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Introduction 

This booklet contains descriptions of the individual projects available in the academic 
year 2014-2015.  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, Michaelmas term 2014 
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The high-frequency rms-flux relation in

accreting black holes
Supervisors: Will Alston; Office: H56; wna@ast.cam.ac.uk

Matt Middleton; Office: H52; mjm@ast.cam.ac.uk
Andy Fabian; Office: H49; acf@ast.cam.ac.uk

Background

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

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

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

Nature of the project work

This is an observational data analysis project involving the use of archival XMM-Newton

X-ray data. IDL will the be the main programming language used, as well as the standard

Project number 1
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Figure 1: a (TL): X-ray light curve of an accreting black hole. b (TR): The PSD for the
light curve in a, where two variability components are present. c (BL): The linear rms-
flux relation observed in accreting compact objects. d (BR): The change in gradient of the
rms-flux relation with QPO frequency in an X-ray binary (Heil et al. 2011).

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

• Reduction of archival XMM-Newton data to produce spectra and light curves

• Using signal processing methods to compute the PSD and rms-flux in different X-ray
energy bands

• Modelling the PSD in a Bayesian framework and search for QPOs and measure the
gradient of the rms-flux relation

Useful texts

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

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

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

• For a detailed look at the work involved in this project see Alston et al., (2014,
http://arxiv.org/abs/1407.7657) or Heil et al., (2011, http://arxiv.org/abs/
1011.6321) and references therein.

Project number 1
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Active Galactic Nuclei and Their Host Galaxies:

Connecting Star Formation, Mass, and AGN Activity

Supervisor: Matt Auger, H40, mauger@ast.cam.ac.uk

Background: The masses of super-massive black holes are tightly correlated with the central stellar
velocity dispersions and stellar masses of their host galaxies, possibly signalling a close connection
between the growth of these black holes and the galaxies in which they reside. Indeed, it has been
suggested that active galactic nuclei (AGNs) may regulate star formation via positive (e.g., Ishibashi
& Fabian 2012) or negative feedback (see Fabian 2012 for a recent review). Alternatively, these
correlations may simply arise as a generic consequence of hierarchical assembly via galaxy mergers
(e.g., Peng 2007; Jahnke & Macciò 2011). One clue in uncovering precisely how AGNs affect their
hosts – and vice versa – is the relative scatter in the scaling relations between different types of host
galaxies. For example, the intrinsic scatter in the black hole mass–stellar velocity dispersion relation
is a factor of two larger for spiral galaxies compared to elliptical galaxies (Gültekin et al. 2009). It is
possible that this increase in scatter is correlated with other properties, perhaps related to the AGN
(the black hole mass is known to also correlate with X-ray and radio emission, e.g., Merloni et al. 2003)
or the host galaxy (including star formation rate or the presence of a bar, e.g., Lee et al. 2012).

This Project: The purpose of this project is to quantify higher-order relationships between AGN
and host galaxy properties, with a particular focus on star formation in the host galaxy. The highly-
motivated Part III student will use spatially-resolved spectra from the Keck telescopes for a sample of
∼ 100 AGNs (e.g., Harris et al. 2012) selected from the Sloan Digital Sky Survey (SDSS) along with
SDSS 5-band imaging to quantify the star formation rates and stellar masses of the AGN host galaxies,
as well as the accretion rates of the AGNs. The student will then simultaneously determine how the
black hole mass relates to the stellar mass, velocity dispersion, star formation rate, and accretion
rate. This result will be compared with simulations (e.g., Sijacki et al. 2014) and inactive galaxies to
determine what role the AGN and host galaxy play in regulating their mutual growth.

Recommended Reading:

Kormendy & Ho 2013, ARA&A, 51, 511 (arXiv:1304.7762)
An extensive review on AGN/host galaxy scaling relations

Bennert et al. 2011, ApJ, 726, 59
Harris et al. 2012, ApJS, 201, 29

An introduction to the datasets and techniques that will be exploited in this project

Scaling relations between black hole mass and host galaxy luminosity (left), stellar mass (centre), and stellar velocity
dispersion (right) from Kormendy & Ho 2013.

Project number 2
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One ring to rule them all: star formation and feedback in the
collision debris around NGC 5291

Supervisors: Mederic Boquien, Office: H53, E-mail: mboquien@ast.cam.ac.uk
Robert Kennicutt, Office: H28, 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?  One of  the  main  processes  driving  the
evolution  of  galaxies  and  affecting  their  appearance  is  stellar  feedback.  Stellar  feedback  is  the
phenomenon by which short-lived massive stars blow away the gas surrounding star-forming regions.
By removing the reservoir from which stars form, it strongly regulates star formation, which has a
dramatic  impact  on  galaxies  and their  evolution.  Yet  feedback  is  a  complex  and not  always  well
understood phenomenon, in particular at the highest redshift, which is still beyond our observational
reach.  A creative  way to  understand how stellar  feedback  proceeds  in  such extreme objects  is  to
uncover and study local analogues.

NGC 5291 (Duc & Mirabel 1998, Boquien et al. 2007, 2010) is one of the most spectacular
systems in the nearby universe. It features a giant HI ring, one of the two most prominent gaseous
structures in the southern sky. According to numerical simulations (Bournaud et al. 2007), the ring was
formed by a head-on, high-speed collision. Part of its gas has then cooled and collapsed, forming a
series of star-forming condensations with remarkably strong emission lines. Because these star regions
are forming their first generations of stars, they are in some ways similar to the first generations of
galaxies,  albeit  with  a  higher  metallicity.  Understanding  what  is  the  impact  of  feedback  in  these
extreme objects with a shallow gravitational well would be enlightening to understand feedback at high
redshift.

MUSE is a new integral-field spectrograph, an instrument which allows to obtain spectra at all
positions across the field-of-view, being commissioned on the VLT. In practice, MUSE provides data
cubes over 1 arcmin square, covering the whole optical wavelength domain of 400-900 nm, or the
equivalent of 5750 monochromatic high spatial resolution images. As part of the verification phase, in
collaboration with P.-A. Duc (Saclay, France), we have obtained observations of some of the most
prominent star-forming regions in NGC 5291 (Figs. 1 & 2). The first reduced spectral cube is now
ready to reveal the mysteries of star formation and feedback in such outstanding objects.

Nature of the Project Work The overarching goal of the project is to understand the interplay
between star formation and feedback in the collision debris around NGC 5291 to see what it tells us
about feedback in the first generations of galaxies.

1. Different lines can be due to different physical phenomena, some lines being sensitive to the
photo-ionisation by massive stars while others are sensitive to shocks. In a first step, individual
line maps will be constructed from the data cubes for each star-forming region.

2. The relative strengths of the lines provide us with an insight into the physical conditions at play
in this region. In a second step, diagrams of line ratios will be computed to identify the local
physical  conditions.  From  these  diagrams,  regions  whose  emission  is  dominated  by  star
formation and by shocks will be separated. This will help understand how feedback proceeds in
such extreme regions.

3. Finally, gas outflow rates will be estimated and compared to star-forming galaxies. Similarities
and differences  will  be examined and interpreted.  The results  will  be extended to  the  first
generations of galaxies to estimate the impact of feedback on the metal enrichment of the IGM.

Project number 3
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Figure 1. Left: The giant collisional ring around NGC 5291. The expanding HI ring which has now
reached a size of 200 kpc is  shown in blue superimposed on an ultra-deep optical image (V+R+I
bands). Each clump is an individual star-forming region. The largest and most massive of them have a
size and a mass comparable to that of a dwarf galaxy. A dark component of mysterious origin has been
found in them (Bournaud et al. 2007). Right: first “image” from the MUSE instrument showing the flux
(not stellar continuum subtracted) in the OIII@5007, Hα, and NII@6584 lines. The different colours
suggest that different physical processes are at play in and around star-forming regions.

Figure  2:  example  of  a  spectrum of  one  of  the  star
forming  regions.  We see  very  strong  emission  lines
from the ionised gas. The relative strengths of the lines
provide us with an insight into the physical conditions
at play in this region. For each pixel we see in Figure 1,
we have one such spectrum. That way we can explore
the spatial variations of the physical conditions across
an entire star-forming regions, allowing us to separate
gas  ionised  by  massive  stars  and  gas  undergoing
shocks.

Project number 3
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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.

Project number 4
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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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Searching for progenitors of Type Ia Supernovae

Supervisor: Heather Campbell, Office: H23, E-mail: hcc@ast.cam.ac.uk

1 Background

The study of Type Ia Supernovae (SNe Ia) has revolutionized the field of cosmology in the past 15 years. In 1998,
Perlmutter et al. (1999) and Riess et al. (1998) discovered that distant SNe Ia were fainter than expected, which
they inferred was because the expansion of the Universe is accelerating. This discovery is extremely surprising,
as it implies the Universe is dominated by some form of “Dark Energy”, with exotic physical properties, possibly
associated with the vacuum energy. The profound implications of cosmic acceleration have inspired ambitious
efforts to understand its origin, with experiments that aim to measure the history of expansion and growth of
structure to percentage-level precision.

However, the exact nature of the binary progenitor system, being either a single degenerate object accreting
mass from a companion, or the merger of two white dwarfs has long been an open question. Recent observations
suggest both channels can lead to SNe Ia (Nugent et al., 2011; Bloom et al., 2012; Dilday et al., 2012), making
the relative prevalence of each channel of primary concern amongst progenitor studies.

The aim of this project is to investigate possible progenitor systems for SNe Ia by comparing data from the
photometrically classified sample of SNe Ia from the Sloan Digital Sky Survey (SDSS) Supernovae (SN) Survey
light curves to progenitor models. The advantage of this sample is that it is the largest homogenous sample of
SNe Ia created from one survey.

Hydrodynamic calculations by Kasen (2010), see Figure 1, shows the effect on the SNe Ia explosion ejecta
as it runs into the companion star. The impact with the companion shocks the ejecta material, creating a hole
in the optically thick cloud of the SNe Ia explosion, which radiation can escape through. The shocked gas has
an excess flux, and if the geometry of the system is favourable then the companion should be observable in
the early time light curve. Figure 2, from Bianco et al. (2011), shows the signature expected from a red giant
companion star in the early time light curve, from different viewing angles. In the observational data we are
unable to determine the viewing angles and therefore we cannot chose only the face on systems to study, one
way to over come this is to stack the light curves so that the signature becomes visible.

2 Nature of the project work

This is an observational data analysis project involving the use of photometric data from the SDSS SN survey.
This will use standard SNe Ia fitting software and programming, preferably in IDL or Python. The project
outline is as follows:

• Fit SNe Ia light curves with standard software.

• Stack SNe Ia light curves.

• Create simulations of the rise of SNe Ia light curves from a fiducial SN Ia template.

• Carry out comparisons between the data and models.

3 References

Kasen, D., 2010, ApJ, 708, 1025

Maoz, D., Mannucci, F., Nelemans, G., 2013, arXiv:1312.0628

Bianco, D., et al. 2011, ApJ, 741, 20

Hayden, B., et al. 2010, ApJ, 722, 1691
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Figure 2: Bianco et al (2011), showing the Kasen (2010) model for a white dwarf accreting from a red giant
companion. At the center is a schematic representation of the single degenerate explosion scenario: in the
expanding ejecta, grey, the impact with the companion star (black circle) has created a hole, here simplistically
represented by a cone. To the left and right, according to the corresponding view point, are the rise light curves
for, respectively, an observer looking in the opposite direction from the companion (no excess), and looking into
the companion and the hole created by the impact (maximum excess), for the case of a WD-RG progenitor
system. The scatter in the model is simply due to statistical noise in the numerical simulations . The solid line
is the Conley et al (2009) template.

Figure 1: Kasen (2010) showing Hydrodynamic calculation of a Type Ia supernova colliding with a red giant
star. (a) Density structure during the prompt emission phase. The companion star (drawn in blue) diverts the
flow and carves a hole in the ejecta. The black contour shows the region where the shocked ejecta temperature
exceeds 3x105K. (b) Density structure at a later phase (t = 2ti, note change of scale). The shell of shocked
ejecta has expanded to partially refill the hole. The black contour shows the region where the temperature
exceeds 105K.
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The extended surroundings of the Carina dwarf 
spheroidal galaxy 

Supervisor: Thomas de Boer, H35, tdeboer@ast.cam.ac.uk 

Background
The Carina dwarf spheroidal galaxy is an enigmatic object in the Local Group, and 
serves as the only resolved dwarf galaxy with confirmed episodic star formation seen 
in the Colour-Magnitude Diagram as a clear separation between old and intermediate 
age sub-giant branches (see figure 1). The reasons for this episodic behaviour are still 
unknown, but likely linked to an accretion event or interactions with the Milky Way. 
This makes Carina an important object in which to study the effects of environment 
on the evolution of dwarf galaxies. 

Studies of the proper motion and potential orbit of the Carina dwarf have suggested 
that this system likely experienced many interactions with the Milky Way in the past, 
which might still be visible in the form of extra-tidal stellar features such as tidal tails. 
Wide-field studies of Carina indeed revealed the presence of extra-tidal stars 
belonging to the old star formation episode, tentatively interpreted as tidal tails 
(Battaglia et al. 2012). However, more recent studies of Carina (McMonigal et al. 
2014) cast doubt on this interpretation, quoting lack of wide-field coverage as a cause 
for the tidal tails interpretation. 

To obtain a better understanding of the nature of the extended surroundings of the 
Carina dwarf galaxy, it is necessary to analyse very wide-field and very deep 
photometric data of this system.  With this data in hand it will be possible to split the 
sample of Carina stars in young, intermediate and old stars based on location in the 
CMD and analyse the spatial location of each population in turn, well beyond the 
nominal tidal radius of the system. 

Nature of the project work 
The project initially involves the reduction of wide-field, deep homogeneous data 
obtained using VST/Omegacam in Chile. A well-documented, easy to use 
photometric pipeline is in place to be used for this project. This will give the student 
valuable experience in reducing imaging data and obtaining star catalogues. 

Subsequently, the reduced data will be used to construct colour-magnitude diagrams 
at various distance from the centre of the Carina dwarf to recover the known radial 
population gradients and follow them beyond the tidal radius of this system. By 
making use of sophisticated stellar evolution models (isochrones), the age and 
metallicity of the stellar populations will be determined. 

Following the analysis of stellar populations, the student will then utilise the extensive 
spatial distribution of the data to study the presence of different stellar populations 
well beyond the tidal radius. This will unambiguously determine the presence of tidal 
tails and extra-tidal stars and characterise the nature of the stars seen in figure 2.  

Project number 6
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Figure1: The Colour-Magnitude Diagram of the Carina CMD from optical data. Main 
evolutionary features important for characterising the evolution of Carina are 
indicated and labeled. 

Figure2: Spatial distribution of Carina stars from the data sample of Battaglia et al 
2012, with stellar density indicated by the contour lines. The red ellipse indicates the 
tidal radius of the Carina dwarf galaxy. Note the presence of stars belonging to Carina 
outside the nominal tidal radius, interpreted as tidal tails. New data greatly increases 
the spatial coverage compared to what is shown here. 

