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Brief   Introduction  
This  booklet  contains  descriptions  of  the  individual  projects  available  in  the  academic  year              
2020/2021.  Each  entry  contains  a  brief  outline  of  the  background  to  the  project  along  with  a                 
summary  of  the  type  of  work  involved  and  several  references  where  more  information  can  be                
obtained.The  booklet  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.  
 
Vasily   Belokurov   Part   III/MASt   Astrophysics   Course   Coordinator,   Michaelmas   term   2020  
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Project   1.   Exploring   the   formation   of   massive   stars   in   the   presence   of  
radiative   feedback.   
 
Supervisor   I:   Nina   Sartorio  
Supervisor   II:   Bert   Vandenbroucke  
UTO:   Anastasia   Fialkov  
 
Project   summary:  
Massive  stars  form  deeply  embedded  in  their  protostellar  cores,  hiding  from  most             
observational  tools  we  can  dispose  of.  As  such,  details  of  how  massive  stars  accrete  are                
largely  unknown  and  we  rely  strongly  on  numerical  simulations  to  give  us  hints  of  how  this                 
process  takes  place.  While  gravity  acts  towards  making  the  core  contract,  the  nascent              
proto-star‘s  radiation  heats  up  the  surrounding  gas  making  it  expand.  We  will  study  this               
balance  between  gravitational  attraction  and  radiation  pressure  by  performing  high  resolution            
3D  radiation-hydrodynamics  simulations  with  the  radiation  hydrodynamics  code  CMacIonize          
and   analyse   its   implications   to   massive   star   formation.  
 
Project   description:  
We  will  extend  the  capabilities  of  the  radiation  hydrodynamics  code  CMacIonize  to  include  a               
proper  treatment  of  self-gravitating  gas.  Using  this  enhanced  tool,  we  will  study  the              
fragmentation  of  a  massive  protostellar  torus  exposed  to  the  UV  radiation  field  of  the  forming                
protostar(s).   
The  student  will  gain  experience  with  extending  and  using  a  large  parallel  code  in               
astrophysical   radiation   hydrodynamics   and   using   it   on   state-of-the-art   HPC   systems.  
 
Background:  
The  formation  of  massive  stars  (with  masses  above  8  solar  masses)  is  somewhat  different               
from  the  formation  of  their  less  massive  counterparts.  While  low  mass  stars  go  through  a                
long  accretion  phase  which  comes  to  an  end  when  the  star  joins  the  main  sequence  and                 
nuclear  fusion  initiates,  massive  stars  already  start  fusion  and  join  the  main  sequence  while               
they  are  still  accreting.  As  a  result,  a  massive  star  will  need  to  accrete  material  from  its  gas                   
envelope  while  emitting  copious  amounts  of  UV  radiation.  This  radiation  is  able  to  ionize  the                
gas  surrounding  the  star,  heating  the  star’s  surrounding  environment  to  temperatures  two             
orders   of   magnitude   higher   than   before.  
When  the  photoionization  (or  HII)  region  surrounding  a  photoionizing  source  is  embedded  in              
a  supersonically  accreting  envelope,  it  can  get  trapped  (Keto,  2002,  2007),  allowing             
accretion  to  continue  even  in  the  presence  of  a  pressurised  HII  bubble.  Under  the               
assumption  of  spherically  symmetric  (1D)  accretion,  this  allows  us  to  predict  the  properties  of               
the  accretion  flow  required  to  form  a  massive  star.  However,  in  reality  accretion  never  occurs                
in  a  spherically  symmetric  fashion.  Instead,  conservation  of  angular  momentum  will  drive  the              
formation  of  an  accretion  torus.  The  higher  density  in  the  torus  makes  it  more  resistant                
against  photoionizing  radiation.  Modelling  this  accretion  scenario  requires  numerical          
radiation  hydrodynamics,  and  leads  to  very  different  constraints  on  the  formation  of  massive              
stars   (Sartorio   et   al.,   2019   -   see   Figure   1).  
Real  accretion  is  however  a  3D  process,  since  the  self-gravity  of  the  gas  will  cause                
gravitational  instabilities  that  lead  to  fragmentation.  This,  in  turn,  will  affect  the  way              
photoionization  interacts  with  the  accretion  torus,  and  can  lead  to  the  formation  of  massive               
clusters,   where   several   massive   stars   form   inside   a   common   accretion   envelope.  
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Figure  1  D-type  expansion  of  the  HII-region  surrounding  a  massive  UV  luminous  protostar  (Sartorio  et  al.,  2019).  The                   
three  panels  show  a  time  evolution  from  left  to  right.  In  this  particular  simulation,  the  luminosity  of  the  central  source  is                      
so  high  that  it  blows  up  the  accretion  torus  surrounding  the  central  masked  region,  preventing  further  accretion  onto  the                    
central   object.  

Project   details:   
The   project   will   involve   the   following   steps:  

1) Literature  review  in  order  to  familiarise  yourself  with  the  challenges  in  massive  star              
formation   and   previous   studies   of   the   impact   of   ionizing   radiation.  

2) Modifying  the  CMacIonize  code  to  include  self-gravity  and  performing  appropriate           
testing.  This  will  include  a  substantial  amount  of  coding  in  C++  and  learning  how  to                
make   use   of   online   version   control   systems   (git).  

3) Running   simulations   on   the   HPC   cluster   to   perform   a   small   parameter   study.  
4) Analysing  the  results  of  the  simulations  using  Python  and  comparing  to  previous             

studies.  
 
Skills   required:  
Skills:   programming   in   C(++),   Python  
 
Useful   references:  

1. Kuiper  &  Hosokawa,  2018,  “First  hydrodynamics  simulations  of  radiation  forces  and            
photoionization   feedback   in   massive   star   formation”,   A&A,   616,22  

2. Rosen  et  al.,  2016,  ”An  Unstable  Truth:  How  Massive  Stars  get  their  Mass”,  MNRAS,               
463,   2553  

3. Sartorio  et  al.,  2019,  “Massive  star  formation  via  torus  accretion:  the  effect  of              
photoionization   feedback”,   MNRAS,   486,   5171  

4. Vandenbroucke  &  Wood,  2018,  “The  Monte  Carlo  photoionization  and  moving-mesh           
radiation   hydrodynamics   code   CMacIonize”,   A&C,   23,   40  

 
General   references:  

1. Keto,   2002,   “On   the   Evolution   of   Ultracompact   H   II   Regions”,   ApJ,   580,   980  
2. Keto,  2007,  “The  Formation  of  Massive  Stars:  Accretion,  Disks,  and  the  Development             

of   Hypercompact   H   II   Regions”,   ApJ,   666,   976  
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Project   2.   Restoring   concordance   with   early   dark   energy   and   massive  
neutrinos  
 

Supervisor   I:   Sunny   Vagnozzi   (K21,    sunny.vagnozzi@ast.cam.ac.uk )  
Supervisor   II:   George   Efstathiou   (K15,    gpe@ast.cam.ac.uk )   and   Blake   Sherwin   (B2.06,  
DAMTP,    sherwin@damtp.cam.ac.uk )  
UTO:   George   Efstathiou  
 

Project   summary:  
Significant  tensions  between  early-  and  late-time  measurements  of  the  Hubble  constant  H 0              
might  be  pointing  towards  new  physics  beyond  the  concordance  ΛCDM  model.  A  so-called              
“early  dark  energy”  (EDE)  component  is  among  the  least  implausible  solutions  to  the  H 0               
tension.  However,  recent  analyses  of  large-scale  structure  (LSS)  clustering  have  found  EDE             
to  be  at  strong  odds  with  LSS  data.  The  goal  of  this  project  is  to  explore  whether  this                   
conclusion   might   be   circumvented   by   adding   massive   neutrinos   to   the   picture.  
 

Project   description:  
This  is  a  mathematically  and  computationally  demanding  project,  wherein  the  student  will             
explore  the  interplay  between  massive  neutrinos  and  early  dark  energy  in  light  of  the  H 0                
tension   and   precision   measurements   of   large-scale   structure   clustering.  
 
Background:  
Observations  of  temperature  and  polarization  anisotropies  in  the  Cosmic  Microwave           
Background  (CMB)  from  the Planck  satellite  are  in  excellent  agreement  with  the  so-called              
concordance  ΛCDM  model.  Yet  the  Hubble  constant  H 0 inferred  in  this  way  is  in  >4σ  tension                 
with  the  value  measured  in  the  late  Universe  via  a  distance  ladder  approach  using               
Cepheid-calibrated  Type  Ia  Supernovae.  This  so-called  “H 0 tension”  and  possible  solutions            
thereof  have  been  the  topic  of  significant  interest  in  the  past  years  (see  Verde et  al.  2019).                  
One  intriguing  possibility  is  that  the  H 0 tension  might  be  the  telltale  sign  of  new  physics                 
beyond  the  concordance  ΛCDM  model.  General  arguments  based  on  late-time           
measurements  suggest  that  such  new  physics  would  have  to  operate  in  the  early  Universe,               
prior  to  recombination  (see  e.g.  Lemos  et  al.  2019  and  Knox  &  Millea  2020,  in  particular  Fig.                  
1   of   the   latter),   and   lower   the   sound   horizon   by   about   10%.  
 
A  potential  resolution  to  the  H 0 tension,  studied  in  detail  in  Poulin et  al.  2019,  posits  the                  
existence  of  a  form  of  “early  dark  energy”  (EDE),  which  behaves  as  a  cosmological  constant                
prior  to  recombination,  before  diluting  away  quickly.  However,  as  shown  in  Hill et  al.  (2020a,                
2020b),  EDE  is  at  odds  with  precision  large-scale  structure  (LSS)  data.  The  reason  is  that                
shifts  in  cosmological  parameters  required  for  EDE  to  agree  with  CMB  measurements  lead              
to  a  scale-dependent  enhancement  of  power  at  late  times.  This  increase  in  power  is  in                
tension  with  galaxy  power  spectrum  measurements  from  the  BOSS  survey  and  cosmic             
shear   measurements   from   the   DES   survey   (see   Figure   below).  
 
As  a  result,  EDE  is  “no  more  likely  to  be  concordant  with  all  current  cosmological  data  sets                  
than  ΛCDM,  and  appears  unlikely  to  resolve  the  H 0  tension”  (verbatim  from  Hill et  al. 2020a).                 
A  possible  way  out  of  this  could  be  the  existence  of  a  component  able  to  (at  least  partially)                   
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counteract  the  aforementioned  increase  in  power.  One  very  economical  possibility  in  this             
sense  is  that  of  massive  neutrinos,  as  it  is  known  that  neutrinos  have  mass.  At  late  times,  in                   
fact,  massive  neutrinos  produce  a  scale-dependent  suppression  of  power.  This  project  will             
examine  whether  including  massive  neutrinos  in  EDE  analyses  in  light  of  LSS  clustering  data               
might   save   EDE   and   reinstate   it   as   a   possible   contender   to   mitigate   the   H 0    tension.  
 
Project   details:   
This  project  will  be  developed  in  a  scalable  way  to  adapt  to  the  student’s  abilities  and                 
interests.   The   main   steps   will   be   as   follow:  
 

● familiarize   with   parameter   constraints   from   precision   cosmological   measurements   
● familiarize   with   local   distance   ladder   measurements   of   H 0    and   associated   H 0    tension  
● familiarize   with   the   EDE   class   of   solutions   to   the   H 0    tension  
● familiarize   with   the   effective   field   theory   of   large-scale   structure   (EFTofLSS)  
● familiarize  with  the  Boltzmann  solver  CLASS  ( http://class-code.net/  ;         

https://github.com/lesgourg/class_public )  and  the  associated  MCMC  sampler       
Montepython   ( https://github.com/brinckmann/montepython_public )  

● familiarize  with  two  modified  versions  of  CLASS:  1)  CLASS_EDE  implementing  the            
Boltzmann  equations  for  EDE  ( https://github.com/mwt5345/class_ede )  and  2)        
CLASS-PT  computing  non-linear  power  spectra  using  1-loop  EFTofLSS         
( https://github.com/Michalychforever/CLASS-PT )  

● merge   CLASS_EDE   and   CLASS-PT  
● use   the   resulting   code   to   explore   the   impact   of   massive   neutrinos   on   EDE   constraints  
● identify  how  large  a  value  of  the  sum  of  the  neutrino  masses  M ν  would  be  required  to                  

bring  EDE  in  better  agreement  with  LSS  data  (if  possible),  and  discuss  implications              
for   laboratory   searches   for   the   neutrino   mass   scale   (e.g.   the   KATRIN   experiment)  

● if  time  allows,  provide  joint  M ν -EDE  constraints  combining  CMB  and  LSS  data,  and              
explore   whether   and   how   much   the   results   of   Hill   et   al.   (2020a,   2020b)   are   affected  

● if  time  allows,  explore  the  ability  of  future  CMB  and  LSS  experiments  (such  as               
Simons   Observatory   and   DESI)   to   constrain   a   joint   massive   neutrino-EDE   cosmology  

● if  time  allows,  explore  additional  cosmologies  beyond  massive  neutrinos  which  could            
lead   to   qualitatively   similar   results   (e.g.   decaying   dark   matter,   warm   dark   matter)  

 

 
This  figure  shows  the  fractional  difference  between  the  ΛCDM  and  EDE  best-fit  predictions              
for  the  monopole  (black)  and  quadrupole  (blue)  of  the  galaxy  power  spectrum  at  redshift               
z=0.38,  in  units  of  the  BOSS  data  error  bar.  Already  by  eye  one  sees  significant  differences                 
between   ΛCDM   and   EDE,   which   lead   to   the   latter   being   disfavored   by   the   BOSS   data.  
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Skills   required:  
Good  computational  skills  are  required,  and  this  project  will  be  equally  mathematically             
demanding.  Ability  to  program  in  C  and  Python  (and  in  particular  to  read  and  extend  existing                 
codes)   is   needed.   Familiarity   with   Linux-based   systems   would   be   very   helpful.  
 
Relevant  courses  include  Cosmology  and  Field  Theory  in  Cosmology.  Astrostatistics  might            
be  very  useful.  Quantum  Field  Theory  and  Particle  Physics  might  be  useful  to  better               
understand   concrete   field-theoretical   constructions   of   EDE   models,   but   are   not   essential.  
 

Useful   references:  
1. Agrawal    et   al. ,   arXiv:1904.01016   (another   important   EDE   paper)  
2. Chudaykin et  al. ,  arXiv:2004.10607  (description  of  the  CLASS-PT  code  and  useful            

reference   for   the   main   EFTofLSS   equations)  
3. Gerbino  &  Lattanzi,  Front.  in  Phys.  5  (2018)  70  [arXiv:1712.07109]  (modern            

data-oriented   review   on   neutrino   cosmology)  
4. Ivanov et  al. ,  Phys.  Rev.  D  101  (2020)  083504  [arXiv:1912.08208]  (useful  reference             

for   EFTofLSS-based   LSS   likelihoods   including   applications   to   massive   neutrinos)  
5. Lesgourgues,   arXiv:1104.2932   (introduction   to   the   CLASS   code)  
6. Lesgourgues  &  Pastor,  Phys.  Rept.  429  (2006)  307  [arXiv:astro-ph/0603494]          

(complete   review   on   neutrino   cosmology)  
 
General   references:  

1. Hill    et   al.    (2020a),   arXiv:2003.07355  
2. Hill    et   al.    (2020b),   arXiv:2006.11235  
3. Knox   &   Millea,   Phys.Rev.   D   101   (2020)   043533   [arXiv:1908.03663]  
4. Lemos    et   al. ,   MNRAS   483   (2019)   4803   [arXiv:1806.06781]  
5. Poulin    et   al. ,   Phys.Rev.Lett.   122   (2019)   221301   [arXiv:1811.04083]  
6. Verde    et   al. ,   Nat.   Astron.   3   (2019)   891   [arXiv:1907.10625]  
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Project   3.   Simulating   the   emergence   of   supermassive   black   holes   during  
cosmic   dawn   with   magnetic   fields  
 
Supervisor   I :    Sergio   Martin-Alvarez   (smartin@ast.cam.ac.uk)  
Supervisor   II :    Debora   Sijacki  
UTO :    Debora   Sijacki  
 
Project   summary:   
Galaxy  formation  simulations  struggle  to  explain  how  supermassive  black  holes  (SMBHs)            
grew  to  their  extreme  observed  masses  in  excess  of  billion  solar  masses  less  than  a  billion                 
years  of  cosmic  time  (see  e.g.  Bañados  et  al.  2018;  Yang  et  al.  2020).  As  the  majority  of                   
SMBH  mass  is  assembled  via  a  series  of  accretion  events,  it  is  of  crucial  importance  to                 
understand  physical  processes  that  may  favour  large  quantities  of  gas  to  reach  within  the               
black   hole   horizon.  
Specifically,  magnetic  fields  are  a  frequently  missing  piece  when  studying  the  evolution  of              
SMBH:  on  top  of  affecting  the  direct  accretion  onto  the  SMBH  in  the  accretion  disc  by                 
modulating  the  effective  viscosity,  recent  work  has  shown  that  in  their  presence,  galaxies              
shrink,  concentrating  their  mass  towards  their  centre.  This  additional  mass  could  be  key  in               
accelerating  the  growth  of  SMBHs.  Employing  the  magnetohydrodynamical  code  RAMSES,           
the  student  will  perform  their  own  cosmological  zoom-in  simulations  of  the  formation  of  a               
galaxy  hosting  a  supermassive  black  hole  under  different  levels  of  magnetisation.  They  will              
then  analyse  their  simulations  to  study  for  the  first  time  in  such  a  context  whether  galactic                 
magnetic  fields  contribute  to  solve  the  question  of  how  SMBHs  reached  their  extreme              
masses.  
 
