimodal distribution in M15.
These two modes have been shown to each
have their own Na-O anticorrelation (See M15
Figure) potentially indicating up to four dis-
tinct stellar populations for this very metal-
poor GGC (Worley et al. 2013).
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2 Project Description

We propose as a Part III project the investigation and characterisation of globular clusters in the
GES sample. Using the first release of GES spectral parameters and abundances with a sophisti-
cated plotting routine such as Topcat, the student will investigate correlations amongst the various
chemical elements present in the cluster stars. In combination with radial velocities, metallicities
will allow the student to carry out cluster membership analysis.

The GES Figure shows the objects observed for each of the four GGCs in GES Data Release 1
(iDR1). Metallicity and radial velocity are typically constant for all stars within a GGC. Hence this
graph is a key diagnostic for cluster membership. The four GGCs are easily identified but there are
targets for which the cluster membership is not clear. This sample will be extended to the iDR2
dataset which will be available in January 2014.
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The second GES data release includes archival observations of globular clusters. In order to
estimate abundances for these archival cluster stars, the student will be introduced to the basics in
spectral synthesis using the powerful and flexible spectral synthesis package, MOOG. The student
will compare spectral parameters for this sample of stars with literature values, focusing particularly
on the stars in common between the new GES observations and these archival observations.

Through this project, the student will be able to work with high-quality unpublished GES data
and will have the opportunity to contribute scientifically to a major ongoing Galactic survey.

The work carried out by the student will address the major issue of multiple stellar populations
in globular clusters and provide a grounding in stellar spectroscopy from the data analysis stage
right through to interpreting the results in order to answer fundamental scientific questions.

Recommended Reading:

• GES Article: Gilmore et al. Messenger No.147-25-31, March 2012;

• GGC Review: Gratton 2012A&ARv..20...50;

• Abundance Anomalies in GGCs: Carreta et al. 2010A&A...516A..55C;

• GGC M15: Worley et al. 2013A&A...553A..47W;

• MOOG: http://www.as.utexas.edu/ chris/moog.html (README= WRITEMOOG.ps).
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Modelling the distribution of asteroid belt dust 
around nearby stars

Supervisors: Mark Wyatt, Office: H38, Email: wyatt@ast.cam.ac.uk 

Background 
The Earth sits in the middle of a cloud of dust, called the zodiacal cloud. This dust is created 
in collisions between asteroids and comets at a few AU from the Sun, and then spirals in 
toward the Sun due to Poynting-Robertson (P-R) drag forces. A dozen or so other stars also 
have dust in their terrestrial zones (e.g., Wyatt 2008), but for now such exozodiacal dust 
needs to be 1000x more plentiful than in the Solar System to be detected. However, if present 
at levels >10x Solar System levels, this dust will have a severe impact on our ability to 
directly image Earth-like planets around nearby stars (Roberge et al. 2012). For this reason, 
much effort is being expended both observationally, to detect low dust levels around nearby 
stars (e.g., using LBTI), and theoretically, to consider its potential origin and evolution. 

This project aims to model the fundamental process governing exozodiacal dust, which is the 
competition between collisions (that act to both create and destroy dust) and P-R drag (that 
transports it toward the star). The implications of this competition for the size distribution 
n(D) of dust within an asteroid belt has already been considered (Wyatt et al. 2011), as has 
the radial distribution n(r) of dust interior to the belt under the idealized situation that the dust 
is all the same size (Wyatt 2005). This project would combine these results to map out the 
size and radial distribution n(D,r) of dust originating in an extrasolar asteroid belt, and to 
consider what this means for the detectability of asteroid belts around nearby stars. While this 
would address a steady state picture of dust production, the project could also consider the 
evolution and detectability of dust created in a single massive collision in the asteroid belt.   

Nature of the project 
The project would involve a combination of analytical and numerical techniques. Some 
understanding of planetary system dynamics would be useful. Experience with programming 
would be required, and familiarity with IDL would be helpful (to make use of existing code 
on this topic).  

References 
Roberge A., et al. 2012, PASP, 124, 799 
Wyatt M.C. 2005, A&A, 433, 1007 
Wyatt M.C. 2008, ARAA, 46, 339 
Wyatt M. C., Clarke C. J., Booth M. 2011, CeMDA, 111, 1 

Figures 

Figure 1: (Left) Mass in different sizes in an asteroid belt (Wyatt et al. 2011). P-R drag 
causes a decrease in mass in sizes below 100μm, as such dust has moved interior to the belt. 
(Right) Spatial distribution of dust interior to a belt at r0 as a function of the mass in the 
asteroid belt η0 (Wyatt 2005). 
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