References 

Battaglia, G., 2012,ApJ,761,31 
Bono, G. et al, 2010, PASP,122,651 
McMonigal, B., 2014,arXiv1408.2907 
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The	  non-locality	  of	  dust	  heating	  in	  galaxies	  

Supervisors	  
Dr.	  Ilse	  De	  Looze,	  Office:	  H17,	  Email:	  idelooze@ast.cam.ac.uk	  
Prof.	  Robert	  Kennicutt,	  Office:	  H49,	  Email:	  robk@ast.cam.ac.uk	  

The	  interstellar	  medium	  in	  galaxies	  is	  composed	  of	  gas	  and	  dust,	  with	  dust	  only	  making	  
up	  a	  small	  fraction	  of	  its	  mass	  (typically	  1%).	  	  Dust,	  however,	  plays	  an	  important	  role	  in	  
the	  regulation	  of	  several	  astrochemical	  processes.	  Half	  of	  the	  stellar	  light	  in	  the	  Universe	  
is	  also	  absorbed	  and	  reprocessed	  by	  dust,	  which	  re-‐emits	   the	  photon	  energy	  at	   longer	  
infrared	  wavebands.	  Only	  a	  proper	  understanding	  of	  the	  dust	  heating	  mechanisms	  and	  
main	  dust	  heating	  sources	  in	  galaxies	  will	  allow	  us	  recover	  the	  stellar	  light	  obscured	  by	  
dust.	  It	  is,	  furthermore,	  important	  to	  know	  the	  typical	  distances	  traversed	  by	  stellar	  light	  
within	   galaxies,	   before	   the	   photons	   interact	   with	   dust	   particles,	   to	   determine	   the	  
relevant	   scales	   for	   several	   astrophysical	   processes	   taking	   place	   in	   the	   interstellar	  
medium.	  	  

The	   non-‐local	   character	   of	   dust	   heating	   can	   be	   investigated	   based	   on	   high-‐resolution	  
radiative	   transfer	  simulations.	  Such	  radiative	   transfer	  models	  account	   for	   the	  complex	  
3D	  geometries	  of	  stars	  and	  dust,	  and	  the	  physical	  processes	  of	  absorption	  and	  multiply	  
anisotropic	   scattering	   and,	   therefore,	   provide	   the	   most	   elaborate	   model	   to	   study	   the	  
stars	   and	   dust	   in	   galaxies.	   In	   a	   typical	   Monte	   Carlo	   radiative	   transfer	   simulation,	   the	  
emission	  of	  stellar	  photons	  is	  traced	  through	  the	  dusty	  medium	  and	  statistical	  methods	  
are	  applied	  to	  determine	  whether	  an	  interaction	  with	  a	  dust	  particle	  takes	  place.	  Based	  
on	  the	  total	  amount	  of	  absorbed	  stellar	  radiation	  in	  the	  model,	  the	  dust	  temperature	  is	  
determined	  at	  every	  3D	  location	  in	  the	  galaxy	  model,	  and	  the	  thermal	  emission	  of	  dust	  is	  
simulated	  through	  numerical	  radiative	  transfer	  calculations.	  

Project	  	  
The	   student	  will	   analyze	   the	  non-‐locality	  of	  dust	  heating	   in	  galaxies	   through	   radiative	  
transfer	   (RT)	   simulations,	   which	   will	   provide	   unprecedented	   insight	   into	   the	  
importance	  of	  non-‐local	  dust	  heating	  in	  galaxies.	  The	  RT	  simulations	  will	  be	  performed	  
with	  the	  3D	  Monte-‐Carlo	  radiative	  transfer	  code	  SKIRT	  (Baes	  et	  al.	  2011).	  	  

1. In	  a	  first	  step,	  the	  student	  will	  get	  familiar	  with	  the	  radiative	  transfer	  code	  SKIRT
(http://www.skirt.ugent.be/)	   and	   run	   simple	   simulations	   of	   galaxies	   to	   get	   a	  
feeling	  of	  the	  different	  model	  parameters.	  

2. The	   student	   will	   construct	   a	   standard	   galaxy	   model	   with	   well-‐defined	   dust
geometry	   (e.g.,	   De	   Looze	   et	   al.	   2014).	   By	   placing	   a	   stellar	   point	   source	   in	   a	  
random	  location	  within	  the	  galaxy,	  the	  student	  can	  determine	  the	  distance	  from	  
the	  stellar	  source	  where	  most	  of	  the	  star’s	  energy	  is	  deposited	  (or	  thus	  absorbed	  
by	  dust	  grains)	  along	  its	  pathway	  through	  the	  dusty	  medium.	  This	  location	  will	  
correspond	  to	  the	  main	  free	  path-‐length	  of	  stellar	  light.	  By	  determining	  the	  main	  
free	   path-‐length	   for	   a	   range	   of	   stellar	   sources	  with	   variable	   ages,	   and	   emitted	  
from	   different	   locations	   within	   the	   galaxy	   (e.g.,	   spiral	   arm,	   inter-‐arm,	   bulge,	  
diffuse	  high-‐latitude	  cloud),	  the	  student	  will	  be	  able	  to	  derive	  the	  physical	  scales	  
in	  galaxies	  on	  which	  the	  local	  character	  of	  dust	  heating	  is	  guaranteed.	  

3. Depending	  on	  the	  progress	  of	  the	  project,	  the	  student	  can	  analyze	  the	  variability
in	   path-‐length	   for	   different	   galaxy	   morphologies	   (e.g.,	   grand	   design	   spiral	  
galaxies,	  flocculent	  galaxies)	  and	  dust	  geometries	  (e.g.,	  smooth	  dust	  component,	  
clumpy	  dust	  geometry	  and/or	  fractal	  dust	  filaments).	  

The	   project	   will,	   for	   the	   first	   time,	   put	   strong	   constraints	   on	   the	   typical	   path-‐length	  
traversed	  by	   starlight	   in	   galaxies.	  By	  determining	   the	   radius	  of	   influence	   for	   starlight,	  
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the	   student	   will	   be	   able	   to	   determine	   the	   physical	   scales	   relevant	   for	   several	  
astrochemical	  processes.	  The	  student	  will	  be	  capable	  of	  providing	  prescriptions	  on	  the	  
size	   of	   galaxy	   regions	   where	   the	   assumption	   of	   local	   heating	   is	   satisfied.	   The	   latter	  
characterization	   is	   important	   to	   understand	   at	   what	   scales	   the	   comparison	   of	   multi-‐
wavelength	   observations	   with	   physically	   motivated	   models	   of	   stars	   and	   dust	   breaks	  
down	  due	  to	  non-‐local	  heating	  effects	  (i.e.,	  stars	  outside	  this	  region	  are	  responsible	  for	  
part	  of	  the	  absorbed	  stellar	  energy	  that	  is	  re-‐emitted	  by	  dust).	  

Skills	  
The	   student	   will	   achieve	   knowledge	   on	   the	   general	   properties	   of	   interstellar	   dust	   in	  
galaxies,	   with	   particular	   focus	   on	   the	   interaction	   with	   stellar	   light.	   Knowledge	   on	  
programming	  languages	  and	  plotting	  tools	  will	  be	  an	  asset,	  but	  are	  not	  required.	  

Relevant	  literature	  
-‐ Efficient	  three-‐dimensional	  NLTE	  dust	  radiative	  transfer	  with	  SKIRT,	  
	  	  	  	  	  	  	  Baes	  M.,	  Verstappen	  J.,	  De	  Looze	  I.	  et	  al.	  2011,	  ApJS,	  196,	  22	  
-‐ Star	  formation	  &	  dust	  heating	  in	  the	  FIR	  bright	  sources	  of	  M83,	  

Foyle	  K.,	  Natale	  G.,	  Wilson	  C.D.	  et	  al.,	  MNRAS,	  432,	  2182	  
-‐ High-‐resolution,	  3D	  radiative	  transfer	  modeling:	  I.	  The	  grand-‐design	  spiral	  

galaxy	  M51,	  De	  Looze	  I.,	  Fritz	  J.,	  Baes	  M.	  et	  al.	  2014,	  A&A,	  in	  press	  (ArXiv	  
1409.3857)	  
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Fig. 5: The panchromatic SED of four main apertures: the bulge, the inner disk region, the 10 kpc ring, and the integrated galaxy. The blue line
represents the unattenuated SED and the red line the best fit to the observations. Residuals are plotted below each graph. The χ2 values are those
for the best fitting template SED.
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Fig. 3: Parameter maps for M31, rotated from a position angle of 38◦. See Table 1 for the meaning of the parameters. Pixels with uncertainties that
were considered too large (see Sect. 3.2.1) were blanked out. The green ellipses in the upper–left panel represent the apertures of the macro-regions
of M31: the bulge, inner disk region, 10 kpc ring, and the outer disk.

3.4. SED of the macro-regions

As a first step towards a spatially resolved analysis, we decom-
pose Andromeda into macro–regions, located at different galac-
tocentric distances: the bulge, the inner disk, the star forming

ring centred at a radius of 10 kpc, and the outer part of the disk.
We choose to base our definition of these regions on the mor-
phology of the Ldust map of Fig 3. The advantage is that, in the
light of constructing dust scaling relations, each region corre-
sponds to a separate regime in terms of SFR, radiation field, dust
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Fig	   1.	   Spatially	   resolved	   fitting	   of	   the	   spectral	   energy	   distribution	   (SED)	   for	  
individuals	   137	   pc	   x	   608	   pc	   bins	   in	   the	   Andromeda	   galaxy,	   revealing	   different	  
SED	  shapes	  for	  various	  galaxy	  components	  	  (Viaene	  et	  al.	  2014,	  A&A,	  567,	  A71).	  
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Variation	  in	  dust	  properties	  along	  the	  disk	  of	  M51	  

Supervisors	  
Dr.	  Ilse	  De	  Looze,	  Office:	  H17,	  Email:	  idelooze@ast.cam.ac.uk	  
Prof.	  Robert	  Kennicutt,	  Office:	  H49,	  Email:	  robk@ast.cam.ac.uk	  

Although	   dust	   only	   makes	   up	   a	   small	   part	   (typically	   1%	   in	   mass)	   of	   the	   interstellar	  
medium	   (ISM)	   in	   galaxies,	   the	   impact	   of	   dust	   on	   the	   other	   ISM	   constituents	   affects	  
several	  astrophysical	  processes.	  Dust	  particles	  play	  an	  important	  role	  in	  the	  formation	  
of	  molecular	  hydrogen	  	  (i.e.,	  the	  reservoir	  for	  future	  star	  formation),	  regulate	  the	  heating	  
of	   neutral	   gas	   and	   supply	   shielding	   for	  molecules	   and	   ions	   from	  hard	   radiation.	  With	  
dust	  reprocessing	  about	  half	  of	  the	  light	  in	  the	  Universe,	  a	  profound	  knowledge	  on	  the	  
dust	  properties	  is	  an	  absolute	  necessity	  to	  recover	  the	  stellar	  light	  obscured	  by	  dust	  and	  
to	  derive	  the	  level	  of	  star	  formation	  activity.	  

The	  dust	   extinction	   curve,	  Aλ/AV,	   gives	  a	   representation	  of	   the	  amount	  of	   light	   that	   is	  
absorbed	  at	  a	  certain	  wavelength,	  λ	  (see	  Figure	  1).	  Since	  the	  grain	  composition	  and	  size	  
distribution	  determines	  the	  efficiency	  to	  absorb	  and	  scatter	  starlight,	  the	  dust	  extinction	  
curve	  contains	  valuable	  information	  on	  the	  dust	  properties	  in	  a	  galaxy.	  	  
In	  most	  extragalactic	  studies,	  the	  dust	  properties	  are	  assumed	  to	  be	  similar	  to	  our	  own	  
Milky	  Way.	  The	  different	  shapes	  of	  dust	  extinction	  curves	  observed	   for	  galaxies	   in	   the	  
local	   Universe	   are,	   however,	   an	   indication	   of	   extragalactic	   dust	   components	   with	  
properties	  deviating	  from	  the	  dust	  models	  calibrated	  for	  the	  Milky	  Way.	  	  
Since	  wrong	  assumptions	  on	  the	  dust	  model	  result	   in	  erroneous	  determinations	  of	  the	  
dust	   temperature,	   dust	  mass,	   and	   star	   formation	   activity	   (and,	   thus,	   the	   evolutionary	  
process	   of	   a	   galaxy),	   it	   is	   of	   great	   importance	   to	   constrain	   the	   dust	   properties	   and	  
composition	  in	  galaxies	  beyond	  our	  own	  Milky	  Way.	  

Project	  
The	  student	  will	   analyze	   the	  dust	  properties	   in	   the	  nearby	  grand	  design	  spiral	  galaxy,	  
M51,	  and	  verify	  whether	  local	  variations	  in	  the	  dust	  properties	  occur	  in	  the	  disk	  of	  this	  
galaxy.	   To	   this	   aim,	   the	   student	  will	   use	   physically-‐motivated	  models	   to	   calculate	   the	  
stellar	   emission,	   based	   on	   theoretical	   stellar	   model	   spectra,	   in	   the	   presence	   of	   dust.	  
These	   models	   make	   justifiable	   assumptions	   on	   the	   star	   formation	   history,	   the	   metal	  
fraction	   for	   the	   stars,	   the	   relative	   dust-‐star	   geometry	   (i.e.,	   foreground	   dust	   screen	   or	  
mixed	   geometry),	   and	   adapt	   on	   empirical	   dust	   extinction	   curve.	   The	   model	   output	  
generates	  the	  stellar	  emission	  after	  part	  of	  the	  starlight	  has	  been	  reprocessed	  by	  dust.	  

1. In	   a	   first	   step,	   the	   student	   will	   get	   familiar	   with	   the	   basic	   concepts	   of	   dust
absorption	  and	  scattering	  of	  stellar	  light,	  and	  the	  general	  properties	  of	  dust.	  

2. Secondly,	   the	   student	   will	   assemble	   the	   full	   dataset	   of	   ultraviolet	   to	   near-‐
infrared	   observations,	   perform	   a	   quality	   check	   and	   homogenize	   the	   dataset	   to	  
the	  same	  coordinate	  system.	  

3. Next,	   several	   models	   will	   be	   applied	   to	   the	   homogeneous	   dataset	   of	   M51.	   By
performing	   several	   model	   runs	   with	   different	   dust	   extinction	   curves	   (each	  
reflecting	   different	   dust	   properties),	   the	   best	   fitting	   dust	   model	   can	   be	  
determined	  through	  χ2	  minimization	  routines.	  

4. Depending	   on	   the	   progress	   of	   the	   project,	   the	   variation	   in	   dust	   properties
throughout	   the	  disk	  of	  M51	  can	  be	  studied	   in	  more	  detail,	  and	  the	  student	  can	  
try	   relating	   the	   dust	   property	   variations	   to	   physical	   processes	   that	   alter	   the	  
interstellar	   grain	   properties	   depending	   on	   environmental	   conditions.	   Also	   the	  
effect	  of	  the	  interaction	  of	  M51	  with	  its	  companion	  galaxy	  can	  be	  investigated	  in	  
view	  of	  dust	  property	  variations.	  	  
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5. If	   there	   is	   any	   remaining	   time,	   the	   student	   can	   compare	   the	   expected	   dust
emission,	   determined	   based	   on	   the	   best	   fitting	   dust	  model	   and	   star	   formation
history,	  to	  the	  observed	  submillimeter	  emission	  in	  M51.	  The	  latter	  analysis	  will
verify	   the	   reliability	   of	   the	   dust	   properties	   derived	   from	   ultra-‐violet	   to	   near-‐
infrared	  observations,	  and	  determine	  possible	  variations	  in	  dust	  emissivity.

The	  project	  will	  expose	  any	  positional	  variations	  in	  dust	  properties	  in	  the	  nearby	  grand	  
design	  spiral	  galaxy	  M51.	  The	  results	  of	  this	  analysis	  will	  be	  important	  to	  understand	  
the	  evolution	  of	  dust	  in	  galaxies,	  and	  show	  the	  effect	  of	  erroneous	  assumptions	  on	  the	  
dust	  model	  on	  the	  determination	  of	  several	  galaxy	  parameters	  (e.g.,	  dust	  mass,	  dust	  
temperature,	  dust	  heating,	  star	  formation	  activity,	  gas-‐to-‐dust	  ratio).	  

Skills	  
The	   student	   will	   achieve	   knowledge	   on	   the	   general	   properties	   of	   interstellar	   dust	   in	  
galaxies,	   with	   particular	   focus	   on	   the	   interaction	   with	   stellar	   light.	   Knowledge	   on	  
programming	  languages	  and	  plotting	  tools	  will	  be	  an	  asset,	  but	  are	  not	  required.	  