Project   description:  
The  aim  of  this  project  is  to  investigate  how  magnetic  fields  affect  the  growth  of  SMBHs  in                  
realistic  cosmological  simulations  of  the  formation  of  a  galaxy.  The  student  will  be  provided               
with  all  the  software  and  data  required  to  run  the  simulations:  initial  conditions,  example               
configuration  files,  and  the  cosmological  MHD  code  RAMSES.  Using  this,  the  student  will              
perform  three  simulations,  each  including  a  SMBH  in  the  galaxy  and  with  different  ab-initio               
magnetic  fields:  a  run  with  no  magnetic  fields,  and  two  runs  with  initial  magnetic  fields  of                 
different  strength  –  all  within  the  current  observational  constraints  for  primordial  magnetic             
fields.  The  student  will  investigate  the  dependence  on  the  magnetic  field  of  the  SMBH  mass                
evolution  over  time.  This  dependence  will  then  be  studied  in  the  context  of  the  local                
properties  of  the  gas  surrounding  the  black  hole.  Finally,  the  student  will  compare  their               
simulations  with  observed  galaxy  –  BH  relations  such  as  bulge  mass  vs  BH  mass               
(Kormendy   &   Ho   2013,   Greene   et   al.   2020).  
 
Background:  
It  is  widely  believed  that  BH  ( )  and  SMBH  ( )  reside  at  the  central       103 < M

M
⨀
< 106    M

M
⨀
> 106      

spheroidal  component  of  galaxies  (Ferrarese  &  Merritt,  2000;  Ferrarese  &  Ford,  2005).  The              
accretion  of  gas  onto  these  compact  objects  fuels  active  galactic  nuclei  (AGN;  Lynden-Bell,              
1969;  Rees,  1984)  that  generate  powerful  outflows  that  can  influence  the  entire  galaxy,  even               
extending  to  distances  of  several  Mpc.  The  figure  below  depicts  the  radio  emission  from  the                
radio  jets  generated  by  a  SMBH  at  the  centre  of  Cygnus  A.  The  interaction  between  the                 
galaxy  providing  mass  for  accretion  and  the  AGN  activity  influencing  the  host  galaxy  allows               
a  feedback  loop  between  the  SMBH  and  its  host,  establishing  a  physical  relation  between               
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the  mass  of  the  black  hole  and  the  properties  of  the  bulge  of  the  host  galaxy  (see  e.g.                   
Kormendy   &   Ho,   2013,   Sijacki   et   al.   2015).  
 

 
 
The  early  stages  of  SMBH  formation  are  not  yet  completely  understood,  with  various              
available  possibilities  when  considering  their  formation  mechanism.  Each  mechanism  will           
have  a  different  associated  initial  mass,  all  well  below  the  SMBH  mass  range.  SMBH  are                
most  likely  born  either  as  stellar  or  massive  BHs  and  accrete  mass  from  their  surroundings                
until  they  reach  SMBH  masses  (Volonteri,  2010).  This  leads  to  one  of  the  main  questions                
revolving  around  SMBH:  how  do  they  reach  their  observed  masses  in  extremely  short              

periods  of  time  (Haiman  &  Loeb,  2001).  The         
so-called  Bondi  accretion  model  (Bondi  &  Hoyle,        
1944)  approximates  accretion  onto  compact      
objects  as  a  spherical  phenomenon.  This  model  is         
generally  used  in  simulations  to  represent  the        
accretion  of  mass  onto  SMBHs.  However,       
numerical  simulations  struggle  to  evolve  MBH       
from  their  initial  mass  (or  seed  mass)  into  their          
final  SMBH  masses.  The  Bondi  model  is  known  to          
be  incomplete:  the  flows  around  accreting  BH  are         
complex  (Beckmann  et  al.  2018)  and  other        
physics  such  as  magnetic  fields  are  likely  to  play  a           
role  in  the  process  as  well  (Lee  et  al.  2014).           
However,  the  properties  of  the  hosting  galaxy  are         
also  important.  In  particular,  those  from  the  bulge         
of  the  galaxy,  as  SMBH  accrete  mass  from  the          

centre  of  galaxies.  Recent  work  suggests  that  magnetic  fields  affect  the  distribution  of  mass               
in   galaxies,   concentrating   it   towards   their   centre   (Martin-Alvarez   et   al.   2020).   
 
The  student  leading  this  project  will  generate  their  own  simulations  of  the  same  galaxy  (the                
galaxy  is  presented  in  the  left  panel  figure  or  in  the  animation  here:              
https://youtu.be/Z1H0sEINvIo  ),  now  including  SMBHs.  For  this,  they  will  use  a  modern             
version  of  the  well-known  astrophysical  code  RAMSES  (Teyssier,  2002).  With  these            
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brand-new  simulations,  they  will  explore  for  the  first  time  how  galactic  magnetic  fields  affect               
the  accretion  onto  SMBHs.  As  a  result,  they  will  answer  the  question  of  whether  magnetic                
fields   alleviate   the   tension   between   simulations   and   the   observed   growth   of   SMBH.   
  
Project   details:   
The  research  project  presented  here  is  based  on  generating  and  analysing  new  numerical              
magnetohydrodynamical  cosmological  zoom-in  simulations  of  galaxy  formation.  For  this,  the           
student  will  be  provided  with  initial  conditions  and  the  appropriate  executable  of  the              
RAMSES  code  that  they  will  use  to  run  the  simulations.  The  project  will  proceed  in  the                 
following   stages:   

1  –  The  student  will  revise  the  relevant  literature,  focusing  on  understanding  the              
important  processes  of  galaxy  formation,  the  picture  around  SMBHs  and  the            
paradigmatic   Bondi   model   of   accretion   onto   compact   objects.   
2  –  The  student  will  get  familiar  with  operating  on  HPC  environments  and  submitting               
MPI  jobs.  The  student  will  prepare  to  run  the  main  simulations  by  exploring  the               
importance  of  the  SMBH  seed  mass,  reviewing  how  this  parameter  influences  the             
SMBH  mass  during  its  infancy,  and  generating  the  first  projected  maps  and             
animations   (videos)   of   the   galaxy   formation.   Example   codes   will   be   provided   for   this.   
3  –  The  student  will  generate  the  three  main  simulations  of  this  work,  spanning               
different   magnetic   field   strengths,   and   continue   to   evolve   them   until   redshift   z   ~   6   -   4.   
4  –  While  the  simulations  evolve,  the  student  will  prepare  their  main  analysis  codes.               
Aspects  to  be  studied  are  the  effect  of  magnetic  fields  in  the  evolution  and  accretion                
of  the  SMBH,  and  the  properties  of  the  local  environment  as  the  black  hole  grows.                
They  will  also  compare  the  properties  of  the  galaxy  with  empirical  relations  between              
SMBH   and   their   galaxy   host.   
5  – Extra:  for  ambitious  students  with  good  computational  skills  and  the  desire  to               
carry   on   doing   additional   work,   various   extensions   are   possible:  

A. Extending  the  accretion  model  to  account  for  the  local  presence  of            
magnetic   fields   (Lee   et   al.   2014).  

B. Including  an  AGN  in  the  simulations  to  explore  the  evolution  in  the             
presence   of   SMBH   feedback.  

C. Simulating  the  galaxy  in  the  presence  of  astrophysical  instead  of           
ab-initio  magnetic  fields  to  compare  the  effect  of  different          
magnetisation   channels.  

 
Skills   required:  
This  project  has  a  substantial  computational  component.  Consequently,  the  student  is            
expected  to  be  comfortable  working  using  a  UNIX  shell  and  programming  with  a  scripting               
language  of  choice  (preferably  python).  Some  familiarity  with  compiled  languages  (such  as             
C  or  Fortran)  is  preferred  to  facilitate  the  analysis.  Students  are  encouraged  to  discuss  any                
other  computational  abilities  they  may  have  that  could  be  of  use  for  the  project  e.g.  CUDA,                 
MPI/OpenMP  protocols,  AI  frameworks,  etc.  Students  should  have  a  very  good  knowledge             
of  hydrodynamics  as  covered  by  the  Part  II  ‘Astrophysical  fluid  dynamics’  course  (Clarke  &               
Carswell,  2014),  while  good  knowledge  of  ‘Structure  and  evolution  of  stars’  and  ‘Stellar              
dynamics   and   structure   of   galaxies’   is   desirable.  
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Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
Bañados,   E.,   Venemans,   B.   P.,   Mazzucchelli,   C.,   et   al.   2018,   Nature,   553,   473  
Clarke   &   Carswell.   Principles   of   Astrophysical   Fluid   Dynamics.   Cambridge   University   Press.  
Greene,   J.   E.,   Strader,   J.,   &   Ho,   L.   C.   2019,   arXiv:1911.09678  
Kormendy   J.,   Ho   L.   C.,   2013,   ARA&A,   51,   511.  
Martin-Alvarez   S.,   Slyz   A.,   Devriendt   J.,   Gómez-Guijarro   C.,   2020,   MNRAS,   495,   4475.  
Lee,   A.   T.,   Cunningham,   A.   J.,   McKee,   C.   F.,   et   al.   2014,   ApJ,   783,   50.  
Sijacki   D.,   Vogelsberger   M.,   Genel   S.,   et   al.   2015,   MNRAS,   452,   575  
Vogelsberger   M.,   Marinacci   F.,   Torrey   P.,   Puchwein   E.,   2020,   Nat.   Rev.   Phys.,   2,   42.  
Volonteri,   M.   2010,   A&ARv,   18,   279.  
 
General   references:    (List   papers   referred   to   in   the   project   description)  
Beckmann   R.   S.,   Slyz   A.,   Devriendt   J.,   2018,   MNRAS,   478,   995.  
Bondi,   H.,   Hoyle,   F.,   1944.   MNRAS   104,   273–282.   doi:10.1093/mnras/104.5.273.  
Ferrarese   L.,   Merritt   D.,   2000,   ApJL,   539,   L9.  
Ferrarese   L,   Ford   H,   2005,   Space   Science   Reviews   116:523–624.  
Haiman,   Z.,   &   Loeb,   A.   2001,   ApJ,   552,   459.  
Lynden-Bell   D.,   1969,   Nature,   223,   690.  
Rees   M.   J.,   1984,   ARA&A,   22,   471.  
Teyssier,   2002.   A&A,   v.385,   p.337-364   (2002).  
Yang   J.,   et   al.,   2020,   ApJ,   897,   L14.  
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Project   4.   Understanding   planetesimal   formation   using   debris   disc   radii  
 
Supervisor   I:   Nicole   Pawellek  
Supervisor   II:   Mark   Wyatt  
UTO:   Mark   Wyatt  
 
Project   summary:  
Like  the  Asteroid-  and  Kuiper  belt  in  our  Solar  system,  debris  discs  are  outcomes  of  planet                 
formation  processes.  In  this  project,  we  will  investigate  the  shaping  mechanisms  of  such              
discs  by  analysing  the  relation  between  the  radius  of  a  debris  disc  and  the  stellar  parameters                 
(e.g.,  luminosity)  of  its  host  star  for  a  sample  of  discs.  Questions  we  want  to  answer  are:  Is                   
the  formation  of  planetesimal  belts  determined  by  thermal  processes?  Are  the  disc’s  shaping              
mechanisms   different   around   stars   of   different   spectral   types?  
This  study  includes  the  comparison  of  spatially  resolved  observations  to  modelling  results             
from  spectral  energy  distributions  (SEDs).  An  essential  part  is  the  analysis  of  the  ratio               
between  disc  radius  and  the  radius  inferred  from  SED  modelling  (‘blackbody  radius’)  which              
allows   us   to   estimate   the   radii   of   spatially   unresolved   debris   discs.  
 
 
Project   description:  
In  this  project  you  analyse  the  modelling  results  from  spectral  energy  distributions  of  different               
samples  of  debris  discs.  The  handling  of  different  data  sets  is  necessary  as  well  as  basic                 
statistical   knowledge   and   programming   skills.   
 
Background:  
Debris  discs  are  –  like  planets  –  natural  outcomes  of  planet  formation  and  evolution               
processes.  Like  our  own  Asteroid  belt  and  Edgeworth-Kuiper  belt  they  are  rings  made  of               
large  km-sized  planetesimals  –  the  building  blocks  of  planets  –  which  are  ground  down  to                
dust  due  to  mutual  collisions  (Fig.1  left).  Studying  planetesimal  belts  gives  us  an  opportunity               
to  analyse  physical  mechanisms  shaping  the  discs  and  hence,  help  us  to  constrain  the               
processes   responsible   for   the   evolution   of   planetary   systems.   
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While  the  planetesimals  themselves  remain  invisible  for  our  observational  instruments  we            
can  observe  the  smaller  milli-  and  micrometre-sized  dust  particles  which  are  detectable  at              
infrared  and  sub-mm  wavelengths  (Fig.1  right).  Over  the  last  years,  telescopes  like  Herschel              
and  ALMA  were  able  to  infer  the  location  of  a  number  of  dust  belts  by  spatially  resolving                  
them.  Some  studies  find  a  relation  between  the  radius  and  the  stellar  luminosity  (e.g.,  Matrà                
et  al.  2018)  and  others  do  not  (e.g.,  Pawellek  et  al.  2014)  so  that  it  is  still  debated  whether                    
the  location  of  planetesimal  belts  is  determined  by  thermal  processes  such  as  snowlines  or               
dynamical   processes   like   sculpting   by   planets.  

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure   1   Left:   Thermal   emission   image   of   the   debris   disc   around   Fomalhaut   (Acke   et   al.   2012).   Right:   SED   of   a   debris   disc.  
The   black   solid   line   shows   the   stellar   photosphere,   red   dots   show   the   total   emission   including   the   disc.  

 
 
Figure  2  The  predicted  ratio  of  the  disc  radius  to           
the  blackbody  radius.  The  solid  line  is  the         
best-fitting  relation  for  a  sample  of  ALMA        
resolved  discs.  The  dashed  green  line  shows  the         
best-fitting  result  for  a  Herschel-resolved  sample       
of  discs.  The  areas  filled  with  dark-,  medium-,         
and  light-grey  are  1σ-,  2σ-,  and  3σ-confidence        
areas  for  that  relation,  respectively.  The  symbols        
show  the  actual  ratio  values  (i.e.  observed        
versus   blackbody   radius).   

Project   details:   
 
To  constrain  shaping  mechanisms  of  debris  discs  we  are  looking  for  possible  relations              
between   disc   and   stellar   parameters   such   as   disc   radius   to   stellar   luminosity.  
 
The  project  starts  with  the  compilation  of  a  homogeneous  sample  of  spatially  resolved  debris               
discs.  Here,  you  can  focus  on  either  Herschel  observations  (Pawellek  et  al.  2014)  or  ALMA                
observations   (Matrà   et   al.   2018)   to   infer   the   disc   radius.   
 
For  each  target,  the  observational  data  (e.g.,  flux  densities)  will  be  collected  to  model  the                
spectral  energy  distributions  with  different  modelling  approaches  (blackbody  or  dust           
population).  One  aspect  here  is  the  differentiation  between  discs  with  single  and  multiple              
belts.  
Based  on  the  modelling  results,  statistical  trends  of  the  disc  parameters  and  the  properties  of                
the   host   star   will   be   investigated.   

15  



 

 
Special  attention  is  going  to  the  true  disc  radius  to  blackbody  radius  ratio.  This  ratio  is  found                  
to  decrease  with  increasing  stellar  luminosity  for  discs  around  host  stars  with  stellar              
luminosities   larger   than   1L sun    (Pawellek   &   Krivov   2015).   

● For  Herschel  resolved  discs  a  steeper  decrease  with  increasing  stellar  luminosity            
was  found  compared  to  the  discs  resolved  with  ALMA  (Fig.2).  A  reason  might  be  the                
different  disc  geometries  applied  in  the  modelling,  e.g.,  narrow  multiple  or  single             
broad  belts.  Analysing  the  ratio  might  tell  us  something  about  the  shape  of  a  disc  and                 
therefore,   indicate   the   presence   of   stirring   bodies   like   planets.  

● The  ratio  can  be  used  to  estimate  the  radius  of  spatially  unresolved  debris  discs.  You                
can   apply   it   to   large   (unresolved)   disc   samples   to   

a. test  whether  planetesimal  belts  form  at  snowlines  in  protoplanetary  discs           
indicating   the   presence   of   temperature   depend   processes.  

b. constrain   the   dust   composition   of   material   found   in   debris   discs.   
● The  trend  does  not  persist  for  late-type  stars  and  therefore,  we  might  ask  whether  the                

shaping  mechanisms  of  discs  around  low-mass  stars  are  different  from  those  of  more              
luminous  stars.  It  is  possible  that  the  physics  of  dust  removal  around  late-type  stars               
is  dominated  by  stellar  winds  and  other  transport  processes  which  you  can  test  by               
analysing   a   sample   of   debris   discs   surrounding   low-mass   stars.  

 
 
Skills   required:  
Skills:   statistical   basics,   programming  
 
Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Hughes  A.  M.,  Duchene  G.,  Matthews  B.  C.:  “Debris  Disks:  Structure,  Composition,             
and   Variability”,   2018,   ARA&A,   56,   541  

2. Pawellek  et  al.:  “Disk  Radii  and  Grain  Sizes  in  Herschel-resolved  Debris  Disks”,             
2014,   ApJ,   792,   65P  

3. Pawellek  &  Krivov:  The  dust  grain  sizes  –  stellar  luminosity  trend  in  debris  discs”,               
2015,   MNRAS,   454   3207P  

4. Matrà  et  al.:  “An  Empirical  Planetesimal  Belt  Radius  –  Stellar  Luminosity  Relation”,             
2018,   ApJ,   859,   72M  
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Project   5.   Were   the   early   eclipse   tests   of   GR   light-bending   robust?  
 

Supervisor   I:   Gerry   Gilmore  
Supervisor   II:   Gudrun   Pebody  
UTO:   Wyn   Evans  
 

Project   summary:  
 
A  total  solar  eclipse  in  1919  provided  the  first  evidence  that  the  new  General  Theory  of                 
Relativity’s  prediction  of  light  bending  by  the  Sun  was  consistent  with  observation.  Einstein              
(and  Eddington)  became  famous.  The  result  was  confirmed  by  an  eclipse  in  1922.  The  next                
eclipse  however  (1929)  derived  a  much  larger  deflection.  This  led  to  vigorous  debate,              
involving  intriguing  characters.  One  influential  criticism  of  the  original  1929  data  analysis  was              
that  the  one-sided  stellar  distribution  compared  to  the  Sun’s  image  led  to  degeneracy  in  the                
solution.   This   project   will   test   that   hypothesis.  
 