Relevant	  literature	  
-‐ Star	  formation	  in	  NGC5194	  (M51a)	  The	  Panchromatic	  View	  from	  GALEX	  to	  

Spitzer,	  
Calzetti	  D.,	  Kennicutt	  R.C.	  Jr.,	  Bianchi	  L.	  et	  al.	  2005,	  ApJ,	  633,	  871	  

-‐ SWIFT	  Ultraviolet/Optical	  Telescope	  Imaging	  of	  Star-‐forming	  regions	  in	  M81	  
and	  Holmberg	  IX	  
Hoversten	  E.A.,	  Gronwall	  C.,	  Vanden	  Berk	  D.E.	  et	  al.	  2011,	  AJ,	  141,	  205	  
Hutton	  S.,	  Ferreras	  I.,	  Wu	  K.	  et	  al.	  2014,	  MNRAS,	  440,	  150	  

-‐ A	  panchromatic	  analysis	  of	  starburst	  galaxy	  M82:	  probing	  the	  dust	  properties	  
Hutton	  S.,	  Ferreras	  I.,	  Wu	  K.	  et	  al.	  2014,	  MNRAS,	  440,	  150	  

Fig	  1.	  Left:	  HST	  image	  of	  the	  grand	  design	  spiral	  arm	  galaxy	  NGC5194	  (M51a),	  with	  
its	  small	  companion	  NGC5195	  (M51b)	  in	  the	  top	  left	  corner.	  
Right:	   The	  dust	   extinction	   curves	  observed	   in	   the	  Milky	  Way	   (MW)	  along	  different	  
lines	  of	  sight	  with	  RV=3.1	  and	  RV=4.4,	  in	  the	  Small	  and	  Large	  Magellanic	  clouds	  (SMC,	  
LMC)	  and	  for	  a	  sample	  of	  galaxies	  with	  an	  active	  galactic	  nucleus	  (AGN),	  show	  a	  large	  
variety	  of	  slopes	  and	  bump	  features.	  

Project number 8

Part-III/MASt Astrophysics Projects 2014-2015 Version date: 13th Oct 2014

Page 18 of 73



Coronal bright points in the solar atmosphere 

Supervisors:   Giulio Del-Zanna, F1.05 (DAMTP), <gd232@cam.ac.uk> 
Helen E. Mason, F1.08 (DAMTP),  <hm11@damtp.cam.ac.uk>  

Background
Recent solar spacecraft (Solar Dynamics Observatory, SDO) have provided a unique 
opportunity to study coronal bright points in the solar atmosphere with high spatial 
and temporal resolution. Imaging observations from SDO/AIA will provide key new 
information at high cadence (12s) and resolution (1''). High-resolution (1'') X-ray 
imaging from Hinode/XRT is also available.  Multi-band observations will be used to 
obtain information on the evolution of the temperature of the plasma.  

Coronal bright points (CBP) are ubiquitous  small (10-20") features in the solar 
corona, first seen in X-rays (cf. Golub etal 1974). They can be distinguished 
particularly well in coronal holes and the quiet Sun, but also occur in active regions. 
They reach temperatures of about 2 MK, and their brightness is highly correlated to 
the unsigned photospheric magnetic flux that is emerging from beneath the 
photosphere (e.g. Chandrashekhar et al. 2013). Most of the CBP show converging 
and/or canceling  photospheric magnetic elements. One of the heating mechanisms 
proposed to explain the high temperatures is magnetic reconnection, as proposed for 
active regions (ARs).  

In many respects, CBP could be regarded as active regions in miniature. But are the 
characteristics of the heating in CBP and ARs the same?  

Active regions  often have a very complex evolution, with lifetimes of several days or 
weeks, and reach steady temperatures in their cores of about 3 MK. The lifetime of 
CBP is of the order of hours, hence their evolution is much easier to study than  ARs 
during their entire lifetime.  

Previous observations have shown some long-term periodicity in the CBP intensities 
in different EUV bands or spectral lines, however in most cases the cadence was not 
very good (the typical cadence of SOHO EUV images is 10-20 minutes), while with 
SDO we have a cadence of 12s. The same issue relates to the magnetic fields, with 
SDO we have a cadence of 45s. Some correlation between the EUV intensities and 
the magnetic flux has been found (e.g. Chandrasehkar+2013), but is there a 
correlation with the CBP temperature ? Active regions often show short-lasting 
temperatures up to 10 MK. Perhaps CBP  also have short-lived higher temperatures 
that previous instruments have not observed. What is the maximum temperature 
that  CBP reach ?  

Do the CBP characteristics differ if they emerge in the quiet Sun or coronal holes ? 

The nature of the heating in active regions is still unclear. It has been found that the 
observed emission scales with the magnetic flux and the length of the structures 
(loops). Is there a similar relation for CBP ?  
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Nature of the Project Work 
The aim of this project is to study the relation between flux emergence/submergence 
as observed in the photosphere (with SDO/HMI magnetograms) and the 
characteristics of the CBP as they evolve, in particular the heating and cooling 
processes. The student will start by searching the SDO database (e.g. with 
www.helioviewer.org) to identify a few good 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. The project will involve some IDL programming, to select spatial and 
temporal regions, to plot lightcurves, etc. There is an IDL-based program to measure 
the temperature distribution, and simple estimates of the density will allow estimates 
of conduction and radiative cooling times, using the CHIANTI atomic database (cf. 
Alexander et al. 2011).  

Links and References 

www.helioviewer.org  
www.chiantidatabase.org  

Alexander, C. E., Del Zanna, G., & Maclean, R. C. 2011, A&A, 526, 134 
Chandrashekhar et al. 2013, Solar Physics, 286, 125  
Golub, L., et al. 1974, ApJL, 189, L93 

Figure 1: X-ray image of the quiet Sun (from Hinode XRT) showing several coronal 
bright points, with a zoom-up view on two of them. 

Project number 9

Part-III/MASt Astrophysics Projects 2014-2015 Version date: 13th Oct 2014

Page 20 of 73

http://www.helioviewer.org/
http://www.helioviewer.org/
http://www.chiantidatabase.org/


Using Tidal Debris to Understand Galaxy Formation

Supervisors

Denis Erkal (derkal@ast.cam.ac.uk, Office: H21)
Vasily Belokurov (vasily@ast.cam.ac.uk, Office: H20)

Background

Galaxies are assembled by accreting many satellites of different sizes and masses. The process
of this accretion tidally disrupts the infalling satellites giving rise to a rich structure of debris
such as shells (Figure 1a) and tidal streams (Figure 2a). By studying these structures, we
can learn about the formation history of the galaxy, as well as its current properties. Tidal
streams are especially interesting since they approximately trace orbits and thus can be
used to map out the potential of a galaxy (e.g. Koposov et al. 2011). In addition, once the
streams have formed, small sub-halos which the galaxy accreted can interact with the stream
and produce gaps which can teach us about the distribution of sub-halos (see Yoon et al.
2011 for a theoretical explanation and Carlberg & Grillmair 2013 for observations of gaps).
We have built up a large simulation suite of Milky Way-like galaxies in dark matter-only
cosmological simulations run with the N-body code, GADGET. These simulations contain
the same structure as seen in observations (Figures 1b,2b). The student will help us catalog
and classify the tidal debris in simulations and then use this information to see how we can
infer galaxy properties, such as merger histories and the distribution of sub-halos, from the
debris.

Project Work

The work will primarily involve analysing dark matter-only cosmological simulations of Milky
Way-like galaxies. In the first part of the project, the student will develop tools to find
different types of tidal debris such as streams and shells in simulations. Once the debris
can reliably be found, the project will progress to classifying the different types of debris,
understanding the merger events which generate them, and studying the impact of sub-halos
on tidal debris.

Useful References

Carlberg & Grillmair 2013, ApJ, 768, 171
Koposov et al. 2010, ApJ, 712, 260
Yoon et al. 2011, ApJ, 731, 58
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(a) (b)

Figure 1: a) Shells observed around NGC 474 [Credit: P.-A. Duc (CEA, CFHT), Atlas 3D
Collaboration] b) Shell in our simulation of a Milky Way-like galaxy [Credit: S. Gibbons].
The particles which were in a smaller galaxy which accreted earlier are coloured in red. The
student will automate the process of finding and classifying the debris.

(a) (b)

Figure 2: a) The “Field of Streams”: SDSS view of the northern sky shows much substructure
including several streams [Cedit: V. Belokurov and SDSS]. b) A sky map of a stream formed
in a cosmological simulation of the Milky Way, coloured by number density of stars in the
stream. There are many signatures of interaction with sub-halos: the gaps and kinks pointed
out are caused by three separate interactions with 108 − 109M� sub-halos. The student will
automate the detection of these gaps and kinks.
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A survey in between the clouds 

Supervisor: Morgan Fraser, H25, mf@ast.cam.ac.uk

Background 

Many observatories have wide field (sometimes even all-sky) cameras alongside large 
telescopes, which are primarily used to identify clouds which could affect 
observations. In this project, you will use data from these cameras for an alternative 
project, aimed at detecting fast, bright astronomical transients (A transient is any 
source which appears or changes in the night sky). 

The project will involve: 

- Identifying suitable all-sky and wide field cameras, and assessing their image 
quality. 
- Developing a software "pipeline" to automatically analyse a large set of images. 
- Using this pipeline to search for transients. 

Like all transient searches, this is very much an open-ended project. However, to give 
you an idea of what you might find, a Gamma Ray Burst (from a massive star which 
ejected a power jet of high energy photons as it died) in 2008 was so bright that it was 
visible to the naked eye. The event was captured by an all-sky camera called "Pi of 
the Sky". However, in addition to interesting transients such as these, there will be a 
large number of meteors, clouds, aeroplanes, and even the moon in these images. You 
will have to assess the feasibility of separating out these events, and develop the 
necessary techniques. 

Nature of the Project 

In the course of the project, you will learn about optical imaging, astronomical data 
processing and analysis, and transient surveys. Some knowledge of computer 
programming (especially Python) would be an advantage, but not essential. 

http://science.nasa.gov/science-news/science-at-nasa/2008/21mar_nakedeye/ 
http://telescope.livjm.ac.uk/TelInst/Inst/SkyCam/ 
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Figure 1: An example of an all-sky image taken by a cloud monitoring camera in La 
Silla, Chile. The Milky Way can be seen running from north to south in this image. 
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SN 1987A with the Hubble Space Telescope 
Supervisor: Morgan Fraser, H25, mf@ast.cam.ac.uk 

Background 

When SN 1987A exploded in the Large Magellanic Cloud over 25 years ago, it 
provided astronomers with their best ever view of a core-collapse supernova. These 
supernovae mark the explosive death of a massive star, and are the birth places of 
neutron stars and black holes. SN 1987A is one of the most intensively studied targets 
in astronomy, and even now continues to provide insights into supernovae. 

In this project, you will use archival imaging to study SN 1987A. The project consists 
of two aspects: 

- What did SN 1987A leave behind? 

Using high resolution images taken over 20 years, we can observe the ejecta of SN 
1987A steadily expanding. You will take these images, and experiment with various 
deconvolution algorithms such as Wiener filters, to try and recover the best possible 
measurement of the structure of SN 1987A. You will then compare the results of this 
to the findings of other authors. 

- What would the stellar progenitor of SN 1987A look like at a distance? 

The star which exploded as SN 1987A was quickly identified in archival images taken 
before the SN exploded. The quality of this data allows us to make a very accurate 
measurement of the progenitor properties such as mass and temperature. But for more 
distant supernovae, the data quality is much poorer. You will assess the effects of 
such limited data, but taking the observed images of the progenitor of SN 1987A and 
artificially degrading their quality to match typical observations for more distant 
supernovae. 

Nature of the Project 

In the course of this project, you will learn about astronomical imaging and analysis 
techniques. You will also have to investigate filtering techniques, and test their 
efficacy on real and artificial data. 
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Figure 1: A time sequence of Hubble Space Telescope images taken of SN 1987A. 
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Local Group Cosmology with Gaia

Supervisors:    Gerry Gilmore, H47, gil@ast.cam.ac.uk 
Floor van Leeuwen, O22, fvl@ast.cam.ac.uk 
Nic Walton, N37, naw@ast.cam.ac.uk 

Background

The kinematics of Local Group galaxies are a product of cosmological expansion, 
cosmological acceleration, the gravitational potential of the Local group, and tidal 
effects from nearby galaxy clusters early in the Universe. Thus, a detailed map of the 
kinematics of nearby galaxies can investigate all these physical cosmology 
parameters. The challenge is to know where nearby galaxies are, and their 3-D 
motions. 

The Gaia satellite, currently in orbit and accumulating data, will provide the distance 
calibration and transverse motions needed to make a major step forward in this 
subject. The science background is investigated in, e.g. Penarrubia et al 
(arXiv:1405.0306), van der Marel et al 2012 ApJ 753 8, and refs therein. 

Nature of the project work 

The specific challenge here is to take the real Gaia scanning law and the real 
distribution of stars in nearby galaxies as a function of colour and magnitude as seen 
by Gaia to deduce the accuracy with which Gaia data will determine 3-D kinematics 
for the galaxies. An interesting complication is to include modelling the Gaia error 
correlation appropriately (Holl et al A\&A 2012 543 14, 543 15) when deriving a 
system parameter from multi-star data. 

The primary result will be the first quantitative list of measures which will be the 
basis of future cosmology with Gaia. Should time allow, some modelling of expected 
results will be of interest. 

References: 
Penarrubia et al (arXiv:1405.0306) 
van der Marel et al 2012 ApJ 753 8 
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Gaia Benchmark stars: improving stellar physics

Supervisors: Paula Jofré, H34, pjofre@ast.cam.ac.uk
Gerry Gilmore, H47, gil@ast.cam.ac.uk

Figure 1: In an ancient clay tablet the constellations of Orion and Taurus are drawn. The eye of
Taurus is Aldebaran: a bright star for which our modern telescopes can retrieve a very high resolution
spectrum. Aldebaran is one of the “Gaia Benchmark Stars”, the calibration pillars that will be used
categorise the millions of stars that Gaia recently started to chart.

Background

There has never been a better time to study our Galaxy than now. Our understanding of
the Milky Way is largely thanks to the many current stellar surveys. With the recently
launched Gaia satellite [1] we will experience a revolution with the most accurate astrometry
achieved to date. This data combined with the chemical information from complementary
stellar spectroscopic surveys such as Gaia-ESO [2], 4MOST [3] or GALAH [4], will quantify
the formation history and evolution of young, mature and ancient Galactic populations.
The field of Galactic Astronomy is closely related to the field of Data Science, in the sense
that methods are constantly being developed to analyse efficiently terabytes of data. A crucial
cornerstone in the development of those methods is to have proper calibration samples. In
this context, we defined a sample for such purpose, which we call “Gaia Benchmark Stars”
[5]. This spectral ‘ruler’ is the first standardised way to measure new stellar observations and
consists of only 34 stars.
The benchmark stars are very well known. Aldebaran, Arcturus, Pollux and Procyon have
always shine in the night sky, being even included in the first stellar catalog by the Babylonians
thousands of years ago. While these bright stars do move over millennia, for humans they are
fixed points, used to navigate the Earth for centuries. We are still using them as fixed points,
but this time for navigating the Galaxy.
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Nature of the Project

In this spirit, all our vastly expanding knowledge depends on really understanding the few.
For the benchmark stars we created a spectral library of the best quality which was used to
determine the stellar atmosphere properties with high accuracy. These properties correspond
to effective temperature, surface gravity, metallicity and individual abundances of several
chemical elements [6].
The proposed project aims at improving the physics in modelling the atmosphere of bench-
mark stars in order to study the effect that this improvement has on the final value of the
metallicity. Our current models are computed using a simplistic one-dimensional (1D) ap-
proach, where the different layers do not interact under the assumption of local thermodynam-
ical equilibrium (LTE). The improved models will consider the full physics on the atmosphere
in the sense that deviations from LTE and interactions between layers (3D) will be taken into
account.
The student will be provided with the observed and 1D/LTE and the 3D/non-LTE modelled
spectra. He/she will compare the spectral line profiles of a pre-defined list of iron lines and will
find the difference of metallicity obtained from each model. This work will be a fundamental
contribution to projects that are actively undertaken at the IoA related to the Gaia-ESO
Survey and Gaia. They involve a large community of astronomers across Europe and Chile.
In particular, this project will be done in collaboration with M. Bergemann (Germany) and
U. Heiter (Sweden), giving the student a possibility to explore scientific work beyond the IoA.

References

[1 ] : http://www.gaia.ac.uk/

[2 ]: http://www.gaia-eso.eu/

[3 ]: http://www.aip.de/en/research/research-area-ea/research-groups-and-projects/
4most/

[4 ]: http://www.mso.anu.edu.au/galah/home.html

[5 ]: http://www.cam.ac.uk/research/news/
spectral-ruler-is-first-standardised-way-to-measure-stars

[6 ]: Jofré, P., et al 2014, http://adsabs.harvard.edu/abs/2013arXiv1312.2943J
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Stellar evolution with blue stragglers

Supervisors: Paula Jofré, H34, pjofre@ast.cam.ac.uk
Chris Tout, H61, cat@ast.cam.ac.uk

Figure 1: Taken from [1]. Stars in clusters fall on a well defined distribution in the HR diagram, consistent

with a set of stars formed mostly at the same time. The turn off is the hottest point of the main-sequence.

It tells us about the age of the cluster. Stars bluer than the turn off have larger masses, appearing much

younger than the main cluster stars.... but clusters are believed to be composed of coeval stars.....

Background

In 1953, Alan Sandage [2] noticed a group of stars in the colour-magnitude diagram of the globular
cluster M3 that were bluer and brighter than the main-sequence turn off (MSTO), the so-called
blue stragglers. They appear younger and more massive than their fainter siblings, challenging the
standard picture of stellar evolution: such massive stars should have exhausted their nuclear fuel,
and evolved off the main-sequence long time ago. After 60 years from their discovery, they are
found in every globular and open cluster in the Milky Way field and in dwarf spheroidals. Their
evolution is still poorly understood.

Two main scenarios have been proposed for their formation, mass transfer in a binary system,
or stellar collisions. Recent research activity on these scenarios combines theory and observations
mainly of clusters. This is simply because the MSTO colour in clusters is well defined and so makes
blue stragglers easy to identify. From such studies, it is believed that the relative importance of
these two mechanisms strongly depends on the physical conditions of the environment. While in
the inner regions of clusters the dynamical effects involving collisions may enhance the probability
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to create blue stragglers, in the outer regions normal stellar evolution with mass transfer may be
responsible for their creation.

The low collisional rate in low-density environments such as the Galactic halo suggests that
field blue stragglers were created exclusively by mass transfer. This makes field blue stragglers
the cleanest sample for the study of this creation mechanism. Spectroscopic studies provide a key
contribution, because field blue stragglers may still be in a binary system with variability in their
radial velocities. Interestingly, the only study of radial velocities of field blue stragglers used 60
stars in a rather small metallicity range and was reported 14 years ago [3]. Today we can improve
our understanding of their variability in radial velocities as a function of metallicity with the Sloan
Digital Sky Survey (SDSS [4]), which contains several hundreds of yet unstudied blue stragglers.

Nature of the Project

The student will work with the data from SDSS and will concentrate in the analysis of several
hundreds of blue stragglers. The SDSS database contains spectral observations of multiple epochs
for many stars. The student will identify the blue stragglers with multiple observations and will
determine their radial velocities with the software iSPEC [5], in order to assess their duplicity. The
project will contribute to the understanding of stellar evolution in binary systems with the study
of the largest sample of field blue stragglers available to date. In addition, to become familiar with
spectroscopy and stellar evolution, the student will gain knowledge in programming tools, as well
as tools to perform analyses of large datasets.

References

1 Tout, C. A. 2011,
http://www.nature.com/nature/journal/v478/n7369/fig tab/478331a F1.html

2 Sandage 1953, http://adsabs.harvard.edu/abs/1953AJ.....58...61S

3 Preston, G. & Sneden, C. 2000, http://adsabs.harvard.edu/abs/2000AJ....120.1014P

4 www.sdss3.org

5 http://www.blancocuaresma.com/s/iSpec/
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Signatures of a multi-planet system around HD 107146

Supervisors: Grant Kennedy (H5, gkennedy@ast.cam.ac.uk)
Mark Wyatt (H38, wyatt@ast.cam.ac.uk)

Background

In the Solar System the planets have a clear effect on the smaller bodies in the Asteroid
and Edgeworth-Kuiper belts (known collectively as our “debris disk”); for example many
Kuiper belt objects orbit in resonance with Neptune (including Pluto), and many bodies in
the Asteroid belt have been removed by resonant interactions with Jupiter (the Kirkwood
gaps).

Further afield, the star HR 8799 hosts multiple planets, whose orbits are bounded by
Asteroid and Kuiper belt analogues, and therefore looks broadly similar to the Solar System.
This system is a special case however, as deriving the location of planets or the true structure
of debris disks is technically difficult, so information on both only exists in a few systems.
An alternative method is therefore to use debris disk structure to infer planet properties
where sufficiently high quality imaging has been taken that can distinguish between different
scenarios.

Nature of the Project

The star HD 107146 has a bright debris disk that has been imaged at both optical wavelengths
with Hubble [1], where light scattered off small µm size dust is seen, and at millimetre wave-
lengths with ALMA, where larger mm size dust is seen (Fig. 1). The disk has a broad ring
structure, and the most interesting aspect is that the ALMA observations find a depletion in
the middle of the annulus, as seen in Fig. 1 and shown by the model surface density profiles
in the left panel of Fig. 2. Such a depletion is hard to explain with current planet formation
and debris disk models, but one as-yet unconsidered possibility is the long-range effect of
multiple planets, via secular resonance. This effect excites the velocities of disk particles at
specific distances from the planets, as illustrated for the multi-planet system HD 38529 in the
right panel of Fig. 2 [2]. The higher velocities make collisions between the small bodies more
frequent and deplete the disk faster, thus altering the observed disk structure.

This project will involve figuring out planetary system structures needed to place a secular
resonance at the radial location of the disk depletion as seen by ALMA, which can be done both
analytically and with n-body simulations. Further simulations to determine the global effect
of the planets on the disk particles will then be made. Final predictions of the appearance of
the disk that take into account both collisional and dynamical depletion can then be compared
with the ALMA results.

References

[1] Schneider, G. et al. 2014, ArXiv e-prints

[2] Moro-Mart́ın, A. et al. 2007, , 668, 1165
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Figure 1: Hubble (left) and ALMA (right) images of the debris disk around HD 107146. A
depletion of disk material in the middle of the ring is seen in the ALMA image.

Figure 2: The left panel shows models of the radial surface density profile of HD 107146, the
double power law and power law with gap models are the best matches to the ALMA image
in Fig. 1. The right panel shows the eccentricities imparted to particles around HD 38529 by
secular resonance with the two planets (at 0.13 and 3.7au).
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Dynamics of extra-Solar circumplanetary disks

Supervisors: Grant Kennedy (H5, gkennedy@ast.cam.ac.uk)
Mark Wyatt (H38, wyatt@ast.cam.ac.uk)

Background

All four of the Solar System’s giant planets have ring systems, and perturbations due to the
planetary oblateness means each is aligned with the equator of the host planet. All four
giant planets also host more distant irregular satellites, whose orbits are almost random in
inclination due both to their captured origin and tidal perturbations from the Sun [4].

It is likely that ring systems have now been seen around one or two extra-Solar planets, but
their properties and dynamics almost completely unknown, but are probably very different
to those seen in the Solar System. The circumplanetary material inferred to orbit the young
star J1407 has a structure reminiscent of Saturn’s rings (see Figs. 1 and 2), with a complex
series of nested rings, but these rings may span the entire radial width of stable orbits around
the planet [2, 5]. The mysterious planet Fomalhaut b has also been suggested to host a large
ring system, though in this case the properties are almost completely unconstrained [1].

Nature of the Project

This project is focussed on exploring the properties of the J1407 ring system in more detail,
but is fairly open-ended. There are a number of questions that could be explored, using a
combination of n-body simulations and analytic models:

1. It is well known that particles on wide orbits around Jupiter can be easily ejected due
to the tidal effects of the Sun. What are the implications of this effect for the J1407 ring
structure? Can the ring be inclined relative to the planetary orbit and remain vertically
thin?

2. If the planet is on a highly eccentric orbit, can ring particles on wide and eccentric
orbits be protected from ejection? If so, does the surviving ring show interesting ra-
dial/azimuthal structure?

3. Does the inferred spacing of the rings/gaps around J1407 imply anything interesting?
Could they be analogous to the resonant Kirkwood gaps in the Asteroid belt?

4. What is the expected ring spreading time? Are shepherding bodies required to ensure
the gaps are maintained?

5. Given the results of 1., what are the results of collisions between ring particles likely to
be? What is the expected lifetime of the ring system?

6. How do the inferred ring and planet properties compare with those inferred for the
putative ring system around Fomalhaut b?
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Figure 1: J1407 WASP light curve, showing the stellar occultation lasting for about a month
- see ref [5].

Figure 2: A simple model of the ring structure - see ref [2]
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[3] Nesvorný, D., Alvarellos, J. L. A., Dones, L., & Levison, H. F. 2003, Astron. Journal, 126,
398

[4] Nicholson, P. D., Cuk, M., Sheppard, S. S., Nesvorny, D., & Johnson, T. V. Irregular
Satellites of the Giant Planets, ed. M. A. Barucci, H. Boehnhardt, D. P. Cruikshank, A. Mor-
bidelli, & R. Dotson, 411–424

[5] van Werkhoven, T. I. M., Kenworthy, M. A., & Mamajek, E. E. 2014, MNRAS, 441, 2845

Project number 17

Part-III/MASt Astrophysics Projects 2014-2015 Version date: 13th Oct 2014

Page 35 of 73



Dust dynamics in a turbulent protoplanetary disk

Supervisors: Henrik Latter,  Office: F1.19 Pav F, CMS, Email: hl278@cam.ac.uk

Background:

Over the last 20 years or so we have witnessed the discovery of over 1000 planets
orbiting stars other than the Sun, a sample that exhibits a wide range of often bizarre
properties [1]. Alas, our understanding of their formation mechanism is still debated
and  certainly  incomplete.  It  is  thought  that,  in  protoplanetary  disks,  collisions
between micrometre-sized dust lead to the agglomeration of larger bodies. But once
particles reach centimetre sizes various 'barriers' intervene to prevent bodies growing
any bigger. Inter-particle collisions cause fragmentation or 'bouncing', and particles
spiral into the star rapidly due to aerodynamic drag with the disk gas [2]. Current
research concerns how solid matter in protoplanetary overcomes these limitations to
form kilometre-size planetesimals and ultimately the planets that we observe (and
also live on). 

One idea looks at the combination of dust's self-gravity and the drag it feels from the
surrounding  gas.  Because  of  this  drag  the  gravitational  attraction  felt  by  small
particles is more effective than it would be otherwise, possibly facilitating their rapid
clustering, their hurdling of the various barriers, and the formation of larger bodies [2,
3]. A piece of physics that could cause problems for this scenario is disk turbulence.
Recent work has incorporated turbulence into the linear theory via a simple diffusive
approximation, and indeed the instability is suppressed [4, 5]. It is the aim of this
project to go further and undertake nonlinear simulations of the dust's evolution with
turbulence  represented  by  a  more  realistic  random  forcing.  By  analogy  with
stochastic  dynamical  systems,  liminal  states  may  exist  comprising  a  quasi-steady
balance between clumping and turbulent dissociation. Such states could be favourable
to the growth of solids through their difficult centimetre-size years.

Nature of the project work:

• The student will write a one-dimensional finite-difference code simulating the
evolution of dust subject to stochastic forcing. The equations to be coded are
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. 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 classical
gravitational instability, and its drag-induced variant, with no turbulent forcing.
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• Finally,  the code should be used to simulate  the nonlinear evolution of  the
instability when stochastic forcing is applied, for a wide range of parameters. Is
saturation possible? How severe are the clumps that form and for how long do
they survive? Can the turbulence excite nonlinear density waves and what are
their effects on the dust?

References:

[1] www.exoplanets.org/
[2] Chiang & Youdin, 2010, AREPS, 38, 493.
[3] Goodman & Pindor, 2000, Icarus, 148, 537.
[4] Youdin, 2011, ApJ, 731, 99.
[5] Shariff & Cuzzi, 2011, ApJ, 738, 73.

   Fig. 1. Cosmic dust collected by high    
   altitude aircraft, perhaps similar to 
   protoplanetary dust. (Credit: NASA).

Fig. 2. The asteroid Ida, and orbiting
moonlet Dactyl, of some 30 km and
1km in size respectively. Perhaps
similar to planetesimals?
(Credit: NASA.)

Project number 18

Part-III/MASt Astrophysics Projects 2014-2015 Version date: 13th Oct 2014

Page 37 of 73

http://www.exoplanets.org/


Exploring the Close Family of the Active Galaxy Fairall 9

Supervisors: Anne Lohfink, Office: H55, alohfink@ast.cam.ac.uk
William Alston, Office: H56, wna@ast.cam.ac.uk,
Andy Fabian, Office: H49, acf@ast.cam.ac.uk

Background:

Accreting supermassive black holes in the centers of some galaxies are the most energetic sources of elec-
tromagnetic radiation in the Universe. Due to their power, these sources are called active galactic nuclei
(AGN). The origin of their electromagnetic radiation is complex, with many different processes at work.
AGN produce X-rays when ultraviolet photons from the black hole’s accretion disk, scatter off nearby hot
electrons, increasing the photons’ energies up into the X-ray range. These X-rays are referred to as the
continuum emission. Some of these X-rays then shine onto the disk and backscatter off it, producing the
so-called reflection spectrum. This reflection spectrum not only carries with it the fingerprint of the disk
material, but it is also distorted by gravitational effects in the immediate vicinity of the black hole (Fig. 1).
By comparing the measured reflection spectrum with a pre-computed model spectrum, parameters such as
the spin of the black hole can be deduced (Fabian 2006, Longair 2011).
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Fig. 1: Sample ionized reflection spectrum (red) and
one affected by relativistic effects (black) as it can be
found as component of an AGN X-ray spectrum.
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Fig. 2: Result from the Fairall 9 study, which
shows how the X-ray and UV emission (different
colors indicate different UV wavelengths) are cross-
correlated. The peak at negative X-ray lag means
that the X-ray is leading the variability. This can be
interpreted as the X-rays heating the accretion disk
and causing it to emit more UV emission.

Although the geometry of accretion onto supermassive black holes and the basic processes involved are
known, several questions remain. For example, the radiation from AGN is known to be variable at all
wavelengths and the observed variability patterns are usually unique and highly complex. It is therefore
still unclear what exactly determines the variability and strength of different radiation components in each
individual AGN. Possible factors are the black hole mass, mass accretion rate and different types of accre-
tion disk. To date no model exists that can explain all observations consistently, making it one of the major
research areas in AGN astrophysics today.
One possible way to make progress on this multi-faceted problem is to study individual sources in great
detail to learn more about the interplay between the different components and wavebands. From such
studies, we have successfully identified an AGN (Fairall 9) that shows a very special and in fact, very
simple variability pattern, in that all components in the X-ray band retain the same relative strength with
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respect to the continuum emission. (Lohfink 2014) This intriguingly simple pattern raises the question:
What makes this active galaxy so special? In the quest to find answers we discovered another AGN that
possibly shows the same, simple variability pattern – Ark 120.

The project:

The primary goal of this project is to investigate this similarity in more detail. The study will consist of
three main steps:

• 1) Investigate Ark 120’s X-ray and UV spectral/variability properties (see Fig. 2 for an example what
can be learned).

– Determine which data is available, download from the archives.

– Reduce the data to make it suitable for analysis.