Project   description:  
 
The  underlying  astrophysical  problem  is  the  effect  of  poor  sampling  and  (unmodelled)             
systematic  errors  on  the  reliability  of  parameter  determination  in  a  low  signal-noise  small              
dataset  situation  where  symmetry  must  be  assumed  in  model  fitting.  The  specific  examples              
are  some  of  the  earliest  determinations  of  (GR)  light  bending  by  the  Sun  during  an  eclipse,                 
specifically  the  first  (1919)  and  the  3 rd  (1929),  which  disagreed  substantially  in  their  initial               
analyses.  This  project  will  test  the  plausible  possible  accuracy  of  the  light-bending             
experiments  by  generating  simulated  data  sets  to  match  the  actual  star-fields  observed,  add              
a  range  of  noise  and  systematics,  and  apply  analyses  with  the  astrometric  methods  of  the                
time  to  test  measurement  robustness.  The  data  fitting  involves  simple  quadratic  equations,             
with  least  squares  fitting.  Spatial  distributions  corresponding  to  the  actual  eclipse            
experiments  will  be  used,  with  a  range  of  possible  systematic  (“scale”)  and  random  errors,               
and  sensitivity  to  sample  star  distributions.  Should  time  permit,  the  1922  eclipse  will  be               
simulated  to  see  if  their  derived  accuracies  are  plausible,  and/or  a  modified  analysis  method               
subsequently   applied   to   the   1929   dataset   will   be   modelled.  
 
 
Background:  

Einstein  showed  in  1915  that  his  new  General  Theory  had  three  parameter-free             
observational  predictions.  He  showed  the  first,  the  “anomalous”  precession  of  the  orbit  of  the               
planet  Mercury,  was  consistent  with  GR  in  late  1915,  slightly  before  he  published  the  final                
field  equations.  The  second  test  was  light  bending,  1.”75  at  the  rim  of  the  Sun,  measureable                 
during  a  total  Solar  eclipse.  Dyson  and  Eddington  showed  this  was  consistent  with              
observation  at  a  1919  eclipse,  initiating  Einstein’s  fame.  Results  from  the  1919  and  a  1922                
eclipse  were  consistent  with  GR.  The  next  eclipse,  in  1929  (Freundlich,  von  Kluber  &  von                
Brunn),  produced  very  discordant  results,  and  led  to  much  discussion.  Intriguing  strong             
personalities  were  involved,  adopting  very  different  methodologies,  hypotheses  and          
experimental  philosophies,  and  a  somewhat  subjective  attitude  to  statistical  significance.  At            
a  technical  level,  it  was  proposed,  and  accepted  by  many,  that  a  degeneracy  in  model-fitting                
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nullified  the  original  1929  analysis.  An  alternative  analysis  by  the  same  person  (Robert              
Trumpler)  who  produced  the  1922  result  produced  (exact)  consistency  with  GR.  Nonuniform             
stellar  distributions  were  deemed  to  be  at  the  cause  of  the  problem,  but  it  was  not  agreed                  
why  a  different  reduction  should  give  such  different  results,  if  those  later  results  were  or  were                 
not  subject  to  similar  fitting  degeneracy,  or  just  what  the  mathematical  degeneracy  was.              
Discussion  faded,  but  was  not  resolved.  Characters  involved  include  Hans  Ludendorff,  the             
(pro-Einstein)  brother  of  the  German  president  who  installed  Hitler;  Erwin  Finlay  Freundlich,             
Einstein’s  earliest  proponent  of  astronomical  tests  of  GR,  who  later  argued  with  almost              
everyone;  and  Harald  von  Kluber,  later  a  staff  member  here  in  Cambridge.  Several  review               
articles  and  popular  books  present  aspects  of  the  history.  Much  original  literature  is  in               
German,   which   will   be   translated   as   required   by   Gudrun   Pebody.  

  

Figure  1  The  1929  star  field  round  the  eclipsed  Sun  (large  circle).  Apparent  deflections  are  shown  as  vectors,  with  scale                     
enlarged  a  factor  of  1000.  The  very  asymmetric  star  distribution  is  asserted  to  have  negated  the  original  deflection                   
analysis,   but   not   to   have   negated   the   later   Trumpler   analysis.  

Project   details:   

The  project  will  adopt  a  standard  simple  model  of  astrometric  field  distortions  in  an  imaging                
telescope,  involving  linear  equations  up  to  3 rd  order.  Positions  for  the  stars  actually              
measured  in  the  eclipse  experiments  will  be  calculated,  adopting  a  range  of  random  and               
systematic  uncertainties.  The  simulated  data  will  then  be  least-squares  fit  to  the  2 nd -order              
equations  adopted  at  the  time,  investigating  solution  robustness.  The  methodology  is            
straightforward,  and  will  allow  a  clear  analysis  of  the  limits  to  light-bending  accuracy  possible               
from  the  different  eclipses  which  were  used  to  test  and  verify  GR.  Russell  (1920)  is  very                 
clear  on  the  methods,  limitations,  and  meanings  of  the  astrometric  terms  and  their  lsq  fitting.                
The   summary   below   is   from   von   Kluber   (1960).  
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Skills   required:  

Skills:  The  project  will  use  the  lsqr  routine  in  MATLAB,  or  equivalent.  Simple  computing,  e.g.                
Python,   will   be   sufficient   to   generate   the   simulated   (x,y)   data   points   for   each   “star”.  

 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Dyson,   F.W.   Eddington,   A.S.,   Davidson,   C.   Phil   Trans   RS   1920   A   220   291  
2. Russell,   H.N,   MNRAS   81   154   1920  
3. Dan  Kennefick  "No  Shadow  of  a  Doubt:  The  1919  Eclipse  That  Confirmed  Einstein's              

Theory   of   Relativity"   2019   –   book   in   library  
4. Gilmore,   G,   Tausch-Pebody,   G.,   Notes   &   Records   of   the   Royal   Society,   in   press  

 
General   references:    (List   papers   referred   to   in   the   project   description)  

1. H.  von  Kluber  “The  Determination  of  Einstein's  Light-Deflection  in  the  Gravitational            
Field   of   the   Sun”   Vistas   in   Astronomy    3    47-77   1960  

2. Hentschel,   K   Ark   Hist   Exact   Sci   1994   47   143-201  
3. Hentschel   K,   The   Einstein   Tower   1997  
4. Trumpler,   R.   Z   Ap   4   208   1932  
5. Ludendorff,   H   AN   234   321   1932  
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Project   6.   The   Effect   of   Duplicity   on   Variable   Stars   in   Clusters  
 

Supervisor   I:   Christopher   Tout  
Supervisor   II:  
UTO:   Christopher   Tout  
 

Project   summary:  

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

 

Project   description:  
 

 

 

 

 

 

 

 

Figure   1.   The   Galactic   globular   cluster   M2   in   an   HST   blue   filter   (Piotto   et   al.   2015).  

Background:  

Classical  Cepheid  variables  (Leavitt  1908)  and  their  low-metallicity  counterparts,  the  RR            
Lyra  Stars  (Shapley  1916),  are  evolved  core-helium  burning  stars  that  make  a  bluward              
excursion  in  the  Hertzsprung--Russell  diagram  crossing  the  Cepheid  instability  strip  where            
helium  ionization  drives  strong  pulsation  by  an  opacity  driven  kappa-mechanism.  In  order  to              
reach  the  core-helium  burning  phase  a  star  must  first  evolve  as  a  red  giant  during  which                 
phase  of  evolution  it  becomes  much  larger.  Now  if  the  star  has  a  close  enough  binary                 
companion  it  may  fill  its  Roche  lobe  during  its  red  giant  evolution.  The  result  would  be  either                  
a  common  envelope  phase  of  evolution  or  a  slow  stable  mass  transfer  as  an  Algol  system.                 
In  either  case  the  star  can  lose  all  or  enough  of  its  envelope  to  not  go  on  to  become  a                     
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Cepheid-like  pulsator.  To  complicate  matters,  in  old  globular  clusters  binary  interaction  is             
probably  necessary  for  core  helium  burning  stars  to  become  blue  enough  to  reach  the               
instability  strip.  Thus,  by  looking  at  the  number  of  such  variable  stars  in  clusters  we  can                 
hope   to   gain   information   on   the   initial   distribution   of   binary   stars   within   the   cluster.  

Project   details:  

The  central  part  of  the  project  is  to  adapt  population  synthesis  codes  to  identify  pulsating                
variable  stars.  The  student  will  use  the  stellar  population  synthesis  codes  SSE  (Hurley,  Pols               
and  Tout,  2000)  to  model  populations  of  single  stars  and  BSE  (Hurley,  Tout  and  Pols  2001)                 
to  model  various  binary  populations.  Estimate  the  number  of  pulsating  variables  in  both              
open  and  globular  clusters.  Determine  how  different  initial  populations  of  binary  stars  affect              
the  number  of  variable  stars  expected  in  a  particular  cluster  based  on  stellar  evolution               
effects   alone,   ignoring   dynamical   interactions.  

Concurrently   perform   a   search   the   literature   for   observed   numbers.     Compare   the   two.  

If  time  permits  the  ideas  could  be  extended  to  other  kinds  of  variable  star  or  to  model  some                   
of  the  effects  of  dynamical  interaction  within  the  cluster  environment.  Alternatively            
experiments   with   differing   mass-loss   rates   during   mass   transfer   could   be   made.  

 

Skills   required:  

This  project  will  require  manipulation  of  FORTAN  77  code.  This  should  be  easy  for  anyone                
with   basic   programming   skills.    FORTRAN   Is   a   powerful   compiled   high-level   language.  

 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  

1. Comprehensive  analytic  formulae  for  stellar  evolution  as  a  function  of  mass  and             
metallicity,   Hurley   J.   R.,   Pols   O.   R.,   Tout   C.   A.,   MNRAS,   2000,   315,   569  

2. Evolution  of  binary  stars  and  the  effect  of  tides  on  binary  populations,  Hurley  J.  R.,                
Tout   C.   A.,   Pols   O.   R.,   MNRAS,   2002,   329,   928  

General   references:    (List   papers   referred   to   in   the   project   description)  

1. 1777   variables   in   the   Magellanic   Clouds,   Leavitt   H.   S.,   1908,   AnHar,   60,   87  

2. On  the  changes  in  the  spectrum,  period,  and  lightcurve  of  the  Cepheid  variable  RR               
Lyrae.,   Shapley   H.,   1916,   ApJ,   43,   233  

3. The  Hubble  Space  Telescope  UV  Legacy  Survey  of  Galactic  Globular  Clusters.  I.             
Overview  of  the  Project  and  Detection  of  Multiple  Stellar  Populations,  Piotto  G.,             
Milone   A.   P.,   Bedin   L.   R.   et   al.,   2015,   AJ,   149,   91  
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Project   7.   Probing   the   circum-galactic   medium   of   reionization-epoch   galaxies  
with   OI   absorption   at   the   tail-end   of   reionization   

 

Supervisor   I:    Martin   Haehnelt   (K27,   haehnelt@ast.cam.ac.uk)  

Supervisor   II:   Prakash   Gaikwad   (K18,   pgaikwad@ast.cam.ac.uk)  

UTO:    Martin   Haehnelt  

 

Project   summary:  
Low  ionization  metal  absorption  in  QSO  absorption  spectra  due  to  OI  is  an  important  probe                
of  the  physical  state  of  the  inter-/circumgalactic  medium  at  the  tail-end  of  reionization.  It  has                
been  recently  suggested  that  reionization  ends  as  late  as  z≲5.5.  Interestingly  the  incidence              
rate  of  OI  absorption  also  rises  steeply  at  z>5.  Aim  of  the  project  is  the  modeling  of  OI                   
absorption  with  the  same  reionization  history  that  can  explain  the  rapid  rise  of  the  opacity                
and   opacity   fluctuation   at   z>5,   the   tell-tale   sign   of   the   last   stages   of   hydrogen   reionization.  
 

Background:  
The  last  major  phase  transition  of  the  baryonic  component  of  the  Universe  turning  from               
neutral  to  predominantly  ionized  will  be  a  major  focus  of  the  next  generation  Space               
Telescope  JWST  which  will  allow  us  to  study  the  galaxies  responsible  for  the  “reionization”  of                
the  Universe  in  unprecedented  detail.  QSO  absorption  spectra  will  thereby  be  an  important              
probe  of  the  ionization  and  thermal  state  of  the  Intergalactic  Medium  (IGM),  the  reservoir  of                
baryonic  matter  that  is  a  crucial  building  block  of  the  galactic  eco-cycle.  The  IGM  provides                
the  (pristine)  gas  flowing  into  galaxies  and  fueling  the  formation  of  stars  and  receives  back                
the  metal-enriched  outflows/winds  driven  by  energetic  explosions  that  occur  when  stars  turn             
supernova.  
Project   details:  
Cosmological  simulations  from  the  Sherwood  simulations  suite  will  provide  the  necessary            
physical  properties  to  calculate  realistic  mock  OI  absorption  spectra.  Simulations  with  the             
radiative  transfer  code  ATON  will  thereby  be  used  to  model  the  progression  of  the  overlap  of                 
HI  regions.  The  evolution  of  the  HI  opacity  in  the  mock  absorption  spectra  and  the  incidence                 
rate  of  OI  absorption  will  be  compared  to  that  in  observed  spectra  as  obtained  from  the                 
literature.  

The   project   will   involve:  
● Writing  your  own  code  to  create  mock  absorption  spectra  from  hydro-dynamical            

simulations  
● Extracting  of  the  relevant  physical  properties  from  existing  hydro-dynamical          

simulations   of   the   Sherwood    simulation   suite   
● Post-processing  of  the  hydro-dynamical  simulations  with  the  GPU  based  radiative           

transfer   code   ATON  
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Figure  1:  Evolution  of  the  neutral  hydrogen  fraction  (top)  and  temperature  (bottom)  of  the  Intergalactic  medium  during                  
the  epoch  of  reionization.  Reionization  appears  to  complete  late,  with  the  last  remaining  islands  of  neutral  hydrogen                  
only   disappearing   at   z≲5.5.  

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

Useful   references:   

Large  Ly  α  opacity  fluctuations  and  low  CMB  τ  in  models  of  late  reionization  with  large                 
islands  of  neutral  hydrogen  extending  to  z  <  5.5: Kulkarni  G.,  Keating  L.C.;  Haehnelt  M.G.,                
Bosman   S.E.I;   Puchwein   E.,   Chardin   J.,   Aubert   D.,    2019,   MNRAS,   485,   L24  

The  Evolution  of  O  I  over  3.2  <  z  <  6.5:  Reionization  of  the  Circumgalactic  Medium: Becker                  
G.   D.   2019,   ApJ,   883 ,   163  

Probing  the  metallicity  and  ionization  state  of  the  circum-galactic  medium  at  z∼6  and  beyond               
with  O  I  absorption: Keating  L.C.,  Haehnelt  M.G.,  Becker  G.  D.,  Bolton  J.S.,  2014,  MNRAS,                
438,   1820  

T he  Sherwood  simulation  suite:  overview  and  data  comparisons  with  the  Lyman-alpha  forest             
at  redshifts  2<z<5 : Bolton  J.S.,  Puchwein  E.,  Sijacki  D.,  Haehnelt  M.G.,  Kim  T.-S.,  Meiksin               
A.,   Regan   J.A.,   Viel   M.,      2017,   MNRAS,   464,   89  

General   references:  

Mo,  van  den  Bosch,  and  White  (Galaxy  Formation  and  Evolution,  Cambridge:  Cambridge             
University  Press,  2010)  give  a  comprehensive  overview  of  cosmological  structure  formation            
and   physics   of   galaxies   and   the   intergalactic   medium.   

See  Meiksin  (2009,  Rev.  Mod.  Phys., 81 1405)  for  a  review  of  what  we  know  about  the                  
intergalactic   medium.   
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Project   8.   Numerical   simulations   of   astrophysical   jets  

 

Supervisor   I:    James   Matthews   (H25,   matthews@ast.cam.ac.uk)  

Supervisor   II:   

UTO:    Chris   Reynolds   (csr12@ast.cam.ac.uk)  

 

Project  summary:  Astrophysical  jets  are  a  spectacular  and  common  by-product  of  accretion             
onto  black  holes.  Understanding  jets  is  an  interesting  physics  problem  in  and  of  itself,  but                
they  are  also  thought  to  have  a  profound  impact  on  their  surrounding  environment.  Despite               
this,  a  complete  model  for  the  launching  and  propagation  of  jets  remains  elusive  and               
comparisons  between  observational  data  and  models  with  a  full  particle  acceleration            
treatment  are  relatively  scarce.  In  this  project,  we  will  use  hydrodynamics  simulations  to              
model  jets  and  their  resulting  nonthermal  emission.  The  exact  direction  is  flexible  with              
possible  applications  including  variable  jets  from  active  galactic  nuclei  and  transient  jet             
ejections  in  X-ray  binaries.  We  will  use  the  code  PLUTO  to  conduct  simulations  of  jets,  using                 
its  new  particle  modelling  scheme  to  predict  observational  signatures.  The  project  will             
include  the  running  of  simulations  as  well  as  analysis  and  visualisation  of  the  results,  and  will                 
also   include   some   theoretical   work   studying   shock   physics   and   particle   acceleration.   
 

Background:  Astrophysical  jets  are  produced  in  a  variety  of  accreting  systems  across  a  large               
range  of  masses,  and  are  responsible  for  some  of  the  most  spectacular  images  in               
astronomy;  an  example  can  be  seen  in  figure  1,  which  shows  the  radio  galaxy  Cygnus  A.                 
These  jets  are  interesting  for  a  number  of  reasons.  They  are  believed  to  be  launched  very                 
close  to  the  black  hole  in  some  kind  of  “Penrose  process”,  driven  by  the  interplay  between                 
the  magnetic  field  in  the  accretion  disc,  so  learning  about  jets  helps  us  indirectly  infer                
properties  of  black  holes  and  test  theories  of  strong  gravity.  In  addition,  the  jets  are                
astrophysically  important  as  a  means  of  transporting  energy  and  momentum  far  away  from              
the  event  horizon,  allowing  the  black  hole  to  influence  proceedings  on  much  larger  scales               
than  the  accretion  disc.  Finally,  the  jets  represent  a  curiosity  with  a  number  of  unanswered                
questions:  how  can  we  explain  the  different  radio,  X-ray  and  gamma-ray  emission  we  see?               
What  determines  their  shape  and  structure?  Why  do  some  jets  disrupt  and  fail,  whereas               
others  stay  narrow  and  collimated  for  up  to  a  Megaparsec?  How  do  jets  in  stellar  mass  black                  
holes   relate   to   their   larger   scale   cousins   in   active   galactic   nuclei?   