– Perform spectroscopy to characterize the strength of the individual components.

– Study the variability of the spectral components and the UV emission.

• 2) Compare the findings to those in Fairall 9.

– Make a few plots that allow an easy comparison.

• 3) Try to find the common properties of the two objects and use the literature to understand what role
they could play in producing the observed behavior.

– Read some papers and try to put everything together.

Useful skills include being able to write small scripts to execute data reduction commands and plotting
using IDL or Python.

References

Good introductory book: Longair, M. S, 2011, “High Energy Astrophysics”

An overview of the X-ray spectral components in AGN: Fabian, A.C., 2006, ESASP, 604, 463

Optional:

Details on Fairall 9: Lohfink, A.M., et al., 2012, ApJ, 758, 68; Lohfink, A.M., et al., 2014, ApJ,
788, 10; Lohfink, A.M., 2014, paper is in preparation

Previous results on Ark 120: Matt, G., et al., 2014, MNRAS, 436, 3016
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Effect of solid accretion on atmospheric compositions of 
giant exoplanets 

Supervisors:    Nikku Madhusudhan: H18,   nmadhu@ast.cam.ac.uk 
        Mark Wyatt, Office: H38, Email: wyatt@ast.cam.ac.uk 

Background 

The study of extrasolar planets (or `exoplanets’) is one of the most dynamic frontiers 
of modern astronomy. About 2000 exoplanets are now known with a wide range of 
masses, radii, temperatures, and orbital parameters. We are now entering a new era in 
the field as we are beginning to obtain high-precision spectra of exoplanets which 
allow detailed characterization of the chemical compositions and physical processes 
in their atmospheres. In the past few years we have reported the first high-precision 
estimates of elemental and molecular abundances in the atmospheres of several hot 
Jupiters and Neptunes (e.g. Madhusudhan et al. 2011, 2014a, 2014b). The latest 
studies are now beginning to investigate if we can use the atmospheric chemical 
abundances of these planets to place constraints on their formation mechanisms. For 
example, in a recent study (Madhusudhan et al. 2014c), we suggested that elemental 
depletions in hot Jupiters might be able to inform us about how these planets migrated 
from their formation locations to their current orbits very close to the host stars. The 
basic underlying assumption in previous works has been that solid planetesimals 
(kilometer-sized bodies of ice and rock) accreted by the forming planet can influence 
the atmospheric composition of the planet. The project described here is the next 
major step in this direction. 

Project Work 

The goal is to investigate "to what extent" can the accretion of such solids actually 
contribute to the atmospheric composition as opposed to sinking to the core and not 
contributing to the atmosphere. The answer would be extremely important for 
constraining the inventory of chemicals that were accreted into the planet based on 
observationally derived elemental abundances of the planet. The constraints on 
accreted solids would, in turn, be useful for constraining the formation and migration 
history of the planet. The project will be theoretical in nature and there will be 
observational data available to constrain the theory. 

References: 

Madhusudhan et al. et al. 2014a, PPVI, in press (astro-ph: arXiv:1402.1169)  
Madhusudhan et al., 2014b, ApJL, 791, L9.  
Madhusudhan et al., 2014c, ApJL, in press (arXiv:1408.3668) 
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Constraining the chemistry of the first stars of the 
Galaxy 

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

Background 

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

Fig.1: Artistic illustration of a giant star polluting its companion, leaving 
afterwards some distinct chemical imprints. 
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Nature of the Project 
The project consists in trying to infer more properties of the first stars of the Galaxy by looking 
at the chemical composition of their still alive companion. To do that, the basic concept implies 
gathering elemental abundances of old stars, check in for any useful correlation and interpret it. 
Furthermore, there is some flexibility concerning the way the project can be handled and any of 
the following suggested list of possible things can be chosen: 

• Collect abundance from literature
• Measure values from actual spectra
• Plot abundances
• Interpret correlations and compare to models

The project by nature requires relatively little use of computation but will lead the candidate to 
learn about stellar physics and stellar spectroscopy.  

Useful links 
Here is a link about the oldest star known 
http://www.independent.co.uk/news/science/oldest-known-star-in-the-universe-discovered-
9118643.html 
Here are the most relevant Pr. Pettini lecture notes for this project 
http://www.ast.cam.ac.uk/~pettini/STARS/Lecture06.pdf  
http://www.ast.cam.ac.uk/~pettini/STARS/Lecture13.pdf 
And here a more detail example of a study of old stars composition  
Masseron, T.; Johnson, J. A.; Plez, B.; van Eck, S.; Primas, F.; Goriely, S.; Jorissen, A., “A holistic 
approach to carbon-enhanced metal-poor stars”, Astronomy & Astrophysics, 509, 93 
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Fig.2: Example of 
measurement of 
elements (barium and 
europium) in old stars 
(red and black symbols) 
which allow to distinguish 
two clear origins of their 
progenitor when 
compared to theoretical 
models (discontinuous 
lines): some of them have 
a supernova progenitor 
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Inferring TiO molecular data for applications to 
stellar astrophysics and exoplanets 

Supervisors: Thomas Masseron, H34, tpm40@ast.cam.ac.uk; 
        Andy Casey, H33, arc@ast.cam.ac.uk   

Background: 
Molecules are present in a large majority of astronomical objects, and are clearly identifiable 
in their spectra. This includes cool objects such as M type stars, brown dwarfs, planets 
orbiting other stars or comets. Modern observational astronomy is so efficient that we can 
observe an extremely large number of these astronomical objects with incredible precision. 
However understanding these objects is limited by our ability to accurately measure their 
molecular composition. Indeed, to interpret all of the physics, chemistry, and dynamics of 
these objects it is crucial to model their molecular features as precisely as possible. Although 
there are important international projects dedicated to improving molecular data for 
astrophysicists (e.g., the Exomol project lead by the chemistry group at UCL), these methods 
rely solely on Earth laboratory measurements. But the thermodynamical conditions in 
laboratory “test-tubes” can be extremely different, and far more restrictive than the conditions 
in the Universe, restricting the accuracy and precision achievable for astronomical objects.  

Nature of the Project 
We propose to develop and test a new method that will help improving in the future the 
modelling of molecules in astronomical object spectra. The targeted molecule is TiO. This 
molecule is particularly interesting as it dominates the spectra of cool astronomical objects 
(more than 10 million of lines) but is poorly constrained, preventing accurate analysis of 
astronomical objects (see Fig.1). Given the amount of data and molecular parameters 
involved, this pioneering method will strongly rely on highly computational and statistical 
approaches, but simply consists in comparing a grid of theoretical molecular spectra to 
observed stellar spectra and derive the best matching parameters. Although it is not expected 
that all the procedure will have to be fully completed by the candidate, the identified steps to 
proceed are the following: 

 Identify and select a handful set of appropriate stellar spectrum.
 Compute a very large synthetic grid (105-106) with an existing radiative transfer code

covering all the possible parameters of the molecule.
 Develop the main analysis routines in Python based on a Markov chain Monte Carlo

algorithm to find the maximum likelihood parameters between the observation and
the grid of models.

 Check and validate the method by reproducing existing values from laboratories.

Once the method is validated it can easily be extended and applied to any other molecules. 
This work is rather ambitious as it is the first time that astrophysicists have attempted to 
constrain molecular transitions from astronomical data on a large scale, but will lead the 
candidate to gain experience and knowledge over a broad range of subjects such as of stellar 
spectroscopy, molecular modelling, statistics, as well as programming and numerical 
optimisation.  
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Useful links:
• For an example of a large project dedicated to improving molecular data:

http://www.exomol.com/
• For an example of application of high resolution spectroscopy of molecules for

exoplanets characterisation:
http://www.cfa.harvard.edu/events/2013/postkepler/Exoplanets_in_the_Post_Kepler_
Era/Program_files/Snellen.pdf

• For an illustration of the physics principle that will be applied:
http://www.ast.cam.ac.uk/~tpm40/CH/CH_linelist_v9_afterreferee_printer.pdf

Fig.1: Example of a cool star spectrum (black) against various models (red, blue and green) showing the presence of many 
molecules (CaH, VO, MgH, and TiO). Although the global fitting of the observed spectrum is relatively satisfying on a 
broad scale (upper panel), a more detail observation show that the modelling of the CaH and TiO molecules are currently 
sub-optimal (lower two panels). 
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Host galaxy properties of active galaxies and quasars in the Dark 
Energy Survey 

Supervisors: Richard McMahon, Office: Kavli K22, E-mail: rgm@ast.cam.ac.uk 
Manda Banerji, Office: Kavli K16, E-mail: banerji@ast.cam.ac.uk 

Background 

One of the most exciting phenomena in the Universe are the supermassive (up to 1010 Solar 
Masses) black holes (SMBHs) that inhabit the central regions of massive galaxies 
including our own galaxy the Milky Way. Accretion of matter onto these objects results in 
radiation over a wide range of the electromagnetic spectrum from radio to gamma rays. 
The most luminous of these objects are called quasars where electromagnetic radiation 
from the accreting supermassive black hole in the central active galactic nucleus 
(AGN) outshines starlight by a factor of up to 10,000. The mass of the black-hole appears 
to correlate with the mass of the stellar bulge in present day galaxies (Kormendy & Ho 
2013). This is explained in galaxy formation models by the coeval assembly of stellar 
bulges and SMBHs through gas-rich mergers that fuel both star formation and black-hole 
accretion which manifests itself as a luminous quasar phase. 

This quasar phase in galaxies is observed to be more common at high redshifts (z>1) when 
the Universe was much younger and hence this is an obvious epoch at which to study the 
phenomenon. On the observational side, the discovery of >108M⊙ SMBHs at high redshifts 
(Mortlock et al. 2011) has shown that massive galaxies and their SMBHs were already in 
place in the very early Universe. However, we do not yet have a consistent picture to 
explain either how and when SMBHs formed or how SMBHs influence their host galaxies.  

We have recently developed a new technique (Banerji, McMahon et al, 2012) to identify 
the most extreme luminous quasars at a redshift of 1 to 4 by combining our ground based 
near IR survey data with data obtained by the WISE satellite. This research project is a 
pilot study which will investigate the observed properties (size and brightness) of the host 
galaxies of quasars using the optical images from the Dark Energy Survey. These observed 
properties will be compared with optical, X-ray and infra red luminosity in order to 
determine whether the quasar host galaxy properties are correlated with X-ray activity or 
reddening by dust using flux measurements from observations with the XMM-Newton 
Satellite and infra-red data from the WISE satellite.  See Figure 1 for a qualitative example 
of the data analysis for an X-ray selected sample of active galaxies showing the effect of 
the host galaxy on the optical images of the X-ray sources. 

The first part of this project will use the WISE satellite data combined with optical data 
from the Dark Energy Survey and X-ray data from XMM-Newton to characterise the 
spectral energy properties of a sample of quasars and split the sample by X-ray and infra-
red luminosity. The second part of the project will determine the ratio of the brightness of 
the central quasar and the host galaxy and investigate how this is correlated with X-ray and 
infra-red luminosity. 
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Nature of the Project Work 

• The work is a mixture of observational and computational and will involve analysis
of tables of data and images from optical, infra-red and X-ray observations using
existing Python software.

• The work will involve both using and modifying existing Python computer
programs and then using simple but robust statistical techniques to analyse the data

• The project is a gentle introduction to data intensive science and robust statistics.

References 

1. Banerji, McMahon et al, 2012, MNRAS, 427, 2275, Heavily Reddened Quasars at
z~2 in the UKIDSS Large Area Survey: A Transitional Phase in AGN Evolution.

2. Fabian, A.C., 2012, ARA&A, 50, 455; Observational Evidence of Active Galactic
Nuclei Feedback

3. Kormendy & Ho 2013, ARA&A, 51, 511; Coevolution (Or Not) of Supermassive
Black Holes and Host Galaxies

4. Mortlock, D., et al 2011, Nature, 474, 616 A luminous quasar at a redshift of z =
7.085. 

5. Rees, M.J., 1984, ARA&A, 22, 471; Black Hole Models for Active Galactic
Nuclei. 

Figure 1; Plot of optical brightness of the central region of a quasars versus the 
difference between central region and the total brightest  showing the contribution of 
the host galaxy and central quasar for different types of active galaxy. 
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Origin of fast and slow rotators in elliptical galaxies

1 Introduction and Motivation

Physical processes shaping the evolution of galaxies are highly non-linear and interact in a complex
way. Cosmological hydrodynamical simulations have thus become the tool of choice to understand
galaxy formation. Several groups have recently presented results from cosmological simulations with
very high resolution where galaxies with extended disks are assembled (Guedes et al. 2011; Aumer
et al. 2013; Stinson et al. 2013; Marinacci et al. 2014), resembling our own Milky Way galaxy to vari-
ous degrees of success. However, the same has not been achieved for elliptical galaxies until recently.
The Illustris simulation (Vogelsberger et al. 2014) represents the first high-resolution large scale cos-
mological simulation where a representative sample of galaxies is traced with cosmic time. An example
of galaxy morphologies at z = 0 is shown in Figure 1. This figure shows that the Illustris simulation
generates not only spiral galaxies with extended disks, but also a number of elliptical galaxies which
inhabit massive dark matter halos. From the analysis of the Illustris simulation we know that the z = 0
fraction of ellipticals is roughly correct, as well as their stellar masses, star formation rates and colours.
It is however presently unclear if the structural and dynamical properties of ellipticals are in agreement
with observational findings. Specifically, it is observationally well established (Emsellem et al. 2011)
that there are two kinematically distinct populations of ellipticals: one where the stellar velocity field
is complex, the so-called “slow rotators” and the other where elliptical galaxies exhibit a regular ve-
locity field, the so-called “fast rotators”. Theoretically, it has not been fully understood why these two
populations exists, and the Illustris simulation presents a unique data set to try to answer this question.

2 Method

This project would involve post-processing of the Illustris simulation data, namely raw snapshots, group
and subgroup catalogues, merger trees as well as the mock galaxy images (see Figure 1). First, at z = 0
the population of elliptical galaxies should be studied both in terms of their morphologies as well as
kinematics. This analysis would permit to define a sample of slow and fast rotators. Taking advantage
of the merger trees this sample of simulated galaxies can be traced back in time to determine how these
galaxies have assembled with cosmic time.

This analysis would permit to pin down how the cosmological assembly through major, minor merg-
ers and gas accretion impact the kinematics of ellipticals and to identify the physical mechanisms that
lead to fast and slow rotators. Given that the simulation data is readily available as well as the obser-
vational samples to compare against, this work could lead to a publication at the end of the Part III
project.

References

Aumer, M., White, S. D. M., Naab, T., Scannapieco, C. (2013), Towards a more realistic population of bright
spiral galaxies in cosmological simulations, Mon. Not. R. Astron. Soc., 434, 3142

Emsellem, E., Cappellari, M., Krajnović, D., Alatalo, K., Blitz, L., Bois, M., Bournaud, F., Bureau, M., Davies,
R. L., Davis, T. A., de Zeeuw, P. T., Khochfar, S., Kuntschner, H., Lablanche, P.-Y., McDermid, R. M.,
Morganti, R., Naab, T., Oosterloo, T., Sarzi, M., Scott, N., Serra, P., van de Ven, G., Weijmans, A.-M., Young,
L. M. (2011), The ATLAS3D project - III. A census of the stellar angular momentum within the effective radius
of early-type galaxies: unveiling the distribution of fast and slow rotators, Mon. Not. R. Astron. Soc., 414,
888

Supervisors Benjamin Moster, Office K16, E-mail: moster@ast.cam.ac.uk
Debora Sijacki, Office K17, E-mail: deboras@ast.cam.ac.uk
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Figure 1: Mock images of the simulated Illustris galaxies. Stellar light distributions in g, r, i bands
is shown for a sample of galaxies at z = 0 arranged along the classical Hubble sequence
for morphological classification. Illustris produces a variety of galaxy types ranging from
ellipticals to disk galaxies to irregular systems, the latter mostly resulting from interactions
and mergers.

Guedes, J., Callegari, S., Madau, P., Mayer, L. (2011), Forming Realistic Late-type Spirals in a ΛCDM Universe:
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cosmological simulations, Mon. Not. R. Astron. Soc., 437, 1750

Stinson, G. S., Brook, C., Macciò, A. V., Wadsley, J., Quinn, T. R., Couchman, H. M. P. (2013), Making Galaxies
In a Cosmological Context: the need for early stellar feedback, Mon. Not. R. Astron. Soc., 428, 129

Vogelsberger, M., Genel, S., Springel, V., Torrey, P., Sijacki, D., Xu, D., Snyder, G., Bird, S., Nelson, D.,
Hernquist, L. (2014), Properties of galaxies reproduced by a hydrodynamic simulation, Nature, 509, 177
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The time-scale of galaxy mergers and satellite stripping

Supervisors Benjamin Moster, Office K16, E-mail: moster@ast.cam.ac.uk
Debora Sijacki, Office K17, E-mail: deboras@ast.cam.ac.uk

Background

The time-scale for galaxies to merge with each other is an important ingredient in galaxy forma-
tion models. Accurate estimates of merging time-scales are required for predictions of astrophysical
quantities such as the build-up of stellar mass. The deceleration of an orbiting satellite due to dynam-
ical friction on a uniform background mass distribution, was originally formulated by Chandrasekhar
(1943). Galaxy formation models typically use a variation of this formula (Binney & Tremaine 1987)
to calculate when satellites merge with the central galaxy.

While orbiting in a larger halo, satellite galaxies experience a progressive mass loss, both in their
dark matter and stellar components. Observations have confirmed this with the discovery of streams
and complex stellar structures. Galaxy formation models assume that once the halo has been stripped
down to a fraction of its peak mass, the stellar component is disrupted. This is important to predict
the correct amount of low mass galaxies.

Nature of the Project Work

The first goal of this project is to compute merger time-scales directly using numerical simulations.
In a first step the student will follow Boylan-Kolchin et al. (2008) and run a set of merger simulations
purely based on dark matter haloes (Figure 1). In the next step, the student will include stars in the
satellites and identify how the merging time-scales change and depend on the stellar mass. Using the
simulations we will identify possible modifications to the merging time formula. Moreover, the student
will test how well the recipes work, when not applied at the virial radius but closer to the centre.

The second goal of this project is to study the connection between the tidal mass loss of the satellite
and that of its dark matter halo (Figure 2). Is the satellite stripped when the halo reaches a fraction
of its peak mass, or do more complicated models have to be involved? To answer this question, the
student will use the simulations that have been run in the first part of the project.

References

Binney, J., & Tremaine, S. 1987, Galactic dynamics, Princeton University Press, 1987
Boylan-Kolchin, M., Ma, C.-P., & Quataert, E. 2008, MNRAS, 383, 93
Chandrasekhar, S. 1943, ApJ, 97, 255
Chang, J., Macciò, A. V., & Kang, X. 2013, MNRAS, 431, 3533

(a) Distance to the central galaxy
for satellites with different orbits and
mass ratios in simulations.

(b) Evolution of the stellar component of an orbiting satellite.
After 5 Gyr the stars are still centrally concentrated, while after
8 Gyr the satellite has been disrupted (from Chang et al. 2013).
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Searching for Gravitationally-Lensed Massive 
Galaxies at High Redshift

Supervisors:    Adam Muzzin,   K23,   muzzin@ast.cam.ac.uk 
Richard McMahon,    K22,   rgm@ast.cam.ac.uk 

Background

When and how the most massive galaxies in the universe formed remains a significant 
open question in cosmology. Locally, the most massive galaxies tend to be giant 
ellipticals which are extremely large in size, having effective radii (Re) of ~ 10 - 20 kpc 
(Kormendy et al. 2009). Recent work (e.g., van Dokkum et al. 2008) has shown that the 
expected progenitors of these galaxies are only about half as massive at redshift (z) ~ 2; 
however, they are 5 - 10 times smaller in size, having Re of only 1 - 2 kpc (i.e., much 
smaller than our own Milky Way, but much more massive). These z ~ 2 galaxies have 
come to be known as "ultra-compact" galaxies, and how they grow so significantly in 
size, but marginally in mass is not understood. It has been postulated that it may occur 
through the process of many minor mergers, which would deposit little total mass in the 
galaxy, but preferentially deposit that mass at large radii. If true, then it suggests that the 
most massive galaxies form a small 1 - 2 kpc “core” rapidly at high-redshift and 
thereafter grow into giant ellipticals in an "inside out" manner via minor mergers.

While this is the working hypothesis for how massive galaxies grow, it has yet to be 
proven in any convincing way. One obvious approach to test this model is to compare 
the inner density profiles of these galaxies at high and low redshift. Currently this is not 
possible, not even with observations from the Hubble Space Telescope (HST) because 
the angular resolution of HST at z ~ 2 is ~ 0.5 kpc, and so the Re of ultra-compact 
galaxies fall only on a few pixels (i.e., they are too small to measure, even with HST).

Rather than wait for better resolution from the James Webb Space Telescope, one way 
to make progress is to use gravitational lensing, a process by which galaxies can be 
magnified in size by factors of a few, up to factors of 50. Hundreds of gravitationally- 
lensed galaxies are already known; however, all of them are low-mass, very blue star- 
forming galaxies. Only one example of a gravitationally-lensed, high-redshift, massive 
galaxy is known (Muzzin et al. 2012). This galaxy is shown in Figure 1. The reason that 
only one is known is because massive galaxies tend to be red, whereas low-mass 
galaxies tend to be blue. As Figure 1 shows, this means that they must be detected in 
the infrared, and there are few wide-field and deep infrared surveys. By contrast, blue 
galaxies can be detected in the optical and there are many wide-field optical surveys.

Nature of the Project Work

Finding the first sample of gravitationally-lensed massive galaxies would be significant 
for making progress on understanding their structural evolution. Such a sample would be 
a highly sought after set of targets for imaging with the Hubble Space Telescope, and 
large ground-based telescopes such as the VLT and the upcoming ELTs. Rather than 
search a blank field, the most obvious place to look for strong lenses is behind massive 
clusters of galaxies. 
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The student will use data from our large IR imaging program of massive clusters (The 
REd Lens Infrared Cluster Survey, “RELICS”) as well as imaging from the Hubble Space 
Telescope to look for lensed massive galaxies behind the most massive clusters of 
galaxies in the universe. This process takes several steps, the student will: 

1. PSF-homogenize the optical and IR imaging

2. Perform photometry on the imaging with standard packages

3. Identify candidates for massive lensed galaxies using color and magnitude

4. Determine a photometric redshift for candidates

For an ambitious student, an clear extension of the project would be to perform 
gravitational lens modeling on any candidates discovered in order to measure the light 
profile and magnification of the galaxies. If completed this would lead to publication in a 
refereed journal. 

Figure 1: HST optical (left) and IR (center) imaging of the “Rosary Lens” (z ~ 2.4), the 
only known example of a gravitationally-lensed massive galaxy at high-redshift (Muzzin 
et al. 2012). The galaxy is quadruply-lensed and magnified by a factor of ~ 5 compared 
to its native size. The right panel shows the observed-frame spectral energy distribution 
of the galaxy with the wavelength of the two filters indicated. The galaxies are much 
brighter in the IR than the optical, and this is why only one of these lenses has been 
found: Deep and wide-field NIR data is required, and few surveys meet these 
requirements. 

References

• Kormendy, J., et al., 2009, ApJS, 182, 216

• Muzzin, A., et al. 2012, ApJ, 761, 142

• van Dokkum, P., et al., 2008, ApJ, 677, L5
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The Mass Growth and Structural Evolution of Massive 
Galaxies Over Cosmic Time 

Supervisors:    Adam Muzzin,   K23,   muzzin@ast.cam.ac.uk 
Richard McMahon,    K22,   rgm@ast.cam.ac.uk 

Background 

The most massive galaxies in the universe are rare, and are the first to “quench” their star 
formation and become quiescent. Reproducing the properties of these galaxies is notoriously 
difficult for models of galaxy evolution, and hence they provide key constraints in our 
understanding of galaxy formation as a whole. We know that the early progenitors of massive 
galaxies form quite early, z ~ 2-3 (e.g., van Dokkum et al. 2010), and grow little in mass, but 
significantly in size over most of cosmic time. How the size growth occurs is not well-understood. 
It has been postulated that massive galaxies grow through many minor mergers which 
preferentially deposit mass in the outer region of the galaxy. However, new work suggests that 
this may not be the dominant method of size growth (e.g., Carollo et al. 2013).

It is well known that at high-redshift, massive quiescent galaxies tend to be very small in size, 
the so-called “ultra-compact galaxies”; whereas massive star-forming galaxies tend to be quite 
large (e.g., Kriek et al. 2009, see Figure 1). Carollo et al. (2013) have argued that most of the 
“growth” of massive galaxies over cosmic time is not from minor mergers, but instead is a result 
of a significant amount of large star-forming galaxies being quenched, and hence increasing the 
average size of massive quiescent galaxies by “diluting” the fraction of ultra-compacts over time. 
One way to test this is to measure how the average light profiles of both star-forming and 
quiescent galaxies evolve.

Nature of the Project Work 
While a significant amount has been learned about the structural properties of intermediate-
mass galaxies through large surveys with the Hubble Space Telescope such as CANDELS, 
much less is known about the structure of massive galaxies. This is because HST has a small 
field-of-view and hence even the largest surveys ever performed contain very few massive 
galaxies. In order to detect massive galaxies, much wider areas are needed. 

van Dokkum et al. (2010) were the first to measure the structural evolution of massive galaxies 
out to large radius using ground-based data from the NEWFIRM Medium Band Survey (NMBS). 
They performed a stacking analysis of the most massive galaxies to measure the evolution of 
their light profile and this is shown in Figure 2. While a breakthrough analysis at the time, this 
study did not consider star-forming and quiescent galaxies separately and therefore did not 
address the issue of whether or not most of the size growth of quiescent galaxies comes from 
the quenching of large star-forming galaxies, or from real growth of quiescent galaxies. 
UltraVISTA (see McCracken et al. 2012) is ESO ultra-deep and wide-field near-infrared imaging 
survey. It is a substantially better dataset for measuring the structure of massive galaxies 
compared to 

the NMBS survey used by van Dokkum et al. (2010). UltraVISTA has twice the area (0.8 deg vs. 
0.44 deg), twice as good angular resolution (see 0.8” vs. 1.4”), and is almost a factor of 10 
deeper. Using the new UltraVISTA DR2 data, the student will perform a stacking analysis similar 
to van Dokkum et al. (2010) to make the best measurements of the structural evolution of 
massive galaxies to date. In particular they will extend this analysis using quiescent and star-
forming galaxies separately in order to test what the dominant method of size growth is. The 
tasks required are: 
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1. Selection of massive galaxies and classification from the UltraVISTA catalog.

2. Creating masks for each galaxy in the images (to remove nearby objects).

3. Stacking these images at various redshifts in order to measure the profiles.

4. Combined analysis of those profiles and quenching rate in order to test what is the size growth
method of massive galaxies. 

References

• Carollo, M., et al., 2013, ApJ, 773, 112 • Kriek, M., et al. 2009, ApJL, 705, L71

• McCracken, H., et al., A&A, 544, A156

• van Dokkum, P., et al., 2010, ApJ, 709, 1018

Figure 1: The color-mass diagram for 
massive galaxies at z ~ 2. Galaxies 
are color-coded based on their star 
formation rate (blue = strong star 
formation, red = no star formation). 
Each galaxy shown is represented by 
its HST image. There is a clear 
dichotomy in the sizes of population 
with star-forming galaxies being 
much larger in size than non-star-
forming galaxies at a fixed mass. It 
has been suggested that the 
quenching of star-forming galaxies is 
the process by which the overall 
population of quiescent galaxies 
grows in size. 

Figure 2: The average radial mass 
profile of massive galaxies (both star-
forming and quiescent) at different 
redshifts. Left is in linear units, 
whereas the right is in log. The 
bottom panel shows the mass 
assembled as a function of radius at 
each redshift. This shows that most 
of the mass assembly since z ~ 2.0 
has occurred at large radii and hence 
these galaxies grow in an “inside out” 
manner.
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Density structure of planet-forming regions

Olja Panić (office H14, opanic@ast.cam.ac.uk)

Cathie Clarke (office H10, cclarke@ast.cam.ac.uk)

Tom Haworth (office H17, thaworth@ast.cam.ac.uk)

Background How much gas is available for planet formation in protoplanetary discs

and what is its spatial distribution? Surprisingly enough this question is almost completely

unanswered since most studies focus on the dust component where observations are easier

to obtain and interpret. Observations of the gas phase (which comprises ∼ 99% of the disc

mass!) are hard to interpret unless one also has a good determination of the gas temperature.

The star HD163296 presents an exciting opportunity in this respect since its gas has

been imaged with the world’s largest ground-based observatory Atacama Large Millime-

ter/Submillimeter Array (ALMA). Of particular interest is the C18O line: This tracer is

rather faint but ALMA sensitivity allowed us to image the planet-forming midplane of this

bright disc in great detail. Prior imaging has located the so-called CO snow-line which marks

the position of gas at 20 K (Qi et al 2011, Mathews et al. 2013). Further multi-wavelength

modeling (Panić & Min 2014, to be submitted) has allowed us to derive the temperature of

the disc mid-plane, essential for deriving the gas distribution from the ALMA data. For a

very basic introduction to star and planet formation, watch http://jwst.nasa.gov/birth.html.

The project The student will use and refine the existing model of HD163296 through

comparison with the ALMA imaging of the gas in disc midplane. Line and continuum

emission will be calculated using the TORUS code with the density of C18O and of dust

scaled to the nominal gas density (H2). Experience with computer programming is not

required to run the code, but familiarity with a tool for manipulation and visualisation of

three-dimensional data will be essential.

The specific question that needs to be assessed is whether the data allow the gas and

dust to follow the same radial distribution or are we starting to see deviations due to dust

drift. It has already been indicated by Gregorio-Monsalvo that the optically thick 12CO

emission is much more extended than the dust in HD163296, but an optically thin tracer

such as C18O and proper modelling are required to ensure that this apparent discrepancy is

not due to removal of CO from gas-phase below 20K temperature in the outermost regions of

the disc midplane. Obtaining a match to the data will result in an unprecedented constraint

on the radial slope of gas density in the inner regions, directly implicated in planet formation.

Such constraints are greatly needed by the planet formation theory, which heavily relies on

the uncertain exrapolations from our Solar system matter distribution (the minimum mass

solar nebula). Finally, the student can use the best fit model to the ALMA data to measure

Supervisors:
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the density of any localised clumps in the imaging that may be indicating planet formation

in action.
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Fig. 1.— Figure from de Gregorio Monsalvo (2013). ALMA imaging of CO gas in HD163296.

References de Gregorio Monsalvo et al. 2013, A&A, 557

Mathews et al. 2013, A&A, 557

Panić & Min 2014, to be submitted

Qi et al. 2011, ApJ, 740

Qi et al. 2013, Science 341
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The cosmic ultraviolet background and the thermal history of 
the Universe

Supervisors:  Ewald Puchwein, Office: K18, E-mail: puchwein@ast.cam.ac.uk    and 
Martin Haehnelt, Office: K27, E-mail: haehnelt@ast.cam.ac.uk 

Background 
The first stars and black holes filled the Universe with light that ionized and heated the intergalactic 
medium (IGM). Successfully modelling this cosmic ultraviolet background light and the sources by 
which it was emitted is thus crucial for understanding the thermal and ionization history of the 
Universe, its effect on the formation of dwarf galaxies, as well as for interpreting observations of 
the Lyman-α forest in quasar absorption spectra, which is among other things an increasingly 
important probe of cosmology. 