Project  details:  One  of  our  primary  means  of  understanding  jets  comes  from  numerical              
simulations.  In  some  cases,  this  can  require  including  the  effect  of  general  relativity,  but  in                
this  project  we  will  focus  on  larger  scales  where  this  complication  can  be  neglected.  The                
student  will  conduct  simulations  of  jets  (see  Fig  1)  using  the  magnetohydrodynamics  (MHD)              
code  PLUTO,  with  the  aim  of  producing  outputs  that  can  be  compared  to  observations.  The                
exact   direction   of   the   project   is   flexible,   with   the   following   possibilities:  
 

● Conducting simulations  of  transient  jet  ejections  in  X-ray  binaries ,  where  “blobs”            
are  observed  to  move  relativistically  from  the  black  hole  (e.g.  Bright  et  al.  2020).  .                
The   aim   would   be   to   explain   the   qualitative   behaviour   of   these   observations.  
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● Simulating  flickering  or  intermittent  jets  in  AGN ,  with  the  aim  of  assessing  the              
impact   of   the   jet   variability   on   the   morphology   of   the   jet   and   the   lobe   it   inflates.   

● Modelling  nonthermal  emission  from  radio  galaxies ,  using  the  new  particle           
module   in   the   PLUTO   code   (this   project   could   be   combined   with   either   of   the   above).   

The   project   will   involve:  
● Running   the   hydrodynamics   code   PLUTO   with   different   jet   parameters.  
● Interfacing   with   the   code   using,   e.g,   python,   and   plotting   and   visualising   code   outputs   
● Writing   code   to   analyse   the   results   from   the   simulations.  
● Comparing   results   to   observations   and   considering   the   wider   astrophysical   context  
● Taking   into   account   aspects   of   shock   physics   and   particle   acceleration   theory  

 
The  high-performance  computing,  numerical  methods  and  data  visualisation  skills  will  all  be             
useful  for  a  number  of  future  career  paths,  including,  but  not  limited  to,  computational               
astrophysics.  
 
Fig.  1:  Left:  A  famous  example  of  an  AGN  jet  in  the  radio  galaxy  Cygnus  A,  showing  radio  (red)  and                     
X-rays  (blue)  (Credit:  NASA/CXC/STScI; NSF/VLA).  Right:  The  logarithm  of  the  Mach  number  from  a               
hydrodynamic   AGN   jet   simulation   (Matthews   et   al.   2019),   showing   supersonic   backflow   from   the   jet.  

 
Skills  required: The  Part  II  courses  “Physics  of  Astrophysics”  and  the  Part  III  course               
“Galaxies”  are  desirable.  The  project  will  be  quite  computing  heavy  -  so  while  it  is  not                 
essential  to  have  pre-existing  computing  skills,  the  student  should  definitely  have  an  interest              
in  coding  and  computational  astrophysics,  and  a  willingness  to  learn  new  skills  in  this  area.                
Support   will   be   provided   in   this   area.  
 

References:  

Ultrahigh  energy  cosmic  rays  from  shocks  in  the  lobes  of  radio  galaxies,  Matthews,  J.  H.,  Bell.  A.,                  
Blundell,   K.,   Araudo,   A.,   2019,   MNRAS,   482,   4303,    https://arxiv.org/abs/1810.12350  

An  extremely  powerful  long-lived  superluminal  ejection  from  the  black  hole  MAXI  J1820+070,  Bright,              
J.   S.   et   al.,      2020,   Nature   Astronomy,   4,   697,    https://arxiv.org/abs/2003.01083  

Particle  acceleration  in  astrophysical  jets,  Matthews,  J.  H.,  Bell.  A.,  Blundell,  K.,  New  Astronomy               
Reviews,   2020,   arXiv:2003.06587,    https://arxiv.org/abs/2003.06587  
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Project   9.   Exploring   the   dynamics   of   dust   and   gas   in   debris   discs  
 

Supervisor   I:    Cathie   Clarke    (H10,   cclarke@ast.cam.ac.uk)  

Supervisor   II:   Mark   Wyatt   (H38,wyatt@ast.cam.ac.uk)  

UTO:    Cathie   Clarke   

 

Project   summary:  
This  project  models  the  dynamics  of  discs  of  dust  and  gas  that  are  found  orbiting  some                 
young  main  sequence  stars.  The  project  aim  is  to  extend  previous  modeling  by  including  the                
dynamical  influence  of  dust  on  the  gas  component.  Through  adapting  a  pre-existing  code,              
the  student  will  study  a  range  of  parameters  and  compare  predictions  of  the  dust  and  gas                 
distributions  with  observations.  The  primary  goal  of  the  project  is  to  assess  whether  the  gas                
distribution  is  chiefly  set  by  viscous  evolution  or  by  the  effects  of  drag  from  dust  outflowing                 
under   the   action   of   radiation   pressure.   
 

Background:  
Many  young  stars  are  surrounded  by  the  rocky  ̀debris'  from  planet  formation  as  evidenced               
by  dust  emission  at  infrared  and  submm  wavelengths  (Matthews  et  al  2014).  This  dust  is                
believed  to  result  from  the  collisional  grinding  down  of  larger  rocky  bodies.  (Wyatt  2008).               
Recently,  it  has  become  apparent  that  some  debris  discs  also  contain gas ,  particularly              
carbon  monoxide,  ionised  carbon  and  neutral  oxygen  (see  Kral  et  al  2016,  Marino  et  al  2020                 
and  references  therein)  which  likely  arises  from  CO  being  released  from  ice  contained  in               
rocky  bodies  and  comets.  Thus  while  most  astronomical  objects  are  mainly  composed  of              
hydrogen,  with  only  traces  of  heavier  elements  and  dust,  debris  discs  (e.g.  the  famous  β                
Pictoris  system)  are  around  90  %  dust  by  mass,  with  the  remainder  mainly  being  carbon                
and  oxygen  created  by  the  photodissociation  of  CO.  The  dynamics  of  such  gas-dust              
mixtures  are  rich  and  complex:  dust  and  gas  are  partially  coupled  via  drag  forces  but  are                 
subject  to  different  forces  (radiation  pressure  from  starlight  in  the  case  of  dust,  shear               
viscosity  in  the  case  of  gas).  Now  that  the  distributions  of  both  dust  and  gas  in  debris  discs                   
can  be  mapped,  it  is  possible  to  constrain  the  physical  processes  that  shape  their               
dynamical  evolution  (e.g.  the  magnitude  of  viscous  transport  in  discs;  Kral  et  al  2016).               
Current  work  however  omits  an  important  ingredient,  i.e.  the  dynamical  influence  of  the              
dust  upon  the  gas.  In  particular,  Haworth  et  al  2018  show  that  where  dust  is  outwardly                 
transported  by  a  mixture  of  gas  drag  and  radiation  pressure,  the  gas  is  in  fact  driven                 
inwards.   
Project   details:  
The  purpose  of  this  project  is  to  explore  the  dynamics  of  dust-gas  mixtures  in  the  presence                 
of  radiation  pressure  and  to  apply  these  calculations  to  the  observed  properties  of  debris               
discs.  The  student  will  use  a  dust-gas  dynamical  evolution  code  (Booth  et  al  2017)  to                
investigate  the  case  where  the  dust  size  distribution  is  prescribed,  with  a  view  to  answering                
a)  for  what  parameters  is  the  effect  of  dust  on  the  gas  significant  and  b)  what  are  the                   
consequences  of  this  effect  for  the  radial  distribution  of  dust  and  gas  in  debris  discs.  The                 
student  will  investigate  whether  previous  studies,  in  which  the  magnitude  of  disc  viscosity              
has  been  constrained  from  the  gas  properties  in  debris  discs,  are  affected by  consideration               
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of  the  dynamical  influence  of  dust  on  gas.  The  project  may  be  extended  to  additionally                
model    the   effect   of    grain-grain   collisions   in   shaping   the   dust   size   distribution.  

The   project   will   involve:  
● Adapting  the  code  in  Booth  et  al  2017  to  include  radiation  pressure  on  dust  and                

adding   a   source   term   for   the   dust   and   gas   released   from   rocky   objects  
● Running  a  variety  of  models  and  interpreting  the  results  in  terms  of  observations  of                

β   Pictoris  
●    Possibly   extending   the   study   to   model   the   evolution   of   the    dust   size   distribution  

 

 
Figure  1:  Image  of  the  gas  rich  debris  disc  β  Pictoris  taken  with  the  Hubble  Space  Telescope.  The  disc  is  viewed  edge-on                       
and   the   emission   arises   from   scattering   of   the   star’s   light   by   small   dust   particles.   

Skills   required:  
The  project  will  require  programming  in  python.  A  background  in  fluid  dynamics,  for  example,               
the   Part   II   courses    “Astrophysical   Fluid   Dynamics”   is    desirable.   
 

Useful   references:   

Radiation-pressure-driven  sub-Keplerian  rotation  of  the  disc  around  the  AGB  star  L_2  Pup;             
T.   Haworth,   R.   Booth,   W.   Homan,   L.   Decin,   C.   Clarke,   S.   Mohantjoy,    2018   MNRAS   473,317  

A  self-consistent  model  for  the  evolution  of  the  gas  produced  in  the  debris  disc  of  β  Pictoris:                  
Q.   Kral,   M.   Wyatt,   R.   F.   Carswell,   J.   E.   Pringle,   L.   Matr`a,   A.   Juh´asz,   2016   MNRAS   461,845  

Population  synthesis  of  excocometary  gas  around  A  stars; S.  Marino,  M.  Flock,  Th.              
Henning   ,   Q.   Kral   ,   L.   Matr`a   ,   M.   C.   Wyatt.   2020   MNRAS   492,4409  

Observations,  Modeling  and  Theory  of  Debris  Disks :  B.,  Matthews,  A.  Krivov,  M.  Wyatt,  G.               
Bryden,  C.  Eiroa,  2014,  in  Protostars  and  Planets  VI,  eds  H.  Beuther,  R.  Klessne,  C.                
Dullemond,   Th.   Hennings,   Univ.   Arizona   Press,   Tucson,   521.  

Evolution   of   Debris   Discs;    M.   Wyatt      2008   Ann.   Rev.   Astr.   Astroph.   46,339  
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Project   10.   Binary   Torques   on   Counter-rotating   Accretion   Discs  
 

Supervisor   I:    Dr.   Sergei   Dyda   (Hoyle   12,   sdyda)  
Supervisor   II:  
UTO:   Prof.   Chris   Reynolds,   (Hoyle   15,   csr12)  
 

Project  summary:  Some  accretion  discs  show  evidence  of  a  counter-rotating  component.            
The  Kelvin-Helmholtz  instability  should  lead  to  a  rapid  loss  of  angular  momentum  in  the               
rotating/counter-rotating  region,  making  such  systems  short  lived.  One  possibility  is  that  a             
gravitational  torque  from  the  presence  of  a  binary  can  add  angular  momentum  to  the  disc                
and  increase  the  disc  lifetime.  This  project  will  involve  performing  numerical            
hydrodynamics  simulations  to  study  the  effects  of  a  binary  on  a  counter-rotating  disc              
lifetime.   
 

Project  description:  The  student  will  use  numerical  hydrodynamics  code  Athena++  to            
study  the  effects  of  a  binary  torque  on  a  counter-rotating  disc.  We  will  consider  two                
counter-rotating  disc  models  where  the  nucleus  consists  of  i)  a  single  black  hole  of  mass                
M  ii)  a  binary  system  with  equal  mass  black  holes  m 1  =  m 2  =  M/2  in  a  circular  orbit.  We  will                      
compare  the  dynamical  evolution  of  these  models,  including  the  disc  structure,  accretion             
rate,  the  gravitational  torque  on  the  disc,  etc...  to  determine  whether  the  presence  of  the                
binary  can  increase  disc  lifetime  and  stave  of  disc  dissipation  due  to  the  Kelvin-Helmholtz               
instability   on   Keplerian   time-scales.  
Background:  ALMA  observations  of  spatially  resolved  HCN  gas  have  found  evidence  for  a              
counter-rotating  disc  in  NGC  1068  (Imanishi  et  al.  2018;  Impellizzeri  et  al.  2019).  The               
existence  of  such  a  system  raises  an  important  question,  namely  why  has  the  disc  not                
accreted  away  due  to  the  Kelvin-Helmholtz  instability?  A  recent  proposal  suggested  that             
the  nucleus  may  in  fact  be  a  black  hole  binary  and  that  the  gravitational  torque  may                 
counteract  the  angular  momentum  loss  at  the  rotating/counter-rotating  interface  (Wang           
2020).  The  authors  estimated  the  required  binary  properties  to  provide  a  sufficient  torque              
on  the  disc  but  the  complicated  dynamics  of  such  a  system  require  further  numerical               
investigation.  
Project  details:  Some  accretion  disc  systems,  like  NGC  1068,  show  evidence  of             
counter-rotating  disc  components.  The  left  panel  of  Fig.  1  shows  the  velocity  components              
from  HCN  where  we  see  rotating  and  counter-rotating  disc  components,  circled  in  purple.              
If  these  components  are  not  physically  separated,  then  the  Kelvin-Helmholtz  instability            
(KHI)  is  expected  to  lead  to  a  rapid  loss  of  angular  momentum,  an  increase  in  accretion                 
rate  and  a  dissipation  of  the  counter-rotating  component  (Dyda  et  al.  2015).  To              
overcome  this  loss  of  angular  momentum,  it  has  recently  been  proposed  that  a  binary  in                
the  nucleus  could  torque  the  disc,  adding  angular  momentum  and  increasing  the  disc              
lifetime.  The  right  panel  of  Fig.  1  shows  the  poloidal  component  of  the  gravitational  force                
(color  contours)  due  to  an  equal  mass  binary  in  a  circular  orbit  (black  dots).  We  see  that                  
as  the  binary  orbits  it  induces  a  time-varying  force  on  the  disc  and  potentially  acting  like  a                  
source  of  angular  momentum.  This  source  of  angular  momentum  can  potentially  offset  the              
loss   due   to   dissipation   from   the   KHI.   
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Fig.  1  –  Left  panel  :  Radial  velocities  of  molecular  gas  in  the              
nuclear  region  of  NGC  1068  from  ALMA.  The  regions  identified  as  the  inner  and  outer  counter-rotating  disks  are                   
outlined  by  annotated,  magenta  ellipses.  (  Impellizzeri  et  al.  2019)  Right  panel:  Poloidal  component  of  the                 
gravitational   force   on   a   disc   due   to   a   circular   binary.  

 
 The  goal  of  this  project  is  to  study  the  feasibility  of  such  a  mechanism  using  the                  

hydrodynamics  code  Athena++.  The  necessary  physics  modules  required  to  study  this            
problem,  namely  the  time  varying  gravitational  force  due  to  the  binary,  and  possibly              
numerical  viscosity  in  the  disc  have  already  been  implemented  (see  Fig.  2).  .  We  will                
compare  two  possible  models  of  a  counter-rotating  disc  system.  i)  a  single  black  hole  of                
mass  M  ii)  a  binary  system  with  equal  mass  black  holes  m 1  =  m 2  =  M/2  in  a  circular  orbit.                     
We  will  compare  the  dynamical  evolution  of  these  models,  including  the  disc  structure,              
accretion  rate,  the  gravitational  torque  on  the  disc,  etc...  to  determine  whether  the              
presence  of  the  binary  can  increase  disc  lifetime  and  stave  of  disc  dissipation  due  to  the                 
Kelvin-Helmholtz   instability   on   Keplerian   time-scales.   

 
 

Fig.   2   –   Density   (left),   pressure   (middle)   and   toroidal   velocity   (right)   for   an   accretion   disc  
driven   by   an   equal   mass   circular   binary   (black   dots).  
 

Skills required:  This  project  is  primarily  computational  in  nature  -  the  Athena++  HD              
simulations  will  be  performed  in  C++  and  further  analysis  using  Python.  Basic  linux  usage               
will  also  be  required  to  run  the  simulations  on  the  local  computing  cluster.  The  student  will                 
work   closely   with   the   CoI   (Dyda)   and   PI   (Reynolds)   and   will   have   the   opportunity   to  
participate   in   the   activities   of   the   X-ray   group   here   at   the   IoA.  
 

Useful   references:  
[1]  Dyda,  S.,  Lovelace,  R.  V.  E.,  Ustyugova,  G.  V.,  Romanova,  M.  M.,  Koldoba,  A.  V.,                 
2015,   MNRAS,   446,   1,   613-621  
[2]   Wang,   J.   M.,   Songsheng,   Y.   Y.,   Li,   Y.   -R.,   Du,   P.,   Zhe,   Y.,   2020,  
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arXiv:2005.01220  
General   references:  
[3]   Imanishi,   M.,   Nakanishi,   K.,   Izumi,   T.,   Wada,   K.,   2018,   ApJL,  
853,   2,   L25  
[4]  Impellizzeri,  C.  M.  V.,  Gallimore,  J.  F.,  Baum,  S.  A.,  Elitzur,  M.  D.,  R.,  Lutz,  D.,  Maiolino,                   
R.,   Marconi,   A.,   Nikutta,   R.,   O’Dea,   C.   P.,   Sani,   E.,   2019,   ApJL,   884,   2,   L28  
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Project   11.   Thermally   Driven   Winds   from   Warped   Accretion   Discs  

 

Supervisor   I:    Dr.   Sergei   Dyda   (Hoyle   12,   sdyda@ast.cam.ac.uk)  
Supervisor   II:   Dr.   James   Matthews   (Hoyle   25,   matthews@ast.cam.ac.uk)  
UTO:   Prof.   Chris   Reynolds,   (Hoyle   15,   csr12)  
 

Project   summary:   
Hercules-X1  is  an  X-ray  binary  that  has  been  found  to  have  a  time-variable  outflow  in  its                 
high  state.  One  possible  explanation  for  this  variability  is  a  warp  in  its  accretion  disc.  We                 
will  use  hydrodynamics  simulations  to  study  thermally  driven  disc  winds  where  the  disc              
has  a  persistent  warp  feature  driving  outflow  variability.  The  goal  is  to  see  if  we  can  rule                  
out   such   a   model   for   the   variability   in   Herc-X1.  
 

 

Project   description:   
The  student  will  use  the  numerical  hydrodynamics  code  Athena++  to  study  thermally             
driven  winds  from  an  accretion  disc  with  a  warp  structure.  The  project  will  consist  of                
studying  two  classes  of  models  –  1)  isothermal  winds  2)  radiatively  heated  winds.  For               
each  sets  of  models  we  will  study  the  outflow  properties  (mass  flux,  wind  velocity,  column                
density)  and  observational  diagnostics  (absorption  profiles,  absorption  measure         
distribution).  These  will  be  applied  to  future  wind  variability  studies  of  Herc-X1  to  try  and                
rule   out   wind   acceleration   models.  
Background:   
There  are  three  broad  classes  of  mechanisms  for  launching  outflows  from  systems  of              
compact  objects  –  thermal  pressure,  radiation  pressure  and  magnetic  driving.  For  systems             
observed  to  be  in  outflow,  one  of  the  primary  questions  it  which  of  these  three                
mechanisms   (or   combinations   of   mechanisms)   is   responsible   for   driving   it.  
Hercules-X1  is  one  of  the  best  studied  highly  magnetized  X-ray  binaries  and  recently              
(Kosec  et  al.  2020)  discovered  a  time-variable  wind  in  the  high  state  with  velocities               
ranging  from  200-1000  km/s.  One  possible  scenario  for  explaining  the  variability  is  the              
presence  of  a  warp  in  the  accretion  disc,  which  can  induce  wind  variability  on  the                
super-orbital  time-scale  of  the  warp.  We  will  investigate  this  scenario  in  more  detail  by               
simulating  thermally  driven  winds  launched  from  an  accretion  disc  with  a  persistent  density              
structure.  
Project   details:   
We  will  assume  a  persistent  density  structure,  a  warp,  is  in  Keplerian  orbit  along  the                
midplane.  We  will  study  how  the  properties  of  this  warp  (physical  extent,  position  and               
density)  affects  a  thermal  disc  wind.  Fig.  1  shows  a  snapshot  of  such  an  isothermal  wind                 
solution  (left  panel)  showing  density  (color  contour),  velocity  (black  vectors),           
representative  streamlines  (red  lines),  sonic  surface  (blue  line)  and  sample  sightline  (white             
dashed  line).  The  top  right  panle  shows  the  mass  flux  density  (solid  black  line)  and                
integrated  mass  flux  (red  dashed  line)  through  the  outer  boundary  and  bottom  right  panel               
shows  the  simulated  absorption  line  along  sample  sightline.  When  the  warp  passes  it              
increases  the  density  at  the  base  of  the  wind,  causing  nearby  streamlines  to  become  more                
vertical  and  changing  the  velocity  field  along  the  line  of  sight.  You  can  see  an  animated                 
version   of   Fig.   1   at    https://youtu.be/L0iqnsAC3NE   
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Fig.  1  - Left -  Isothermal  wind  solution  showing  density  (color  contour),  velocity  (black               
vectors),  representative  streamlines  (red  lines),  sonic  surface  (blue  line)  and  sample            
sightline  (white  dashed  line). Top  right  –  Mass  flux  density  (solid  black  line)  and  integrated                
mass  flux  (red  dashed  line)  through  the  outer  boundary.  Bottom  right  –  Simulated              
absorption  line  along  sample  sightline.  The  orbiting  warp  between  9  <  r  <  11  causes                
temporal   variability   of   the   flow   structure,   mass   flux   and   absorption   line.  
 
We  will  study  two  classes  of  solutions  (i)  isothermal  winds  as  shown  in  Fig.  1  (ii)  radiatively                  
heated  winds  where  the  rate  of  heating  is  a  function  of  temperature  T  and  ionization  state                 
ξ  for  previously  studied  X-ray  binary  SEDs  (Dyda  et  al.  2016).  We  will  then  study  the                 
physical  properties  of  the  outflow  (mass  flux,  velocity,  density  structure)  and  produce             
synthetic  observables  (line  profiles  and  absorption  measure  distribution).  The  main  goal  is             
to  determine  if  a  thermal  wind  driven  by  a  warp  can  be  ruled  out  as  an  explanation  for  the                    
time-variable   winds   observed   in   Herc-X1.  
 

Skills required:  This  project  is  primarily  computational  in  nature  -  the  Athena++  HD              
simulations  will  be  performed  in  C++  and  further  analysis  using  Python.  Basic  linux  usage               
will  also  be  required  to  run  the  simulations  on  the  local  computing  cluster.  The  student  will                 
work  closely  with  the  CoI  (Dyda  &  Matthews)  and  PI  (Reynolds)  and  will  have  the                
opportunity   to   participate   in   the   activities   of   the   X-ray   group   here   at   the   IoA.  
 

Useful   references:  
[1]   Kosec,   P.   et   al.,   2020,   MNRAS,   491,   3730K  
[2]   Dyda   et   al.,   2017,   MNRAS,   467,   4161D  
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Project   12.   Can   Gaia   find   the   Planets   Polluting   White   Dwarfs?   
 

Supervisor   I:    Amy   Bonsor   ( abonsor@ast.cam.ac.uk    H31)  

Supervisor   II:   

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

 

Project   summary:  
 
The  Gaia  space  satellite  will  detect  many  new  exoplanets,  using  astrometry,  including             
planets  around  white  dwarfs.  Evidence  for  planetary  systems  around  white  dwarfs  exists             
from  planetary  material  observed  in  the  atmospheres  of  some  white  dwarfs.  This  project  will               
investigate  whether  the  planets  potentially  detected  by  Gaia  are  likely  to  lead  to  material  in                
the  atmospheres  of  white  dwarfs.  Do  we  expect  a  correlation  between  material  in  a  white                
dwarf   atmosphere   and   a   planet   detected   by   Gaia?   
 

Background:  
 
Stars  like  our  Sun  will  one  day  end  their  lives  as  white  dwarfs.  Many  have  planetary  systems                  
orbiting  them.  Whilst  stellar  evolution  can  be  relatively  dramatic,  heating  inner  planets,             
potentially  swallowing  or  engulfing  the  inner  planetary  system.  The  outer  regions  of  the              
planetary  system  should  survive  to  the  white  dwarf  phase  intact.  In  our  Solar  System  this                
would   include   Mars   and   the   asteroid   belt.   

Stellar  mass  loss  on  the  giant  branch  causes  orbits  to  expand  and  can  potentially  induce                
dynamical  instabilities.  Comets  or  asteroids  can  be  scattered  by  planets,  as  well  as  planets               
may  become  unstable.  Comets  or  asteroids  flung  inwards  towards  the  white  dwarf  can  be               
torn   apart   by   the   strong   tidal   forces   and   accreted   onto   the   white   dwarf.  

White  dwarfs  should  have  clean  hydrogen/helium  atmospheres.  Any  heavier  metals  will  sink             
rapidly  out  of  sight.  Thus,  the  presence  of  planetary  material  from  a  disrupted  asteroid  or                
comet   can   show   up   in   the   stellar   spectra.   Such   white   dwarfs   are   known   as   polluted.   

Project   details :  

Predictions  will  be  made  for  those  planets  around  white  dwarfs  that  Gaia  could  detect.  White                
dwarf  pollution  is  thought  to  occur  when  planetesimals  (asteroids/comets)  are  scattered            
inwards.  A  simple  system  will  be  created  with  a  single  planet  and  planetesimal  belt.  Planet                
orbital  properties  will  be  varied  to  create  two  sets  of  planets:  detectable  with  Gaia,               
not-detected  by  Gaia.  The  flux  of  planetesimals  scattered  onto  star-grazing  orbits  will  be              
compared  between  the  two  samples.  Are  the  planets  that  Gaia  detects  more  or  less  efficient                
at   producing   polluted   white   dwarfs?   
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The   project   will   involve:  

● modelling   detection   limits   for   the   Gaia   space   satellite  
● N-body   simulations   to   illustrate   the   scattering   of   planetary   bodies  

 

 

 
 
Figure  1:  The  planet  detection  space  available  to  Gaia  (Silovotti  et  al,  2010)  in  terms  of  planet  mass  and  semi-major  axis..                      
The  purple  lines  indicate  GAIA  astrometry  with  σ A =  15  μas  (where  σ A is  the  single-measurement  astrometric  precision),                   
assuming  a  0.59-M⊙  WD  primary  at  100  pc  (V<15)  and  50  pc  (V<13),  respectively.  Survey  duration  is  set  to  5  yr.  Pink  dots                        
indicate   (outdated)   exoplanets   detected   by   radial   velocity,   blue   by   transit.  

 
 

Skills   required:  
Skills:   basic   programming,   basic   planetary   dynamics   
 

Useful   references:  
1. https://sci.esa.int/web/gaia/-/58784-exoplanets  
2. Bonsor   &   Xu   2015   https://people.ast.cam.ac.uk/~abonsor/review_wd_santcugat.pdf  
3. Perryman   et   al,   20   https://arxiv.org/pdf/1411.1173.pdf  

General   references:   
Silvotti   et   al,   2011    https://ui.adsabs.harvard.edu/abs/2011AIPC.1331..336S/abstract   
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Project   13.   Detecting   polarization   of   the   cosmic   microwave   background   from  
scattering   in   galaxy   clusters  
 

Supervisor   I:   Anthony   Challinor  
Supervisor   II:   Naomi   Robertson   and   Blake   Sherwin   (DAMTP)  
UTO:   Anthony   Challinor  
 

Project   summary:  
 
Compton  scattering  of  the  cosmic  microwave  background  (CMB)  by  ionized  gas  in  galaxy              
clusters  produces  weak  linear  polarization.  This  signal  promises  to  probe  cosmic  fluctuations             
on  Gpc  scales  that  are  very  difficult  to  probe  with  other  means.  The  signal  has  not  yet  been                   
detected,  but  may  just  be  in  reach  of  current  CMB  surveys  and  optically-selected  catalogues               
of  galaxy  clusters.  This  project  aims  to  assess  the  detection  prospects  and  make  the  first                
attempt   at   detection   with   current   datasets.  
 

Project   description:  
 
In  this  project  you  will  extend  earlier  work  (Hall  and  Challinor  2014)  on  the  detectability  of  the                  
cluster  polarization  signal  by  considering  optically-selected  clusters,  which  are  much  more            
numerous  than  the  Sunyaev-Zel’dovich-selected  clusters  considered  previously.  Initial         
estimates  suggest  that  the  signal  may  (just)  be  detectable  with  current  CMB  polarization              
data  from  the  Atacama  Cosmology  Telescope  (ACT)  and  galaxy  clusters  optically  selected             
from  the  overlapping  Dark  Energy  Survey  (DES).  If  these  estimates  are  backed  up  by  your                
detailed  forecasts,  you  will  attempt  to  detect  the  cluster  polarization  signal  statistically  in              
these   datasets.  
 
Background:  
 
In  their  passage  from  the  last-scattering  surface  to  us,  CMB  photons  interact  with  cosmic               
structures  along  the  line  of  sight.  In  this  way,  the  CMB  acts  as  a  backlight  to  these                  
structures,  allowing  us  to  infer  information  about  the  matter  distribution  in  the  more  nearby               
Universe  from  observations  of  the  CMB.  One  such  interaction  is  Compton  scattering  off              
electrons  in  ionized  intracluster  gas  (the  Sunyaev-Zel’dovich  effect;  see  Birkinshaw  1999  for             
a  review).  If  the  incident  radiation  is  anisotropic,  either  due  to  the  primary  anisotropies  in  the                 
CMB  induced  in  the  early  universe  or  due  to  motion  of  the  cluster  relative  to  the  CMB,  the                   
scattered  radiation  is  weakly  linearly  polarized.  The  change  in  total  intensity  of  the  CMB               
towards  galaxy  clusters  is  now  routinely  detected,  but  the  polarized  signal  is  yet  to  be                
detected.  
 
The  polarization  induced  by  scattering  in  clusters  of  the  primary  anisotropies  in  the  CMB               
probes  cosmic  density  fluctuations  on  Gpc  scales,  providing  an  almost  unique  opportunity  to              
learn  more  about  these  enormous  scales  (Kamionkowski  and  Loeb  1997;  Bunn  2006).  The              
best  prospect  for  making  first  detections  of  this  polarized  signal  is  to  search  statistically  for                
the  expected  correlations  between  the  polarization  in  the  direction  of  galaxy  clusters  and  the               
large-angle  temperature  anisotropies  we  observe  today  in  the  CMB  (Hall  and  Challinor             
2014);  see  Fig.  1.  As  the  signal  is  very  small,  precise  CMB  observations  and  large                
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catalogues  of  galaxy  clusters  are  needed.  Previous  forecasting  work  focused  on  galaxy             
clusters  selected  by  the  Sunyaev-Zel’dovich  effect  in  total  intensity,  but  orders  of  magnitude              
more  clusters  (albeit  generally  at  lower  redshift  and  lower  mass)  are  available  in              
optically-selected  clusters.  In  this  project,  you  will  calculate  the  expected  signal-to-noise  of             
the  correlated  cluster-polarization  signal  for  state-of-the-art  CMB  datasets  and  optical  cluster            
catalogues   and,   hopefully,   search   for   the   signal   in   these   data.  
 

 
Figure  1  Magnitude  of  the  correlated  polarization  (in  units  of  μK)  per  unit  cluster  optical  depth  as  a  function  of  cluster                      
angular   location   on   the   sky   (in   Galactic   coordinates)   for   clusters   at   redshift   0.05   (left)   and   1.35   (right).  

Project   details:   
 
The  first  step  in  the  project  is  to  use  the  methodology  in  Bunn  (2006)  and  Challinor  and  Hall                   
(2014)  to  calculate  the  correlated  polarized  signal  as  a  function  of  sky  position  and  cluster                
redshift  using  cosmological  perturbation  theory;  see  Fig.  1  for  examples  at z =0.05  and              
z =1.35.   This   will   require   interfacing   with   standard   CMB   Boltzmann   codes   such   as    CAMB .  
 
These  maps  will  then  be  combined  with  realistic  estimates  of  the  instrumental  noise  for  the                
current  surveys  with  ACT  and  the  South  Pole  Telescope,  and  the  optically-selected  cluster              
catalogue  from  DES,  to  calculate  the  expected  signal-to-noise  of  the  correlated            
cluster-polarization  signal  for  these  datasets.  This  step  additionally  requires  estimation  of  the             
cluster  optical  depths  using  standard  electron  density  profiles  and  the  custer  mass  inferred              
from   the   optical   richness.  
 
If  the  detailed  forecasts  look  promising,  and  time  permits,  the  final  part  of  the  project  will                 
attempt  a  statistical  detection  of  the  correlated  cluster-polarization  signal  in  current  ACT  data              
using  the  DES  cluster  catalogue.  There  are  various  ways  to  do  this,  including  oriented               
stacking  and  a  scale-dependent  cross-correlation  analysis.  This  part  will  require  interfacing            
with   ACT   polarization   maps   using   existing   tools   such   as    Pixell .  
 

Skills   required:  
Skills:  You  will  be  expected  to  interface  with  several  public  codes  (this  is  most  simply  done  in                  
Python)  and  catalogues  in  making  theoretical  predictions  and  forecasts.  Analysis  will  require             
interacting  with  maps  using  existing  Python  tools.  A  high  level  of  mathematical  and              
computational   skills   is   required.  
 
Relevant  lecture  courses:  Cosmology,  Field  Theory  in  Cosmology,  Formation  of  Structure  in             
the   Universe.  
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Useful   references:  
 

1. Kamionkowski,   M.,   Loeb,   A.,   1997,    Phys.   Rev.   D56,   4511   ( arXiv:astro-ph/9703118 )  
2. Bunn,   E.   F.,   2006,   Phys.   Rev.   D73,   123517   ( arXiv:astro-ph/0603271 )  
3. Hall,   A.,   Challinor,   A.,   2014,   Phys.   Rev.   D90,   063518   ( arXiv:1407.5135 )  

 
General   references:  
 

1. Birkinshaw,   M.,   1999,   Physics   Reports,   310,   97   ( arXiv:astro-ph/9808050 )  
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Project   14.   An   investigation   on   the   importance   of   doubly   ionized   He   to   the  
diffuse   ionized   medium  
 
Supervisor   I:   Nina   Sartorio   
Supervisor   II:   Bert   Vandenbroucke  
UTO:   Anastasia   Fialkov  
 
Project  summary:  The  diffuse  ionized  medium  (DIG)  is  a  tenuous  layer  of  ionized  gas  that                
extends  far  above  the  disk  of  star-forming  galaxies.  It  is  characterised  by  strong  emission  in                
Hα  and  forbidden  lines  of  nitrogen,  oxygen  and  sulphur  that  contain  clues  about  the  physical                
properties  of  the  DIG.  Most  of  these  properties  can  be  explained  by  models  in  which  the  DIG                  
is  ionized  by  UV  radiation  from  massive  stars  in  the  galactic  plane.  However  there  is                
evidence   of   other   exotic   line   emission   from   the   DIG   that   this   model   cannot   explain.  
One  possibility  to  explain  this  emission  signature  is  by  assuming  that  a  small  fraction  of  the                 
DIG  is  ionized  by  a  population  of  so-called  HOt  Low-Mass  Evolved  Stars  (HOLMES).  These               
stars  have  significantly  hotter  spectra  than  massive  stars,  and  dominate  the  galactic             
radiation  field  in  galaxies  with  low  star  formation  rates.  This  project  will  explore  whether               
HOLMES   are   sufficient   to   explain   the   exotic   emission   lines   from   the   DIG.  
 