Nature of the Project Work 
• In a first step the project involves following the time evolution of the UV background by

solving the cosmological radiative transfer equation (Eq. (1) in Haardt & Madau 2012) for a
plausible model of the emission from galaxies and quasars, as well as for the absorption in the
IGM. This will yield predictions for the cosmic ultraviolet background.

• In a second step it will be investigated what changes in the galaxy and quasar emission as well
as in the IGM absorption models are required for resolving existing discrepancies between
theoretical expectations and observational constraints on the temperature (see Fig. 2) and
ionization state of the IGM. Numerical codes (in Python & C) that allow predicting these
quantities for a given ultraviolet background model are already available.

References 
Haardt, F., Madau, P., 1996, ApJ, 461, 20 
Haardt, F., Madau, P., 2012, ApJ, 746, 125 
Kollmeier, J. A. et al., 2014, ApJ, 789, 32 
Puchwein, E. et al., 2014, about to be submitted to MNRAS 

Fig. 1: Cosmological hydrodynamical simulation 
of the intergalactic medium. 

Fig. 2: Thermal history of the IGM implied by 
the Haardt & Madau 2012 UV background 
compared to observational constraints. 
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The effect of stellar encounters on disc size

Supervisors: Giovanni Rosotti, Office: H21, E-mail: rosotti@ast.cam.ac.uk
Cathie Clarke, Office: H10, E-mail: cclarke@ast.cam.ac.uk

Background
Planets form in gas and dust discs that orbit  around young stars. Since stars do not form in  
isolation, these discs can be influenced by close encounters with other stars. A single encounter 
can significantly damage a disc (e.g. Clarke & Pringle 1993), even completely destroying it in 
the worst case, and reducing its potential  to produce planets. It has even  been suggested that 
our Solar System bears the possible signature of such an encounter during its history which may 
be reflected in the steep fall-off of the density of the `Kuiper belt'  at a distance of ~ 50 AU 
(Adams 2010). Only few stars however experience  a dramatic encounter that removes most of 
the mass in the disc (Scally & Clarke 2001). 
   There is nevertheless evidence that other disc properties, for example the disc size, are more 
sensitive to encounters. Rosotti et al (2014) ran hybrid simulations (Hubber et al 2013)  of a  
young stellar cluster, including both stellar dynamics and hydrodynamics (N-body and SPH: see 
reviews by Dehnen & Read 2011, Springel 2010).  They found evidence that the cumulative 
effects  of  distant  encounters  may  impose  an  upper  limit  on  the  size  a  disc  can  reach. 
Interestingly, the stellar densities at which the effect becomes relevant are similar to what is seen 
in observations of young star clusters. 
   It was however  recognised that this effect needs to be examined further through modelling 
discs   at  higher  resolution  (i.e.  with  a  larger  number  of  `SPH'  gas  particles).  Instead  of 
distributing computational resources so as to model a disc around every star in the cluster (as in 
Rosotti  et  al  2014)  it  is  now proposed to instead follow a smaller  number of discs at  high 
resolution. This has the additional advantage that it is then possible to simulate clusters with a 
higher number of stars (N) which is important since the relative importance of close and distant 
encounters is a function of N. The goal is to develop a simple semi-analytical model that can 
reproduce  the  results  of  the  simulations,  allowing  one  to  understand  the  inter-play  between 
viscous processes in the disc (which lead to spreading) and the stellar dynamical processes that 
limit this growth.  An understanding of the processes limiting the outer radii of protoplanetary 
discs is obviously highly relevant to the interpretation of ongoing imaging surveys for planets at 
large radii from their host stars.

Nature of the Project Work

• The student will analyse hybrid SPH/N-body simulations of a small number of well
resolved proto-planetary discs  in a young stellar cluster. By concentrating on a 
small number of discs it will be possible to achieve  higher resolution and 
simulate a larger number of stars per cluster than  was possible in the previous 
simulations of Rosotti et al 2014. 

• The first part of the project involves a calibration of the viscous spreading of  high
resolution discs in isolation followed by an analysis of evolution of disc sizes 
within the hybrid simulations. In the  second part,  this information will be used to 
develop a semi-analytical model capable of reproducing the results of the 
simulations.

• The analysis of simulation outputs  requires moderate programming skills in any of the
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mainstream scientific programming languages (e.g. C, Fortran, Matlab, IDL, 
Python). In order to run the simulations it will be necessary for the student to have 
(or acquire) some familiarity with Fortran.

References
• Adams 2010, ARA&A, 48, 47
• Clarke & Pringle 1993, MNRAS, 261, 190
• Dehnen & Read, 2011. Eur. Phys. J.  126,55
• Hubber et al, 2013. MNRAS 430,1599
• Rosotti et al 2014, MNRAS, 441, 2094
• Scally & Clarke 2001, MNRAS, 325, 449
• Springel 2010. ARAA 48,391

Figure 1: Left panel: column density of the whole young stellar cluster as simulated by Rosotti et 
al (2014). The densest parts are the proto-planetary discs. Right panel: zoom onto a disc that had 
a recent encounter. The tidal tail generated by the encounter is clearly visible.
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The impact of quasar feedback on a host
galaxy cluster

Supervisors: Helen Russell, Office: H54, Email: hrr27@ast.cam.ac.uk
Stephen Walker, Office: H54, Email: swalker@ast.cam.ac.uk
Andy Fabian, Office: H49, Email: acf@ast.cam.ac.uk

Background
The supermassive black hole (SMBH) at the centre of most galaxies is now thought to play a
significant role in the evolution of its host. The radiation, winds and relativistic jets generated
by the accretion of gas onto the black hole interact with the surrounding gas in the host galaxy
in a process known as AGN (active galactic nucleus) feedback. Two main modes of activity
have been identified: the first is the radiative or quasar mode where intense radiation from the
AGN drives outflows of cold gas and dust. The second is the kinetic or radio mode, where the
AGN is radiatively inefficient but generates powerful jets of relativistic particles which displace
the surrounding hot gas atmosphere to produce huge cavities.

The impact of the powerful jets in radio mode feedback is commonly observed at late times
and is imprinted on the hot, X-ray-luminous atmospheres surrounding nearby, massive elliptical
galaxies. Quasar activity peaked earlier at redshift z ∼ 2− 3, when galaxies were still forming
and gas-rich, and direct observations of quasar mode feedback are therefore difficult to obtain.
Quasar feedback is thought to be the primary agent driving the coevolution of SMBHs and
massive galaxies and producing the observed relation between the black hole mass and stellar
velocity dispersion of the surrounding galaxy bulge (M-σ relation). There is, however, one
example of a low redshift, highly luminous quasar hosted by a massive, X-ray luminous galaxy
cluster. This is H1821+643.

This project aims to study the impact of the luminous quasar on the surrounding hot cluster
atmosphere. Previous work studying quasar feedback in this system has been limited by the
dominance of the quasar emission over the emission from the hot cluster gas. However, the
archival grating data from the Chandra X-ray observatory has only low-level saturation and
provides the best opportunity to probe the quasar environment.

Nature of the project work
This is primarily an observational project using archival Chandra X-ray data of H1821+643.
The standard X-ray analysis software packages ciao and xspec will be used and familiarity
with python would be useful, although not essential, to utilise some existing code. A possible
plan for the project work is as follows.

• Analyse archival Chandra data to produce images and spectra for the quasar and cluster.

• Determine the level of pileup saturation in the quasar emission using the Chandra event
grades and ChaRT simulations.

• Subtract the quasar emission to produce surface brightness and gas density profiles for
the surrounding cluster gas.

• Understand the uncertainties in the measured cluster properties due to the quasar point
spread function simulation and subtraction.
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Figure 1: Left: Chandra X-ray image of H1821+643 showing the bright central quasar and surrounding
extended hot atmosphere of the galaxy cluster. The radio jet and extended lobes launched by the
SMBH are shown by the radio emission contours (1.4GHz) superimposed on the X-ray image. Note
that the straight line running through the nucleus is an instrumental artifact. Right: Optical image
from the Hubble Space Telescope showing the distribution of galaxies in the cluster. The bright quasar
at the centre is hosted by a large elliptical galaxy. Both images cover the same field of view.

• Spectral fitting to generate temperature, radiative cooling time and entropy profiles and
determine if the steep temperature decline continues to small radii consistent with a
constant pressure cooling flow or whether there is evidence for heating.

• If time allows, analysis of the surface brightness edge to determine if this is a merger
feature or a shock generated by the AGN. Soft X-ray images and high resolution tem-
perature maps could also be used to map the coolest X-ray gas and determine if there is
any spatial correlation with the extended cold molecular gas structure near the central
galaxy.

Useful texts
• For an introduction to the properties of galaxy clusters see the textbook by Craig Sarazin
‘X-ray Emission from Clusters of Galaxies’. Also available online at http://ned.ipac.caltech
.edu/level5/March02/Sarazin/frames.html.

• For a review of AGN feedback see Fabian et al. (2012, ARA&A, 50, 455).

• For a detailed study of H1821+643 and some of the analysis involved in this project see
Russell et al. (2010, MNRAS, 402, 1561) and references therein.
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Nucleosynthesis during proton ingestion

Supervisors: Christopher Tout, H61, E-mail: cat@ast.cam.ac.uk,
Anna N. Żytkow, O32, E-mail: anz@ast.cam.ac.uk

Background:
Nucleosyntheis of elements heavier than iron is dominated by neutron capture processes that

produce distinctive distributions of isotopes. Certain proton-rich isotopes, such as 74 and 196Hg, are
protected from formation by neutron capture processes and so can only be formed by some form
of proton capture or p-process. Proposed sites for p-processing include all types of supernovae and
accreting neutron stars in binary systems. In the latter case it is unclear whether any matter can
actually escape the surface of a neutron star. Alternatively a neutron star might be embedded inside
a deep giant-like envelope in a Thorne–Żytkow object, in which case proton-rich isotopes can be carried
to the surface by convection. None of these processes appear to reproduce the terrestrial abundances
of p-isotopes.

In some stars, particularly evolved intermediate-mass stars of very low metallicity there are some-
times episodes of proton ingestion when hydrogen-rich material is mixed into helium-burning shells
or cores. These events are difficult to model in stellar evolution codes because nuclear burning and
mixing occur at the same time on similar timescales. Often energy is released at too high a rate
for 1-D hydrostatic models to converge. It would however be interesting to know whether unusual
nucleosynthesis might occur in these events.

The student will set up a model to look at the nucleosythesis without the feedback on stellar
structure treating the proton ingestion as a local source of protons in a helium burning region to
investigate what might be produced by proton ingestion.

Nature of the Project Work
This project is mostly computational.
* Write a computer program to compute the evolution of nuclear species in a static stellar structure
* Include convective mixing as an advective process
* Include high temperature reactions for proton capture by heavy elements
* Identify interesting nucleosynthesis in proton ingestion events

References
Burbidge E. M., Burbidge G. R., Fowler W. A., Hoyle F., 1957, Rev. Mod. Phys., 29, 547
Stancliffe R. J., Dearborn D. S. P., Lattanzio J. C., Heap S. A., Campbell S. W., 2011, ApJ, 742,

121
C. Angulo et al., Nucl. Phys. A656 (1999)3-187 (for reference)
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Figure 1: A chart of nuclides in the neutr on number–proton number plane for a selection of heavy
isotopes. All stable isotopes and those with halflives longer than the age of the Sun are shown. The
s-process path (blue) proceeds horizontally through the stable isotopes of a single element. When
a β-decay is possible a new element can be formed. In the r-process capture of neutrons proceeds
without β-decays creating very neutron rich isotopes up to the neutron-drip line beyond which no
more neutrons can be added. Such nuclei are highly unstable to rapid β-decay which begins as soon
as the neutron flux falls off. They approach the stable isotopes along paths (red) of constant atomic
mass. Some isotopes can be reached only by the s- or r-process. There are also proton rich isotopes
(marked p), such as 190Pt and 196Hg, that cannot be reached by either the s- or the r-process. These
p-nuclides are usually rare and their origin is an active area of research.
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The Power Output from Accretion onto Supermassive Black Holes in Active Galaxies

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

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

(SMBHs) of masses between 106-1010 solar masses.  The accretion disc around the black hole itself
emits thermally in the optical and UV band, but the most unambiguous signature of an accreting
SMBH is emission at high energy ('hard') X-ray wavelengths (> 10 keV) which is produced by
inverse-Compton scattering of the accretion disc photons by a 'corona' of hot electrons, along with
other processes such as X-ray reflection.  For some AGN, this optical, UV and X-ray emission
reaches the observer directly, and such AGN are called 'unobscured'.  However, many AGN exhibit
some some amount of dust and gas in the line-of-sight to the observer (a 'torus'), which can absorb
the intrinsic emission, preventing us from seeing the primary or intrinsic emission in full ('obscured'
AGN). Detailed knowledge of the amount and geometry of dust and gas content is required to
correct  for  this  and recover  the  true  energy output  from accretion.   Additionally,  the  absorbed
intrinsic optical-to-X-ray emission can then be re-radiated by the dust and gas at lower energies in
the infrared band, which provides a characteristic signature of obscured AGN (see Fig. 1).

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

The accreting supermassive black hole at the centre of every galaxy is the powerhouse that must be
responsible  for  significantly  shaping  galaxy  evolution.   Evidence  for  this  includes  the  well-
established correlation between the black hole mass and the velocity dispersion of the stars in the
galactic bulge (Tremaine et al. 2002) and the observation of black holes in AGN having powerful
jets  that  can  blow 'bubbles'  in  the  gas  surrounding  the  galaxy.   It  is  also  highly important  to
understand the absorbing material, since it represents the interface between the AGN's power and
the  host  galaxy.   Understanding  the  absorption  is  crucial  to  recover  the  true  emission  due  to
accretion in the innermost regions of AGN, ultimately one of the dominant forces in shaping how
galaxies are the way they are.   Knowledge of the accretion power requires careful and detailed
collating of a range of multi-wavelength data, from infrared, optical, UV and X-ray wavelengths,
and fitting them with appropriate models to disentangle the the different physical processes at work.
The host galaxies of AGN can further complicate matters, since the stars in them also emit in the
infrared, optical and UV, and emission from the host galaxy can therefore 'contaminate' the intrinsic
AGN accretion emission.  It is only the high-energy X-rays which are free from such dilution, so
when studying AGN, it is highly preferable to search for them using hard X-ray detectors.
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Nature of Project Work
  For this project, we will work from a sample of 100 nearby AGN (low-redshift, z < 0.2),

selected using the Swift/BAT instrument in the hard X-ray 14-195 keV energy band, providing an
excellent springboard for studies of the intrinsic AGN power.  The hard X-ray selection ensures that
this sample is truly representative of local AGN and unbiased with respect to absorption and host
galaxy contamination. A host of multi-wavelength data already exists in the archives, and for this
project, the student will be involved in collating, analysing and putting together infrared, optical and
UV data to complement the existing comprehensive X-ray analysis (Vasudevan et al. 2013).  By
assembling  these  data  in  a  compendium of  broad-band spectra  or  spectral  energy distributions
(SEDs, Elvis et al. 1994, Vasudevan et al. 2007, Fig. 2), the student will be able to contribute to the
understanding of the accretion disc emission and dust/gas enshrouding in this representative AGN
sample, which will prove very useful for future AGN studies.

The project will involve:
1) Familiarising  oneself  with  the  different  data  archives  available,  including  IR  (WISE,
AKARI,  Spitzer,  IRAS)  and  optical/UV data  (Sloan  Digital  Sky  Survey,  GALEX,  XMM
Optical Monitor, Swift-UVOT).
2) Using automatic methods and scripts to assemble these data for the 100 objects in the
sample, converting all data to uniform units/formats for further analysis.
3) Carefully correct for emission from the host galaxy, to recover the true accretion emission
4) If time permits, fit physical models to the data

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

Figure  2:  A  typical  spectral  energy
distribution  for  an  AGN,  showing  infrared
(red points), optical/UV (in the blue box) and
X-ray (points on far-right, with model fitted
as well;  solid line).  The final product from
the project will be a collection of 100 SEDs
like this one.
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Distributions of Planetary Nebulae in Centaurus-A 

Supervisors:    Nicholas Walton,   H37:    naw@ast.cam.ac.uk 
Mike Irwin,   A1:   mike@ast.cam.ac.uk 

Background 

Planetary nebulae (PN) are a stage that all low and intermediate mass stars pass 
through towards the end of their evolution. They are emission nebulae, resulting from 
the illumination of gas ejected during the red giant stage of a stars life, illuminated by 
the hot remnant central star (the core remain of the original star which will eventually 
cool as a white dwarf).  