Project  description:  The  student  will  be  working  with  the  photoionization  code  CMacIonize             
(Vandenbroucke  &  Wood,  2018).  This  will  involve  the  student  understanding  the  basics             
underlying  Monte  Carlo  photoionization  codes  and  learning  to  modify  and  extend  numerical             
calculations  written  in  the  C++  programming  language.  This  project  will  extend  CMacIonize             
with  the  necessary  physics  to  model  ionizing  radiation  with  energies  above  the  second              
ionization  threshold  of  helium,  which  will  enable  accurate  modelling  of  gas  subject  to  the               
ionizing  radiation  field  of  HOLMES.  The  student  will  be  expected  to  run  photoionization              
simulations  with  the  final  version  of  the  code  he/she  helps  develop  and  use  the  resulting                
data   to   interpret   observations   of   the   DIG.  
Background:  Ionized  gas  in  the  interstellar  medium  can  be  traced  by  measuring  the  Hα               
emission  line  that  is  emitted  when  an  electron  transitions  from  the  third  to  the  second  energy                 
level  of  the  H  atom.  Star-forming  galaxies  contain  a  lot  of  compact  Hα  emitting  regions  in  the                  
disc  that  correspond  to  sites  of  massive  star  formation;  called  HII  regions.  However,  these               
galaxies  also  show  a  considerable  amount  of  extraplanar  Hα  emission  originating  in  the              
more   diffuse   gas   in   the   exponential   disc   of   the   galaxy.   This   is   the   DIG.  
When  comparing  the  available  energy  budget  of  various  ionization  mechanisms,  it  is  clear              
that  the  DIG  is  mostly  photoionized  by  UV  radiation  from  massive  stars,  since  no  other                
mechanism  is  energetic  enough  to  explain  the  high  ionization  degree  of  the  DIG.  Recent               
simulations  have  confirmed  these  models  (Vandenbroucke  et  al.,  2018,  Vandenbroucke  &            
Wood,  2019,  see  Figure  1).  In  this  scenario,  we  would  expect  the  emission  from  the  DIG  to                  
be  similar  to  that  of  the  HII  regions  in  the  disc  that  are  photoionized  by  the  same  sources.                   
However,  detailed  observations  of  forbidden  line  emission  of  nitrogen,  sulphur  and  oxygen             
show  some  important  differences  between  the  emission  from  the  DIG  and  from  HII  regions.               
These  differences  show  that  the  DIG  is  considerably  warmer,  which  indicates  that             
photoionization  there  was  driven  by  a  harder  radiation  spectrum,  i.e.  a  spectrum  that              
contains   relatively   more   high   energy   photons.  
One  possible  source  of  harder  photons  are  HOLMES.  These  sources  correspond  to  old  stars               
in  the  post-AGB  phase  that  have  a  strong  UV  emission  that  is  comparable  to  a  black-body                 
spectrum  at  10 5  K.  The  luminosity  of  these  sources  is  much  lower  than  that  of  massive  stars,                  
but  over  time  a  galaxy  is  expected  to  build  up  a  considerable  population  of  HOLMES,  so  that                  
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their  ionizing  budget  could  still  be  important.  Semi-analytic  models  have  shown  that  a              
combination  of  massive  stars  and  HOLMES  could  yield  a  more  complete  model  of  the  DIG                
(Flores-Fajardo  et  al.,  2011).  However,  no  fully  self-consistent  photoionization  model  using            
both   types   of   sources   has   been   presented.  
In  order  to  set  up  such  a  model,  the  existing  photoionization  code  CMacIonize  needs  to  be                 
extended  to  deal  with  the  much  harder  spectra  of  HOLMES.  In  practice,  this  means  adding                
support  for  He ++  ionization  and  additional  coolants.  This  new  regime  can  be  benchmarked              
against  existing  1D  photoionization  models  before  it  is  used  for  fully  self-consistent  3D  DIG               
simulations.  

 

Figure  1  Hα  emission  from  a  DIG  simulation  using  three  different  ionizing  luminosities  of  massive  stars  (Vandenbroucke                  
&   Wood,   2019).  

Project   details:   
1) Literature   review   and   understanding   the   difficulties   of   creating   a   DIG  
2) Modify   CMacIonize   to   include   He ++  

3) Run   simulations   of   the   DIG   
4) Data   Analysis   and   comparison   to   observations  
5) Dissertation   

 
Skills   required :    Skills:   programming   in   C(++),   Python  
 
Useful   references:  

1. Osterbrock  &  Ferland,  2006,  “Astrophysics  of  Gaseous  Nebulae  and  Active  Galactic            
Nuclei”,   University   Science   Books   (Sausalito,   CA);   Chapters   2   and   3.  

2. Vandenbroucke  et  al.,  2018,  “Radiative  transfer  calculations  of  the  diffuse  ionised  gas             
in   disc   galaxies   with   cosmic   ray   feedback”,   MNRAS,   476,   4032  

3. Vandenbroucke  &  Wood,  2018,  “The  Monte  Carlo  photoionization  and  moving-mesh           
radiation   hydrodynamics   code   CMacIonize”,   A&C,   23,   40  

4. Vandenbroucke  &  Wood,  2019,  “Radiation  hydrodynamics  simulations  of  the          
evolution   of   the   diffuse   ionized   gas   in   disc   galaxies”,   MNRAS,   488,   1977  

 
General   references:  

1. Flores-Fajardo  et  al.,  2011,  “Ionization  of  the  diffuse  gas  in  galaxies:  hot  low-mass              
evolved   stars   at   work”,   MNRAS,   415,   2182  

2. Wood  et  al.,  2004,  “A  three-dimensional  Monte  Carlo  photoionization  code  for            
modelling   diffuse   ionized   gas”,   MNRAS,   348,   1337  
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Project   15.   Speeding   up   analytic   models   for   the   PDF   of   cosmic   density  
fluctuations   using   machine   learning  
 

Supervisor   I:   Oliver   Friedrich  
Supervisor   II:   George   Efstathiou  
UTO:   George   Efstathiou  
 

Project   summary:  
 
The  probability  distribution  function  (PDF)  of  cosmic  density  fluctuations  is  a  sensitive  probe              
of  cosmological  physics.  In  the  presence  of  non-Gaussian  initial  conditions,  analytical            
models  of  this  PDF  need  to  know  the  skewness  of  the  initial  density  fluctuations.  Calculating                
this  skewness  from  the  amplitude  and  shape  of  the  initial  Bispectrum  is  numerically              
expensive  and  can  be  a  bottleneck  in  actual  data  analyses.  Using  existing  tools  to  carry  out                 
that  computation  as  well  as  machine  learning  tools,  the  student  will  generate  an  approximate               
relation  between  [amplitude  &  shape  of  initial  Bispectrum,  cosmological  parameters]  and            
[skewness   of   the   initial   density   field].  
 

Project   description:  
 
The  full  shape  of  the  probability  distribution  function  (PDF)  of  cosmic  density  fluctuations              
probes  both  the  physics  of  gravity  on  cosmological  scales  as  well  as  the  statistical  properties                
of  the  initial  density  fluctuations  in  the  Universe.  Cambridge  scientists  have  developed             
analytical  and  numerical  tools  to  predict  the  general  shape  of  this  PDF  and  to  analyse  it  in                  
real  data.  Especially,  our  public  software  tool github.com/OliverFHD/CosMomentum  can          
calculate  the  imprints  of  non-Gaussian  initial  fluctuations  onto  the  late-time  PDF  (see  section              
“background”   for   more   details).  

Important  ingredients  in  this  calculation  are  the  skewness  (ie.  the  3rd  central  moment)  of  the                
initial  density  field  and  the  derivative  of  this  skewness  with  respect  to  smoothing  scale.               
Calculating  these  from  the  amplitude  and  the  different  shapes  of  initial  3-point  correlation              
functions  predicted  by  different  theories  of  inflation  (see  also  “background”  for  more  details)              
is  computationally  very  expensive.  This  can  be  prohibitive  in  cosmological  data  analyses             
where   typically   Millions   of   model   evaluations   have   to   be   performed.  

The  purpose  of  this  project  is  to  break  this  bottleneck.  The  skewness  of  the  initial  density                 
field  is  such  a  smooth  function  of  scale,  bispectrum  shape  and  other  cosmological              
parameters,  that  an  efficient  interpolation  scheme  may  significantly  speed  up  current            
implementations.  To  do  so,  the  student  will  use  machine  learning  (ML)  techniques  that  learn               
a  mapping  from  cosmological  &  bispectrum  parameters  to  the  initial  skewness  and  its  scale               
dependence.  

 
Background:  
 
On  large  distance  scales,  the  distribution  of  matter  in  the  Universe  is  close  to  homogeneous.                
This  is  surprising,  since  even  sub-volumes  of  the  Universe  that  were  causally  disconnected              
over  the  entire  evolution  of  the  Universe  seem  to  conspire  and  agree  on  having  almost  the                 
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exact  same  matter  density.  The  framework  of  cosmic  inflation  is  attempting  to  resolve  this               
problem  (along  with  several  other  problems).  It  suggests  that  there  was  a  period  of               
accelerated  expansion  in  the  very  early  Universe  and  that  seemingly  faraway  regions  of  the               
Universe   were   indeed   in   causal   contact   before   that   period.  
 
The  exact  mechanism  of  inflation  also  determines  the  statistical  properties  of  the  cosmic              
density  perturbations  that  are  present  on-top  of  the  homogeneous  background.  The  simplest             
inflationary  models  predict  a  close  to  Gaussian  distribution  of  initial  perturbations,  while  more              
complicated  models  predict  that  the  perturbation  field  has  a  non-vanishing  3-point  correlator             
(the   bispectrum).  
 
Since  gravitational  collapse  is  a  non-linear  process,  even  initially  Gaussian  perturbations  will             
develop  non-vanishing  higher  order  moments  in  the  late-time  Universe.  Especially,  the            
probability  distribution  function  (PDF)  of  density  perturbations  today  will  not  be  Gaussian,             
regardless  of  initial  conditions  (cf.  Figure  1).  But  given  a  precise  enough  modelling  of               
gravitational  collapse,  one  can  still  find  traces  of  the  PDF  of  the  initial  fluctuations  in  the  PDF                  
of  today’s  fluctuations  (cf.  Figure  2).  Analysing  these  traces  can  then  inform  us  about  the                
details   of   inflation.  
 

 
Fig  1:  The  probability  distribution  function  of  relative  density  fluctuations  𝛿  when  averaging  the  cosmic  density  field  over                   
spheres  of  radius  R=15Mpc/h  at  redshift  1.  The  points  display  measurements  in  simulated  data  and  the  line  represents                   
an   analytic   model   (statistical   error   bars   on   the   simulated   data   are   virtually   zero).  
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Fig  2:  Impact  of  different  shapes  of  the  bispectrum  of  initial  density  fluctuations  (and  hence  of  different  models  of                    
inflation)  on  the  PDF  of  late-time  density  fluctuations 𝛿 .  The  points  display  measurements  in  simulated  data  and  the  lines                    
represent  an  analytic  model.  “PNG”  stand  for  primordial  non-Gaussianity,  while  “Gauss.”  stands  for  Gaussian  initial                
conditions.  

 
Project   details:   
 
The   project   will   roughly   consist   of   3   phases.  

● Phase   I:  
Running  simple  examples  of  ML  regression  techniques,  e.g.  based  on           
https://scikit-learn.org/stable/supervised_learning.html    ;  
Learning  about  3-point  correlators  and  their  different  shapes  predicted  from  Inflation,            
e.g.   using   section   4.4   of  
arxiv.org/pdf/1912.06621.pdf    or   section   2   of  
arxiv.org/pdf/1905.05697.pdf   

● Phase   II:  
Learning  to  use  our  public  tools  to  predict  the  matter  density  PDF;  generating  a               
training  sample,  ie.  calculating  the  skewness  of  the  initial  density  field  and  the              
derivative  of  that  skewness  with  respect  to  scale  for  a  large  set  of  different               
cosmological   parameters   and   bispectrum   parameters  

● Phase   III:  
Applying  ML  regression  techniques  to  that  training  set;  validating  the  learned            
regression  using  similarly  generated  validation  sample;  quantifying  the  error  that  the            
learned   regression   induces   in   the   PDF   model  

 

Skills   required:  
 
Necessary:   interest   in   learning   python  
Helpful:   knowledge   in   python   and   C++  
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Useful   references:  

1. Paper   on   modelling   of   the   matter   density   PDF:  
   https://arxiv.org/abs/1912.06621   

2. Constraints   on   the   degree   of   primordial   non-Gaussianity   by   the   Planck   collaboration:  
   arxiv.org/abs/1905.05697   

3. Code   that   will   be   used   to   generate   the   training   sample:  
   github.com/OliverFHD/CosMomentum   

4. Examples   of   python   tools   for   ML   regression:  
   https://scikit-learn.org/stable/supervised_learning.html  

 
General   references:  

1. Lecture   notes   on   cosmology:  
   http://www.damtp.cam.ac.uk/user/tong/cosmo.html   
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Project   16.   Population   synthesis   of   secondary   planet   atmospheres  
 

Supervisor   I:   Sebastian   Marino  
Supervisor   II:   Mark   Wyatt  
UTO:   Mark   Wyatt  
 

Project   summary:  
 
The  recent  discovery  of  exocometary  gas  released  from  extrasolar  comets/planetesimals  at            
tens  of  au  has  raised  the  question  of  whether  this  gas  could  be  accreted  by  planets,                 
potentially  delivering  volatiles  necessary  for  life  and  that  primitive  atmospheres  might  lack.             
This  project  aims  to  build  the  first  population  synthesis  model  to  study  the  demographics  of                
those  accreted  atmospheres.  The  student  will  use  existing  numerical  tools  to  simulate  the              
viscous  evolution  of  gas  released  by  exocomets,  and  will  implement  a  way  to  track  how                
much  of  that  gas  would  be  accreted  by  hypothetical  Earth-like  planets  in  the  habitable  zone.                
The  main  goal  is  to  simulate  a  large  population  of  systems  with  randomized  properties  and                
to  study  the  mass  and  composition  distribution  of  accreted  secondary  atmospheres  in             
Earth-like   planets.  
 

Project   description:  
The  student  will  implement  in  python  a  function  that  can  estimate  how  much  gas  is  accreted                 
by  a  planet  given  a  flow  of  gas  crossing  its  orbit,  based  on  the  work  by  Kral  et  al.  2020.  This                      
function  will  then  be  merged  with  an  existing  code  (Marino  et  al.  2020)  that  simulates  the                 
viscous  evolution  of  gas,  in  order  to  track  how  much  gas  would  be  accreted  by  a  planet  over                   
0.1-1  Gyr  of  evolution.  Once  merged,  the  student  will  run  100s-1000s  of  these  simulations  in                
a   cpu   cluster   at   the   IoA,   and   will   analyse   the   population   of   resulting   atmospheres.   
Background: Over  the  last  few  years  it  has  become  clear  that  solids  in  extrasolar  Kuiper                
belts  at  tens  of  au  are  rich  in  volatiles,  and  that  those  volatiles  could  play  an  important  role                   
for  extrasolar  planets.  It  has  been  known  for  decades  that  within  these  belts  collisions               
between  km-sized  bodies/plantesimals  produce  high  levels  of  dust  which  is  readily            
detectable  in  the  infrared,  giving  rise  to  debris  discs.  However,  only  very  recently  we  have                
learnt  that  those  collisions  also  release  gas  species,  such  as  CO,  that  were  likely  trapped                
inside  planetesimals,  allowing  us  to  probe  the  composition  of  extrasolar  planetesimals  or             
exocomets . Once  released  into  space,  this  gas  is  expected  to  viscously  spread  forming  an               
accretion  disc.  Very  recently,  population  synthesis  models  were  developed  to  constrain  how             
fast  this  process  is  in  order  to  match  observations  of  exocometary  gas  (see  left  panel  in                 
Figure  1,  Marino  et  al.  2020),  while  in  parallel  Kral  et  al.  (2020)  investigated  if  a  significant                  
fraction  of  this  gas  spreading  from  tens  of  au  towards  the  star,  could  be  accreted  by  inner                  
planets  with  masses  and  radii  similar  to  Earth  (see  right  panel  in  Figure  1).  This  delivery  of                  
exocometary  volatiles  could  lead  to  the  buildup  of  a  secondary  atmosphere,  and  potentially              
contribute   to   the   habitability   of   exoplanets.   
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Figure  1  Left  (From  Marino  et  al.  2020):  CO  gas  mass  vs  age  in  a  simulated  population  of  systems  (coloured  dots)                      
compared  to  observations  of  a  selected  sample  of  A  stars  with  bright  debris  discs  (red  dots).  The  blue  contours  represent                     
the  predicted  distribution  of  the  simulated  population  after  applying  the  same  observational  biases.  The  agreement                
between  the  blue  contours  and  red  dots  indicates  a  good  match,  favouring  a  specific  level  of  viscosity.  Right  (From  Kral  et                      
al.  2020):  Temporal  evolution  of  the  atmospheric  mass  of  an  Earth-like  planet  while  accreting  exocometary  gas  that  has                   
been   released   further   out   in   the   system   at   different   rates.   

 
Project  details: The  supervisor  Sebastian  Marino  has  already  developed  a  python  code  to              
simulate  the  viscous  evolution  of  secondary  gas  for  single  systems  or  samples  of  thousands               
to  produce  populations  and  study  their  distributions.  However,  it  has  not  yet  been              
implemented  a  way  to  track  how  much  of  that  gas  could  be  accreted  by  Earth-like  planets.                 
The  student  will  fill  this  gap  by  implementing  the  analytic  model  described  by  Kral  et  al.  2020                  
in  the  existing  python  code  to  create  the  first  population  synthesis  model  of  secondary               
atmospheres.  The  first  goal  will  be  to  reproduce  some  of  the  results  and  figures  from  Kral  et                  
al.  2020  following  the  analytic  equations  presented  there.  The  second  goal  will  be  to               
implement  these  equations  in  the  existing  python  code  that  tracks  the  viscous  evolution  of               
gas.  Finally,  the  student  will  run  thousands  of  these  simulations  in  a  cpu  cluster  at  the  IoA  to                   
produce   synthetic   populations   of   secondary   atmospheres.   
 

Skills   required:  
Skills:   Programming   in   Python  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Marino,  S.,  et  al.,  2020,  “Population  synthesis  of  exocometary  gas  around  A  stars”,              
MNRAS,   492,   4409     link   to   ads  

2. Kral,  Q.,  et  al.,  2020,  “Formation  of  secondary  atmospheres  on  terrestrial  planets  by              
late   disk   accretion”,   Nature   Astronomy    link   to   ads  
Review   papers   of   debris   discs:  

3. Hughes,  A.  M.,  et  al.,  2018,  “Debris  Disks:  Structure,  Composition,  and  Variability”,             
Annual   Review   of   Astronomy   and   Astrophysics,   56,   541     link   to   ads  

4. Wyatt,  M.  C.,  2008,  “Evolution  of  debris  disks”,  Annual  Review  of  Astronomy  and              
Astrophysics,   46,   339    link   to   ads  
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Project   17.   High   frequency   X-ray   variability   in   accreting   black   holes  
 

Supervisor   I:   Andy   Fabian  
Supervisor   II:   
UTO:   Chris   Reynolds  
 

Project   summary:  
 
The  innermost  regions  of  luminous  accreting  black  holes  can  produce  highly  variable  X-ray              
emission.  When  combined  with  spectroscopy,  the  variations  reveal  the  geometry  and            
operation  of  the  accretion  process  and  thus  enable  us  to  understand  how  quasars  work.               
The  project  will  involve  making  excess  variance  X-ray  spectra  of  the  highly  X-ray  variable               
Active  Galactic  Nucleus  IRAS13224-3809  and  the  bright  X-ray  transient  MAXI  J1820+070,            
using  data  from  NICER  and  XMM.  The  spectra  will  be  analyzed  using  model  spectral               
components.  
 

Project   description:  
 
The  raw  NICER  data  consists  of  event  files,  listing  time  and  energy  for  all  detected  events.                 
Software  is  available  to  filter  files  and  create  lightcurves  in  specified  time  and  energy  bins.                
The  lightcurves  can  then  be  processed  to  give  excess  variance  and  generate  fractional              
variability  spectra.  These  can  then  be  fitted  using  standard  spectral  analysis  software.  The              
effect  of  background  will  need  to  be  estimated.  Some  trial  and  error  will  be  required  to  find                  
the  best  binning  parameters  for  each  source.  The  data  archives  are  large  so  the  project  can                 
easily   be   extended.   
 
Background:  
 
Luminous  accreting  black  holes  consist  of  an  accretion  disc  orbiting  around  the  black  hole               
with  a  magnetically-powered  hot  corona  above  and  below  the  disc.  The  disc  radiates  soft               
X-ray  and  UV  blackbody  emission  which  is  up-scattered  by  energetic  electrons  in  the  corona               
to  form  a  hard  power-law  X-ray  spectrum.  The  hard  emission  irradiates  the  disc  forming  a                
"reflection  spectrum"  consisting  of  backscattered  and  thermal  continuum  plus  fluorescent           
lines.  Observable  spectral  variability  can  be  caused  by  intrinsic  power  changes  and  by              
variations   in   height   and   geometry   of   the   corona.  
 
One  powerful  technique  for  decomposing  the  spectra  is  to  measure  the  variance  (in  excess               
of  Poisson  counting  noise)  in  lightcurves  made  at  different  energies.  From  these  we  can               
make  fractional  variability  spectra  and  compare  them  to  various  model  assumptions  of             
blackbody,  power-law  and  reflection  spectra.  We  can  also  include  the  effects  of  atomic              
absorption  features  from  intervening  matter  which  may  be  in  a  fast  outflow  or  on  the  disc                 
surface.  The  time  bin-size  of  the  lightcurves  controls  the  timescale  of  variations  of  interest.  In                
this  project  we  shall  aim  for  the  fastest  timescales  on  which  meaningful  results  can  be                
obtained.  This  requires  the  highest  countrates  which  in  turn  requires  the  largest  photon              
collecting   area.  
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That  is  where  the  Neutron  Star  Interior  Composition  Explorer  (NICER)  comes  in  as  it  has  the                 
largest  effective  area  between  X-ray  energies  of  0.3  and  5  keV.  NICER  is  mounted  on  the                 
International  Space  Station  and  is  able  to  deal  with  and  transmit  high  count  rates  such  as                 
observed  from  the  stellar  mass  black  hole  transient  source  MAXI  J1820+070,  which  flared              
up  to  become  the  second  brightest  source  in  the  X-ray  Sky  back  in  2018.  NICER  data  on  this                   
object  will  be  used  to  explore  spectral  variations  on  millisec  timescales.  We  will  also  obtain                
and  use  new  NICER  data  on  the  most  X-ray  variable  AGN,  IRAS13224-3809.  There  is  much                
archival  XMM  data  on  this  source,  but  it  will  be  interesting  to  test  for  extreme  variability  using                  
NICER.  

 

Fig.   1:     Excess   variance   spectrum   of   IRAS13224-3809   from   XMM   data   (Parker+20).  
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Fig.   2:   NICER   mounted   on   the   ISS   with   Solar   panels   in   the   background.  

 

Skills   required:  
Ability   to   write   simple   programmes   and   use   software   packages.  

 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 
Fabian   AC   &   Ross   RR   2010,   SSRv   157   167  

Parker   ML   et   al   2020   MNRAS   492   1363  

Igo   Z   et   al   2020   MNRAS   493   1088  

Fabian,   A,   arXiv:1511.08596  

Kara,   E.   et   al   ,   2019,   arXiv:1901.03877  

https://www.youtube.com/watch?v=kk0ry3_R2pE  
https://www.youtube.com/watch?v=T8kJwGDwONo  
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Project   18.   Searching   for   dark   stellar   companions   with   proper   motion  
acceleration  
 

Supervisor   I:   Semyeong   Oh  
Supervisor   II:   Vasily   Belokurov  
UTO:   Vasily   Belokurov  
 

Project   summary:  
 
Gaia  provides  a  new  way  to  hunt  for  dark  stellar  remnants  such  as  stellar-mass  black  holes                 
and  neutron  stars  dynamically,  which  are  very  difficult  to  find  otherwise.  The  statistics  of  this                
population  provides  insights  into  how  they  form.  We  will  look  for  luminous  stars              
gravitationally   bound   to   dark   companions   through   the   acceleration   of   their   on-sky   motion.  
 

Background:  
Stellar-mass  black  holes  and  neutron  stars  are  the  endpoints  of  the  lives  of  massive  stars,                
whose  formation  process  is  not  well  understood.  Because  they  are  not  luminous,  one  of  the                
best  ways  to  search  for  these  compact  objects  is  through  their  gravitational  influence.  If  a                
luminous,  normal  star  is  in  a  binary  system  with  these  "dark"  companions,  its  motion  on  the                 
sky   (proper   motion)   will   change   over   time   as   the   star   traces   its   binary   orbit.  
 
Gaia  DR2,  the  second  data  release  of  the  ESA's  billion-star  astrometric  space  mission,              
provides  the  most  precise  proper  motions  for  the  largest  number  of  stars.  By  comparing               
these  proper  motions  at  epoch  J2015.5  with  other  previous  proper  motion  measurements             
such  as  a  proper  motion  catalog  from  SDSS  and  Gaia  DR1  or  the  brand  new  Gaia  EDR3  to                   
be  released  this  December,  we  can  look  for  stars  that  are  accelerating/decelerating  on  the               
sky,  some  of  which  may  have  compact  object  companions.  Many  recent  studies  predict  that               
hundreds  to  thousands  of  non-interacting  compact  object  binaries  should  be  detectable  with             
Gaia   in   its   five-year   mission   data.  
 
If  found,  the  demographics  and  properties  of  these  binaries  will  provide  important  insight  into               
the  formation  of  stellar-mass  black  holes  and  neutron  stars,  which  is  currently  not  well               
understood.  
 
Project   details:   
The  goal  of  this  project  is  to  look  for  accelerating  stars  using  proper  motions  at  two  different                  
epochs.   An   outline   of   the   steps   involved   are   as   follows:  

1. Cross-match  Gaia  DR2  with  another  proper  motion  catalog:  the  other  catalog  can  be              
a)  the  SDSS+Gaia  DR1  proper  motion  catalog  or  b)  the  Gaia  Early  DR3  (EDR3)  to                
be   released   in   December   2020.  

2. Recalibration:  make  sure  the  comparison  between  the  two  catalogs  is  meaningful:            
Astrometric  catalogs  are  constructed  by  realizing  a  coordinate  system.  Because  this            
realization  is  not  perfect,  there  can  be  residual  systematics  and  the  uncertainties  may              
be  underestimated.  In  order  to  ensure  that  the  comparison  between  two  different             
catalogs  are  meaningful,  we  will  want  to  investigate  statistically  whether  any            
re-calibration   is   necessary.  

49  



 

3. Decide   on   a   metric   to   distinguish   between   accelerating   and   non-accelerating   sources  
4. Filter  out  normal  binaries:  it  is  likely  that  the  vast  majority  of  anomalous  sources  will                

be   the   more   commonplace   normal   binaries   with   unequal   mass   ratios.  
5. Filter  out  spurious  contaminants:  not  all  stars  in  these  catalogues  are  “healthy”,             

blending,   saturation   and   variability   can   all   affect   the   source’s   astrometry.  
6. Examine   properties   and   consider   further   implications.  

 
Depending  on  the  student’s  level  of  interest  and  progress,  one  direction  the  project  may  be                
extended   is   to   try   orbit-fitting   to   the   most   interesting   systems   to   derive   dynamical   masses.  
 
 

Skills   required:  
The   core   part   of   the   project   is   statistical   data   analysis.   Proficiency   in   astronomical   python  
data   analysis   stack   (numpy,   scipy,   pandas,   astropy,   jupyter   etc.)   and   SQL   as   well   as   basic  
knowledge   of   statistics   is   recommended   but   it   can   also   be   picked   up   along   the   way   with   the  
help   of   supervisors.  
 
Relevant   lecture   courses:   Stellar   Dynamics   and   Structure   of   Galaxies,   Structure   and  
Evolution   of   Stars.  
 

References:  
Link   to   ADS   Library:  
https://ui.adsabs.harvard.edu/public-libraries/GQT0BCIESluHFC0TyT82yQ  
 
Gaia   and   Gaia   DR2:  

● "The   Gaia   mission,"   Gaia,   2016,   Astronomy   and   Astrophysics,   595,   A1  
● “Gaia   Data   Release   2.   Summary   of   the   contents   and   survey   properties”,   Brown,  

2018,   Astronomy   and   Astrophysics,   616,   A1  
● "Gaia   Data   Release   2.   The   astrometric   solution,"   Lindegren,   2018,   Astronomy   and  

Astrophysics,   616,   A2  
● Gaia   EDR3:    https://www.cosmos.esa.int/web/gaia/earlydr3  

Using   a   similar   method   to   study   substellar   companions  
● "Stellar   and   substellar   companions   of   nearby   stars   from   Gaia   DR2.   Binarity   from  

proper   motion   anomaly,"   Kervella,   2019,   Astronomy   and   Astrophysics,   623,   A72  
● "The   Hipparcos-Gaia   Catalog   of   Accelerations,"   Brandt,   2018,   The   Astrophysical  

Journal   Supplement   Series,   239,   31  
Predicting   black   holes   in   Gaia  

● "Detecting   Black   Hole   Binaries   by   Gaia,"   Yamaguchi,   2018,   The   Astrophysical  
Journal,   861,   21  

● "Revealing   Black   Holes   with   Gaia,"   Breivik,   2017,   The   Astrophysical   Journal,   850,  
L13  

SDSS+Gaia   DR1   catalog  
● "The   fall   of   the   Northern   Unicorn:   tangential   motions   in   the   Galactic   anti-centre   with  

SDSS   and   Gaia,"   de,   2018,   Monthly   Notices   of   the   Royal   Astronomical   Society,   473,  
647  

● "The   slight   spin   of   the   old   stellar   halo,"   Deason,   2017,   Monthly   Notices   of   the   Royal  
Astronomical   Society,   470,   1259  
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Project   19.   Discerning   the   Dust   Properties   in   the   Host   Galaxies   of   Type   Ia  
Supernovae  
 

Supervisor   I:   Kaisey   Mandel  
Supervisor   II:   
UTO:   Kaisey   Mandel  
 

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

 

Project   description:  
This   project   focuses   on   data   analysis   of   published   nearby   SN   Ia   light   curves.   
 
Background:  
Type  Ia  supernovae  (SNe  Ia)  are  exploding  stars  that  are  effective  cosmological  probes  as               
“standardizable  candles”:  their  peak  luminosities  can  be  inferred  from  their  optical  light  curve              
shapes  and  colours,  so  their  distances  can  be  estimated  from  their  apparent  brightnesses.              
The  nature  of  the  dust  in  SN  Ia  host  galaxies  is  fundamental  to  the  largest  “correction”  in                  
standardising  SNe  Ia,  that  due  to  colour.  Incorrect  modelling  of  the  SN  Ia  colour-magnitude               
relation  is  therefore  a  major  source  of  systematic  error  in  SN  distances.  However,  the  correct                
values(s)  of  the  parametrizing  the  dust  extinction  law  has  long  been  a  matter  of    RV             
confusion,  and  its  proper  estimation  is  fraught  with  statistical  subtleties.  Naive  linear             
regression  of  optical  SN  Ia  absolute  magnitudes  versus  apparent  colours  at  low  reddening              
[E(B-V)  <  0.4]  has  led  to  low  colour-magnitude  slopes  that  some  have  interpreted  as               
evidence  for  low values.  However,  this  confounds  the  dust  extinction-reddening  with     RV ≈ 2         
the  intrinsic  luminosity-colour  variation  of  the  SNe  Ia,  and  when  this  is  properly  modelled,               
values  of  are  found,  consistent  with  normal  Milky  Way  dust  (Mandel+17).    RV ≈ 3           
Meanwhile,  a  few  very  red  SNe  Ia,  with  very  high  values  of  the  reddening  [E(B-V)  >  1]  that                   
dwarf  any  intrinsic  colour  variation,  appear  to  still  have  low values,  which  some           .5  RV ≈ 1    
have   speculated   could   be   caused   by   circumstellar   dust   (Goobar   2008).  
 
The  combination  of  optical  and  NIR  data  better  constrains  the  host  galaxy  dust  extinction               
and  the  shape  of  the  dust  law  as  a  function  of  wavelength  (Krisciunas+07,  Mandel+11).               
Multi-dimensional  colour  information  is  useful  as  it  provides  constraints  on  the  dust             
properties  while  being  insensitive  to  the  distance  estimate  (and  its  errors).  We  can  exploit               
the  fact  that  joint  optical  and  NIR  data  allows  us  to  constrain  the  dust  effects  over  a  much                   
wider  wavelength  range  than  is  possible  conventionally  with  the  optical  data  alone.  In  recent               
years,  the  CfA  Supernova  Group  (CfA)  and  the  Carnegie  Supernova  Project  (CSP)  have              
published  well-sampled  quality  optical  and  NIR  light  curves  of  nearby  SNe  Ia  (z  <  0.05)                
(Friedman+15,  Hicken+09,12;  Krisciunas+17).  Colour  measurements  derived  from  these         
data  can  provide  important  insight  and  cross-checks  into  the  nature  of  dust  in  SN  Ia  host                 
galaxies   (Folatelli+10,   Burns+14,   see   Fig.   1   from   Mandel+20).  
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Figure  1:  Constraints  on  the  host  galaxy  dust  RV  from  optical-NIR  colours  at  the  phase  of  maximum  light  in  the  optical,                      
derived   from   a   hierarchical   Bayesian   model   for   SN   Ia   spectral   energy   distributions   (Mandel+20).  

Project   details:   
The  student  will  examine  published  optical  and  NIR  ( BVriYJH )  light  curve  data  from  CSP  and                
CfA,  a  subset  of  which  was  compiled  and  analysed  by  Avelino+19  and  Mandel+20.  This               
subset  can  be  supplemented  by  very  low  redshift  (z  <  0.01)  well-sampled  SNe  Ia  that  were                 
excluded  from  these  Hubble  diagram  analyses.  The  student  will  correct  for  Milky-Way             
reddening  and  apply  K-corrections.  Using  simple  model-independent  methods  (e.g.  linear,           
polynomial,  or  Gaussian  process  fits),  the  student  will  construct  colour  curves  and  measure              
the  optical-NIR  apparent  colours  near  peak  brightness  and  in  the  nebular  phase  (~35  days               
after  peak)  for  sufficiently  well-sampled  light  curves.  By  analysing  colour-colour  plots  of             
these  measurements,  the  student  will  investigate  constraints  on  the  dust  law.  While  the  CSP               
sample  has  previously  been  analysed  in  this  way  (Folatelli+10,  Burns+14),  the  CfA  sample              
has  not.  Thus,  this  project  will  provide  both  new  colour  measurements  and  cross-checks  on               
previous  analyses.  If  time  allows,  the  student  may  extend  their  analyses  to  recent griz  light                
curves   from   the   Foundation   Supernova   Survey   (Foley+18).  
 

Skills   required:    Python   preferred,   Matlab   acceptable,   aptitude   for   statistical   analysis   of   data.  
Part   III/MASt   Course   on   Astrostatistics   may   be   helpful.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
1. Avelino+2019,   “ Type   Ia   Supernovae   are   Excellent   Standard   Candles   in   the   Near  

Infrared ,”    ApJ,   887,   106.  
2. Mandel+2020,“ A   Hierarchical   Bayesian   SED   Model   in   the   Optical   to   Near-Infrared ,”  

https://arxiv.org/abs/2008.07538  
3. Mandel+2017,   “ The   Type   Ia   Supernova   Color-Magnitude   Relation   and   Host   Galaxy  

Dust ,”   ApJ,   842,   93.  
4. Folatelli+2010,   “ The   Carnegie   Supernova   Project:   Analysis   of   the   First   Sample   of  

Low-Redshift   Type   Ia   Supernovae ,”   AJ,   139,   120.  
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5. Burns+2014,   “ The   Carnegie   Supernova   Project:   Intrinsic   Colors   of   Type   Ia  
Supernovae ,”   ApJ,   789,   32.   