PN can be used as excellent tracers of both galaxy kinematics, and as tracers of stellar 
populations in galaxies. They can be found through specialised imaging techniques, 
taking advantage of the fact that they emit brightly in a small number of emission 
lines, for instance lines of Oxygen and Hydrogen.  

The nearby giant elliptical galaxy NGC5128 (also known as Centaurus-A) is one of 
the closest massive galaxies to our own Milky Way. It is a complicated galaxy, 
showing evidence of a complex merger history. It's generally smooth elliptical 
appearance is combined with a complex set of central dust lanes. Within these dust 
lanes, sites of recent star formation have been localised.  

The use of PN can help in probing the distribution of stars out to significant distances 
within NGC5128. In addition, analysis of the PN across the galaxy can potentially 
illuminate the merger history of NGC5128, where the chemical analysis of the PN can 
reveal evidence for differing epochs of star formation.  

Project Work 

In collaboration with colleagues at the European Southern Observatory, we have 
carried out a systematic narrow band imaging survey of NGC 5128, where we have 
more than doubled the sample of candidate PN in NGC 5128.   

The project will begin with the baseline catalogues, derived from detections in the 
[OIII]5007A emission line, and fold in detections in the Hydrogen-alpha emission line 
for the central regisons of the galaxy. This will allow firm confirmations of PN in 
these central regions to be made.  The next task will be to assess the completeness of 
the survey, via estimations of the number of PN possibly missed in the imaging. This 
will involve adding a range of simulated PN to the data, and estimating the recovery 
probabilities. With this information, it will be possible to estimate the total population 
of PN in the galaxy. This PN distribution and its luminosity function will be modelled 
and compared to the stellar light profile. The final stage of the project will involve 
typing the PN into excitation classes and comparing their distribution with location, to 
infer which PN result from an epoch of more recent star formation.  
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The project involves, handling of optical image and catalogue data and will require 
some programming skills, for instance use of python and some astronomical image 
analysis tools.  

References: 

Walsh, J.R., Rejkuba, M., Walton, N.A.,  2014, ' An imaging and spectroscopic study 
of the planetary nebulae in NGC 5128 (Centaurus A), Planetary Nebulae Catalogues', 
astro-ph 1409.???? 

Walsh, J. R.; Jacoby, G. H.; Peletier, R. F.; Walton, N. A., 2012, 'The light element 
abundance distribution in NGC 5128 from planetary nebulae', A&A, 544, 70 

Figure 1: A deep sky survey image of NGC 5128 (Centaurus-A). Over plotted are the 
location of candidate planetary nebulae detected through narrow on-band/ off-band 
imaging around the H-alpha emission line. This galaxy is a giant elliptical galaxy, 
although the central dust lanes provide evidence for galaxy merger. Indeed this region 
harbours more recent star formation. 
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Tracing Chemical Signatures in Asymptotic
Giant Branch Stars

Supervisors: Clare Worley, H24, ccworley@ast.cam.ac.uk
Gerry Gilmore, H47, gil@ast.cam.ac.uk

Background

Asymptotic Giant Branch (AGB) stars are in a key stage of stellar evolution that is responsible for
the production of many of the heavy elements in the Universe. The lifetime of the AGB stage is much
shorter than that of the main sequence or red giant branch, and their internal structure is much more
complex. A comprehensive exploration of the chemical signatures of AGB stars requires a reasonable
number of stars sampling the length of the AGB at a range of metallicities.

The AMBRE Project is a extensive project to provide homogeneously determined stellar parameters
for over 300,000 spectra in the ESO archive (Worley et al., 2012). Within this extensive dataset lies a
sample of AGB stars ideal for an exploration of AGB signatures and the tracing of that key stage of
stellar evolution.

Nature of the Project

The goal of this project is to identify the sample of AGB stars within the entire AMBRE Project
dataset by stellar parameters and also by the detection of key elements such as Technetium (Merrill,
1952). This element is produced by the s-process, a process for which the interiors of AGB are the
prime nucleosynthetic site. Technetium is short-lived, compared to the lifetime of stars on the AGB,
so detecting this element is evidence that the AGB star is undergoing s-process production in its deep
inner layers. The element is then mixed through the upper layers during the Thermal Pulse stage of
an AGB star.

Key spectral features for Technetium lie at 403.1 nm, 423.8 nm, 426.2 nm, and 429.7 nm and are
prominent in S-Type stars, stars rich in s-process elements. The range of spectral domains within
the AMBRE Project include these spectral features as well as features of other s-process elements
(zirconium, barium, lanthanum and neodymium).

For this project the skills to be developed are: data mining the AMBRE parameters to construct
a subset with the expected parameters of AGB stars; extracting samples of AGB already analysed
in the literatures for comparison of the parameters (Uttenthaler et al., 2008); detecting stars rich in
technetium by a simple index measurement; then using more complex routines to measurement the
exact chemical abundance of this and other s-process elements where possible.

References

Merrill, P. W. 1952, Science, 115, 479

Uttenthaler, S., Hron, J., Lebzelter, T., et al. 2008, A&A, 478, 527

Worley, C. C., de Laverny, P., Recio-Blanco, A., et al. 2012, A&A, 542, A48
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Figure 1: HR Diagram showing internal structure for each stage of stellar evolution.
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Modelling the accretion of dust onto extrasolar planets 
Supervisors:     Mark Wyatt, Office: H38, Email: wyatt@ast.cam.ac.uk 

     Andrew Shannon, Office: H32, Email: shannon@ast.cam.ac.uk 

Background 
The planetary systems of nearby stars are being revealed by a variety of techniques. Recently it has 
become possible to image giant planets in the distant reaches of some systems >10au from the parent 
star (see Fig. 1; Kalas et al. 2013; Marois et al. 2010; Galicher et al. 2014). It turns out that all imaged 
planets lie just interior to massive belts of comets that are analogues to the Solar System’s Kuiper belt 
(Matthews et al. 2014; Moor et al. 2013). There has already been much effort to understand 
interactions between the planets and debris (e.g., Mustill & Wyatt 2012; Beust et al. 2014), but these 
studies have focussed on how planets sculpt the debris belt, and how that interaction may manifest 
itself in observations of the debris. 

This project will consider how the debris belt may affect the observable properties of the planets. 
There is already crude information on the spectrum of the atmospheres of these planets, and in some 
cases these may suggest enhanced levels of dust (e.g., Galicher et al. 2014). While this may be a 
remnant of an earlier phase of accretion onto the planet, or indicative of its formation mechanism, the 
exterior debris belt provides a bountiful source of dust that is expected to permeate the system. Dust 
originating in the debris belt would migrate toward the star due to Poynting-Robertson drag, and while 
much of this dust would be lost in collisions (Wyatt 2005), some would be accreted onto the planet 
(see Fig. 1; Wyatt et al. 2011). Some dust may also make it into the inner few au explaining the 
presence of warm emission interior to several Kuiper belt-like debris disks (Millan-Gabet et al. 2011), 
as long as any intervening planets are not massive enough to accrete all the dust as it passes. The aim 
of this project is to determine the rate at which dust is accreted onto planets from an exterior belt, and 
to assess whether this may have an observable consequence.  

Nature of the project 
The project would involve a combination of analytical and numerical techniques, such as running N-
body simulations of the accretion process. 

References 
Beust H., et al. 2014, A&A, 561, 43 
Galicher R., et al. 2014, A&A, 565, L4 
Kalas P., et al. 2013, ApJ, 775, 56 
Marois C., et al. 2010, Nature, 468, 1080 
Matthews B., et al. 2014, ApJ, 780, 97 

Millan-Gabet R., et al. 2011, ApJ, 734, 67 
Moor A., et al. 2013, ApJ, 775, L51 
Mustill A, et al. 2012, MNRAS, 419, 3074 
Wyatt M. 2005, A&A, 433, 1007 
Wyatt M., et al. 2011, CeMDA, 111, 1  

Figure 1: (Left) Image of the 4 planets orbiting HR8799 (Marois et al. 2010). (Right) Mass loss 
rate due to P-R drag as a function of particle size from a model of the asteroid belt compared with 
that accreted onto the Earth (Wyatt et al. 2011). 
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Stars with neutron cores and possible metal enhancement
in early galaxies

Supervisors: Anna N. Żytkow, O32, E-mail: anz@ast.cam.ac.uk,
Christopher Tout, H61, E-mail: cat@ast.cam.ac.uk

Background
Stars with neutron cores are structures comprised of a neutron core surrounded by a massive diffuse
envelope. These stars were originally theoretically modelled by Thorne and Żytkow and are known as
Thorne–Żytkow objects (TŻOs). The recent observational discovery of a good TŻO candidate in the
Small Magellanic Cloud, HV2112, makes the study of various aspects of these objects an exciting and
topical subject.

Models of massive TŻOs predict that they are mostly powered by thermonuclear reactions occuring
at the base of the convective envelope. The observational signature of a TŻO is an unusual chemical
abundance pattern in their atmospheres. The anomalous element enhancements are the product of
unusual nucleosynthesis made possible by extremely high temperatures close to the surface of the
neutron star core combined with a completely convective surrounding envelope. It is expected that
massive TŻOs should show enhancements of lithium as well as some particular heavy elements, like
molybdenum and rubidium.

It is not certain how TŻOs are formed. Thorne and Żytkow originally proposed either a failed su-
pernova or a neutron star accreting in a binary system. Their lifetimes are not expected to be long
and are limited by strong winds driven by Mira-like pulsations with very high mass-loss rates. Even
though TŻOs are, most likely, not very common, their relatively short lifetimes combined with pro-
duction of anomalous elements in their interiors make them good candidates for the pollution of the
interstellar medium in early galaxies by lithium and heavy elements. In low metallicity environments,
such as early in the evolution of galaxies, there should be a higher rate of binary star formation than
at present. This would seem to lead to a higher rate of TŻO formation than at present. Although the
presence of TŻOs may not enhance galactic metallicity by much, it may nevertheless play a significant
role in chemical evolution of galaxies.

Nature of the Project Work
The project will involve study of a model of galactic chemical evolution by the inclusion of TŻOs
together with existing ideas of yields and their uncertainties from other sources. One would then
follow by simulations of the chemical evolution of galaxies, involving some understanding of stellar
population synthesis with nucleosynthesis (Izzard, R. G., and Tout, C. A. in 2003, PASA 29, 345).
Existing programmes will have to be slightly modified to include possible yields from ejecta.

The possible pollution from TŻOs should be discussed and significance tested.

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

Project number 37
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Figure 1: The structure and spectrum of a TŻO

Figure 2: An image of part of the Small Magellanic Cloud showing the location of the TŻO candidate
HV2112
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Testing Chern-Simons Modified Gravity with Gravitational-Wave 
Detections of Relativistic Binaries 

Supervisors:    Priscilla Canizares, H53, pcm@ast.cam.ac.uk 
Jonathan Gair, H63, jgair@ast.cam.ac.uk 

Background 
Four decades have passed since the discovery of the first evidence for the existence of 
gravitational waves (GWs). In the next few years, we will witness how GW astronomy will reach 
the age of maturity. In 2016 a network of ground-based interferometric GW detectors, including 
Advanced VIRGO & Advanced LIGO will begin data taking in the 10Hz- 1kHz frequency range. 
In addition, pulsar timing arrays (PTAs) should detect a background of nanohertz GWs within 
this decade. To reach the millihertz band, ESA selected the Gravitational Universe as the science 
theme to be addressed by the European L3 large satellite mission, and the space-based 
interferometer eLISA will be launched in 2034, with a precursor technologic mission LISA 
Pathfinder to be launched next year. 

Up to now General Relativity (GR) has only been tested directly in weak gravitational fields, like 
in the solar system. However, The detection of GWs have the potential to determine whether the 
theory that rules in strong gravity regime is General Relativity or some other theory of gravity. 
To do so we will need highly accurate and detailed GW waveforms to cross-correlate them with 
the detected data stream and extract the physical parameters of the system. 

In a previous work [Canizares et al (2012)], it has been shown that it is indeed possible to 
distinguish between theories of gravity, in particular between GR and Dynamical Chern-Simons 
Modified Gravity (DCSMG), by studying binary black hole systems with extreme mass-ratio in 
spirals. However some questions remain unanswered, like the effect of the flux of an extra scalar 
field, and the role of the so called Carter constant when higher order approximations are included. 

Nature of the Project 
The main aims of the project are: 

(i) Using a higher order approximation for approximating the massive black-hole geometry in 
DCSMG;  
(ii) including the effects of the DSCMG scalar field in the radiation mechanism;  
(iii) Extend the study to ground-based detectors like Adv. LIGO. 

This project will be mostly theoretical. If time permits, calculations of the effect of the exclusion 
of a Carter constant in the system will be performed. A code for the evolution of the system at 
second order in DCSMG will be provided. 

References 
P. Canizares, J. R. Gair, C. F. Sopuerta. “Testing Chern-Simons modified gravity with 
gravitational-wave detections of extreme-mass-ratio binaries”, Phys. Rev. D 86, 044010  

Kent Yagi, Nicolas Yunes, and Takahiro Tanaka. “Gravitational Waves from Quasicircular 
Black-Hole Binaries in Dynamical Chern-Simons Gravity”, Phys. Rev. Lett. 109, 251105 
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Tidal Dissipation in Stars with Deep Convective Envelopes

Supervisors: Christopher Tout, H61, E-mail: cat@ast.cam.ac.uk,
Anna N. Żytkow, O32, E-mail: anz@ast.cam.ac.uk

Background

The rate of tidal circularization of a binary orbit depends on (R/a)8 where R is the radius of
the star and a the semi-major axis of the orbit. In simple models, commonly used in the synthesis
of populations of binary stars the rate of dissipation is also set proportional to the mass of the
convective envelope of the star. However, with standard calibrations, binary stars with a giant
component circularize too quickly to account for the eccentricities of some relatively close systems,
such as barium stars. If the calibration is chosen to sort out the giant stars then too many close
main-sequence binary stars remain eccentric.

One solution may well be that the simple proportionality of the tidal dissipation rate to the mass
of the convective envelope is too much of a simplification. In giants much of this envelope mass is at
radii many times smaller than R. Viscous damping of tides by turbulent convection can be, relatively
easily, applied throughout a convective envelope, taking proper account of the tidal distortion. This
should be done in a systematic manner so that a better formula for tidal circularization, and indeed
synchronization and alignment, can be constructed for population synthesis calculations.

Nature of the Project Work

Mathematical and computational.

* Understand stellar structure models produced by the Cambridge STARS code. The student
would not be required to make his or her own models but this possibility is not excluded.
* Understand the formalism of viscous dissipation of tides in a convective envelope.
* Integrate this dissipation systematically over a number of giant and main-sequence stellar struc-
tures.
* Construct a simple formula that can encapsulate the behaviour found in terms of stellar param-
eters available to the BSE code.
* If time allows test the effects in population synthesis calculations.

References

Hurley J. R., Tout C. A., Pols O. R., 2002, MNRAS, 329, 897
Bonačić M. A. A., Glebbeek E., Pols O. R., 2008, 480, 797
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Figure 1: The tidal potential of star 2 distorts star 1. If, as here, the star is spinning faster than
the orbit (> ω) viscosity drags the tidal bulges ahead of the orbit and dissipates energy. The force
between star 2 and the two bulges provides a torque that transfers angular momentum from star 1
to the orbit.
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