 
General   references:    (List   papers   referred   to   in   the   project   description)  

1. Friedman+2015,   “CfAIR2:   Near-infrared   Light   Curves   of   94   Type   Ia   Supernovae,”  
ApJS,   220,   9  

2. Hicken+2012,   “CfA4:   Light   Curves   for   94   Type   Ia   Supernovae,”   ApJS,   200,   2  
3. Hicken+2009,   “CfA3:   185   Type   Ia   Supernova   Light   Curves   from   the   CfA,”   ApJ,   700,   1  
4. Krisciunas+2007,   “The   Type   Ia   Supernova   2004S,   a   Clone   of   SN   2001el,   and   the  

Optimal   Photometric   Bands   for   Extinction   Estimation,”   AJ,   133,   58  
5. Krisciunas+2017,   “The   Carnegie   Supernova   Project   I.   Third   Photometry   Data  

Release   of   Low-redshift   Type   Ia   Supernovae   and   Other   White   Dwarf   Explosions,”   AJ,  
154,   5  

6. Foley+2018,   “The   Foundation   Supernova   Survey:   motivation,   design,  
implementation,   and   first   data   release,”   MNRAS,   475,   193  

7. Goobar,   2008,   “Low   R V    from   Circumstellar   Dust   around   Supernovae,”   ApJL,   686,   103  
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Project   20.   Calibration   of   the   distance   scale   and   implications   for   H0  
 

Supervisor   I:   George   Efstathiou  
Supervisor   II:   
UTO:   George   Efstathiou  
 

Project   summary:  
 
It  is  now  clear  that  differences  between  distance  ladder  measurements  of  the  Hubble              
constant  are  caused  primarily  by  differences  in  calibration  (see  Efstathiou,  2020).  The  main              
aim  of  this  project  is  to  compare  the  calibration  of  the  Cepheid  distance  scale  (Riess  et  al,                  
2016)  with  the  calibration  of  the  tip  of  the  red  giant  branch  (see  Freedman  et  al  2019)  and                   
surface   brightness   fluctuations   (Khetan   etal   2020).  
 

Project   Background:  
 
Distance  ladder  measurements  of  the  Hubble  constant  H0  are  extremely  challenging  and             
have  a  long  and  chequered  history.  In  Hubble’s  1929  paper  announcing  the  discovery  of  the                
expansion  of  the  Universe,  he  reported  a  value  of  H0  of  about  500  km/s/Mpc  which  is  about                  
10  times  the  modern  value.  Since  then,  the  precision  of  distance  ladder  measurements  has               
improved  substantially.  The  latest  analysis  of  the  Cepheid  distance  scale  by  Riess  etal              
(2019)   gives  
                               H0   =   74.03   ±   1.42   km/s/Mpc   ,                                                   (1)  
whereas   observations   of   the   CMB   by   the   Planck   satellite   give  
                               H0   =   67.44   ±   0.58   km/s/Mpc   .                                                   (2)  
The  difference  between  (1)  and  (2)  has  become  known  as  the  ̀Hubble  tension’.  The  CMB                
value  (2)  is  derived  in  the  context  of  a  specific  theoretical  model  –  the  inflationary  ΛCDM                 
cosmology.  The  Hubble  tension  may  therefore  be  a  consequence  of  new  physics  beyond  the               
ΛCDM  model.  However,  no  compelling  theoretical  model  has  yet  emerged.  Another            
possibility  is  that  the  distance  ladder  estimate  (1)  is  biased  by  systematic  errors  that  are  not                 
included  in  the  error  budget.  The  Cepheid  distance  scale  can  be  checked  by  using  another                
type  of  distance  indicator.  Freedman  and  collaborators  (2019)  have  used  the  tip  of  the  red                
giant   branch   (TRGB)   as   a   distance   indicator   and   find   
                              H0   =   69.6   ±   1.9    km/s/Mpc   ,                                             (3)  
apparently   intermediate   between   (1)   and   (2).    These   results   are   summarized   in   Fig.   1.  
 
However,  in  a  recent  analysis  (Efstathiou  2020)  I  showed  that  the  difference  between  (1)  and                
(3)  is  primary  caused  by  differences  in  calibration.  The  TRGB  value  of  H0  is  calibrated  to  a                  
geometric  estimate  of  the  distance  to  the  Large  Magellanic  Cloud  (LMC)  and  differs  at  high                
significance  with  the  Cepheid  distance  scale  calibrated  to  the  LMC.  One  or  other  of  these                
calibrations  must  therefore  be  wrong.  The  aim  of  the  project  is  to  assess  which  of  these                 
calibrations   is   likely   to   be   correct.  
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Figure   1    Estimates   of   the   Hubble   constant   (from   Freedman   etal   2019).   

Project   details:   
[1]  The  student  will  compare  the  LMC  calibration  of  the  TRGB  with  the  recently  published                
TRGB   measurements   of   the   maser   galaxy   NGC   4258    (Jang   etal   2020).  
[2]  The  consistency  of  the  TRGB  and  Cepheid  calibrations  using  the  geometrical  distances              
to   the   LMC   and   NGC   4258   will   be   assessed.  
[3]  Surface  brightness  fluctuations  (SBF)  have  also  been  used  to  measure  distances  to              
nearby  galaxies,  as  discussed  in  a  recent  paper  by  Khetan  etal  (2020).  The  Khetan  etal                
paper  uses  distance  moduli  from  a  number  of  sources,  though  most  are  from  Tonry  etal                
(2001).  The  main  part  of  the  project  will  be  to  recalibrate  the  SBF  distance  moduli  to  a                  
uniform  scale  and  to  compare  the  resulting  value  of  H0  with  the  Cepheid  and  TRGB  distance                 
scales.  
 

Skills   required:  
Skills:   Knowledge   of   statistics   is   essential.   The   student   will   be   required   to   read   and   absorb   a  
large   number   of   papers   dealing   with   ̀classical’   astronomy   (photometry,   stellar   populations,  
extinction,   etc).    If   the   student   is   has   good   computing   skills,   it   should   be   possible   to   do   some  
Monte-Carlo   Markov   Chain   analyses   combining   various   distance   anchors   (as   described   in  
Efstathiou   2020).  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
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1. Efstathiou,   G.,   2020,   arXiv:2007.10716.   
2. Freedman,   W.,   2019,   ApJ   892,   34.   
3. Khetan,   N.    etal   2020   arXiv   2008.07754.  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Riess,   A.   etal   2019,   ApJ,   876,   85.   
2. Jang   I.S.,   etal    2020,   arXiv:2008.04181.   
3. Tonry   J.L,   etal    2001,   ApJ,   546,   681.   
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Project   21.   Untangling   the   distant   past   of   the   Galaxy   with   precise   stellar   ages  
 

Supervisor   I:   Vasily   Belokurov  
Supervisor   II:   Jason   Sanders,   Gerry   Gilmore  
UTO:   Vasily   Belokurov  
 

Project   summary:  
 
Precise  stellar  ages  are  required  to  decipher  the  formation  of  our  Galaxy.  There  is  still  some                 
uncertainty  in  times  and  order  of  several  major  events  in  the  life  of  the  Milky  Way.  For                  
example,  the  so-called  thick  disc  and  the  Splash  appear  to  show  synchronicity  in  their               
formation  histories.  Moreover,  both  seem  to  have  age  distributions  truncated  around  the  time              
of  a  major  massive  accretion,  dubbed  the  Gaia  Sausage  merger.  The  precise  interplay              
between  the  processes  that  lead  to  the  formation  of  these  Galactic  components  can  only  be                
uncovered   with   large   samples   of   accurate   stellar   ages.  
 
Measuring  the  age  of  a  star  is  non-trivial:  in  the  absence  of  asteroseismology,  one  relies  on                 
subtle  changes  in  the  stellar  luminosity  that  can  easily  be  masqueraded  by  variations  in               
chemistry,  distance  and  dust  reddening.  This  Project  takes  advantage  of  a  large,  locally              
available  sample  of  high-latitude  Main  Sequence  turn-off  (MSTO)  stars  with  robust            
metallicities  and  radial  velocities.  MSTO  stars  are  the  hottest  members  of  a  given  population               
and  thus  boast  the  smallest  age  uncertainty.  We  will  infer  accurate  ages  of  these  stars  by                 
combining  the  extant  chemistry  and  broadband  photometry  with  the  Gaia  astrometry.  Using             
the  orbital  properties  of  the  stars  we  will  assign  them  to  various  Galactic  populations,  such                
as  the  disc  and  the  halo,  and  construct  a  timeline  for  the  sequence  of  events  in  the  early                   
Milky   Way.  
 

Project   description:  
 
The  aim  of  the  Project  is  to  calculate  ages  of  MSTO  stars  with  extant  spectroscopy.  The                 
dataset  in  hand  contains  ~10,000  MSTO  stars  located  along  the  celestial  equator.  The              
method  will  be  tested  on  the  Gaia  data  release  2  (DR2)  and  will  take  advantage  of  the                  
newest  Gaia  Early  Data  Release  3  (EDR3)  available  this  December.  This  age  information              
will  be  used  to  constrain  the  formation  epochs  of  the  thick  disc,  metal-poor  thin  disc,  Gaia                 
Sausage   and   the   Splash.  
 
Background:  
 
Until  recently,  ages  were  not  routinely  available  for  large  stellar  samples.  This  is  due  to  the                 
age-metallicity-distance-reddening  degeneracy  of  the  stellar  luminosity.  The  same  luminosity          
can  be  obtained  by  many  (sometimes  wildly  different)  combinations  of  these  four             
parameters.  Instead,  quite  often,  stellar  metallicity  is  used  as  a  rough  proxy  for  the  age  of  a                  
star.  This  makes  good  sense:  metal-poor  stars  are  typically  old  and  metal-rich  stars  are  quite                
often  young.  However,  it  has  become  increasingly  clear  that  relying  on  metallicity  instead  of               
age  can  be  misleading.  We  now  know  of  many  Galactic  components  that  buck  this               
(admittedly  over-simplified)  trend,  e.g.  the  bulge  contains  old  but  metal-rich  stars,  there  is              
plenty  of  evidence  for  an  extremely  metal-poor  disc,  and  very  metal-rich  stars  have  been               
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found  in  the  halo.  Thanks  to  Gaia,  more  precisely  Gaia  DR2,  we  can  now  constrain  stellar                 
ages  better  than  before.  The  degeneracy  mentioned  above  can  be  broken  if  an  accurate               
distance  is  available  for  a  star  with  known  metallicity  and  dust  absorption,  as  presented  for                
example,  in  Sanders  &  Das  (2018).  The  inferred  age  uncertainty  is  minimal  around  the               
MSTO  because  in  this  portion  of  the  Hertzsprung–Russell  diagram,  at  fixed  metallicity,  age  is               
predominantly  a  function  of  colour.  Thus  the  role  of  the  (often  quite  large)  distance               
uncertainties  (which  move  the  star  up  and  down  on  the  HRD)  is  diminished.  Note  that  for  this                  
work,  we  will  deal  with  a  dataset  of  10,000  stars  with  spectroscopically  determined              
metallicities;  this  sample  is  limited  to  |b|>25  thus  largely  eliminating  the  effects  of  dust               
reddening.  
 
There  are  several  baffling  questions  about  the  distant  past  of  the  Milky  Way  that  we  would                 
like  to  address  as  part  of  this  Project.  These  puzzles  appear  to  be  all  linked  to  a  particular                   
ancient  cataclysmic  event  sometimes  referred  to  as  Gaia  Sausage  (GS,  see  Belokurov  et  al.               
2018).  GS  was  likely  a  collision  between  the  Milky  Way  and  a  massive  dwarf  galaxy  currently                 
estimated  to  take  place  some  8-10  Gyr  ago.  Curiously,  the  GS  accretion  also  corresponds  to                
a  rapid  decline  in  the  star  formation  of  the  so-called  thick  disc  (Gilmore  &  Reid  1983).                 
Additionally,  the  in-situ  stellar  halo  (aka  the  Splash)  of  the  Milky  Way  also  appears  to  have                 
ages  not  younger  than  8-10  Gyr  (Bonaca  et  al  2017;  Belokurov  et  al  2020).  Synchronicity                
between  the  GS,  thick  disc  and  Splash  formation  histories  suggests  that  these  structures  are               
related.  But  how?  To  answer  this  question  we  need  to  establish  the  exact  sequence  -  and                 
duration   -   of   these   events.   One   possible   scenario   is   discussed   in   e.g.   Bonaca   et   al   (2020).  

 
Figure  1 Left:  Stellar  luminosity  as  a  function  of  colour  (Hertzsprung–Russell  diagram)  in  the  SDSS g  and r  filters.  Three                     
sets  of  model  isochrones  (from  the  PARSEC  library)  are  shown  corresponding  to  three  different  metallicities  for  three                  
different  stellar  ages  (in  each  metallicity  group,  starting  from  the  bluest g-r ,  6,  10  and  13  Gyr).  Note  that  the  isochrones                      
separate  most  clearly  around  the  Main  Sequence  Turn-off  (MSTO)  region,  enclosed  by  a  solid  black  line. Middle:  A                   
zoom-in  on  the  MSTO  region.  Points  show  stars  in  our  sample  with  good  parallax  information  from  Gaia  DR2  (~  one  third                      
of  the  total)  coloured  according  to  their  metallicity. Middle:  Same  points  as  in  the  middle  panel  shown  in  the  plane                     
spanned  by  azimuthal  and  radial  velocities.  The  Galactic  disc  is  predominantly  metal  rich  (orange/red)  and  the  halo  is                   
mostly   metal-poor   (green/blue),   but   many   interlopers   are   clearly   visible.  

Project   details:   
The  student  will  begin  the  Project  by  building  the  age  measuring  machinery  using  the  locally                
available  sample  of  ~10,000  MSTO  stars  with  spectroscopy  and  the  SDSS  broad-band             
photometry  combined  with  the  Gaia  DR2  astrometry.  The  description  of  the  sample  can  be               
found  in  Jayaraman  et  al  (2013).  Ages  will  be  calculated  by  comparing  the  measured  color                
and  luminosity  of  the  star  to  those  predicted  by  a  model  isochrone  -  a  track  through  the  HRD                   
for  a  fixed  age  stellar  population  (for  recent,  sophisticated  age  determination  attempts  using              
Bayesian  inference  and  aspects  of  machine  learning  see  e.g.  Sanders  &  Das  2018  and               
Cargile  et  al  2020).  Having  tested  the  age  recovery  on  Gaia  DR2,  the  student  will  apply  the                  
technique  to  Gaia  EDR3  data  to  be  released  in  December  2020.  The  student  will  isolate                
individual   components   of   the   Galaxy   either   using   the   velocity   space   or   integrals   of   motion.  
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Skills   required:  
Skills:   SQL,   programming   in   Python  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Sander   &   Das   2018,   “Isochrone   ages   for   ∼3   million   stars   with   the   second   Gaia   data  
release”,      2018MNRAS.481.4093S   

2. Cargile   et   al   2020,   “MINESweeper:   Spectrophotometric   Modeling   of   Stars   in   the   Gaia  
Era”,    2020ApJ...900...28C .   

3. Jayaraman   et   al   2013   “A   10   000   star   spectroscopic   survey   of   the   thick   disc-halo  
interface:   phase-space   sub-structure   in   the   thick   disc”    2013MNRAS.431..930J  

4. Belokurov   et   al   2018,   “Co-formation   of   the   disc   and   the   stellar   halo”,   
2018MNRAS.478..611B  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Gilmore   &   Reid   1983,   “New   light   on   faint   stars   -   III.   Galactic   structure   towards   the  
South   Pole   and   the   Galactic   thick   disc”,    1983MNRAS.202.1025G   

2. Bonaca   et   al   2017,   “Gaia   Reveals   a   Metal-rich,   in   situ   Component   of   the   Local   Stellar  
Halo”,    2017ApJ...845..101B   

3. Belokurov   et   al   2020,   “The   biggest   splash”,      2020MNRAS.494.3880B  
4. Bonaca   et   al   2020,   “Timing   the   Early   Assembly   of   the   Milky   Way   with   the   H3   Survey”,  

2020ApJ...897L..18B  
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Project   22.   Discs   and   outbursts   in   Be   stars  
 

Supervisor   I:   Jim   Pringle   (jep1@cam.ac.uk)  
Supervisor   II:   Christopher   Tout   ( cat@ast.cam.ac.uk ),   Chris   Nixon   ( cjn@leicester.ac.uk )  
UTO:   Christopher   Tout   (cat@ast.cam.ac.uk)  
 

Project   summary:  
 
Be  stars  are  rapidly  rotating,  main  sequence  B  stars  which  show  variable  emission  lines               
coming  from  a  circumstellar  gas  disc.  Typically  the  disc  makes  a  sudden  appearance  (an               
outburst)  and  then  decays  over  a  matter  of  days  to  weeks.  But  many  other  forms  of                 
variability  are  seen.  The  aim  of  the  project  is  to  model  the  time-dependence  of  such  discs                 
and   to   compare   them   to   the   observations.  
 

Project   description:  
The   project   is   theoretical   in   nature.   It   is   suited   to   a   student   interested   in   matching   models   to  
observations.   
 
Background:  
 
Be  stars  are  main  sequence  B  stars  which  rotate  at  around  70  --  90  per  cent  of  their                   
break-up  velocity.  The  “e”  in  the  Be  star  nomenclature  indicated  emission  lines,  originally              
simply  H  alpha.  The  shape  of  the  lines  indicate  that  they  come  from  gas,  rotating  in                 
centrifugal  balance,  in  a  disc  around  the  central  B  star.  There  is  a  huge  wealth  of  literature                  
on  these  stars,  summarized  in  the  extensive  review  article  by  Rivinius  et  al.  (2013).  The                
presence  of  the  gas  disc  is  also  seen  in  enhanced  V-band  emission.  These  gas  discs  are                 
highly  variable  with  different  stars  showing  different  behaviours.  The  current  modeling  of  disc              
behaviour  involves  treating  the  discs  as  accretion  discs  and  adding  gas  to  them  at  huge,                
physically  implausible,  and  variable  rates  close  to  the  inner  disc  edge,  assumed  to  be  at  the                 
stellar   surface.   
 
The  aim  of  the  project  is  to  develop  new,  more  physically  plausible  models  for  these  discs,                 
and  to  see  what  can  be  learned  from  them  about  the  physical  processes  that  generate  and                 
support  the  discs,  as  well  as  the  processes  that  lead  to  their  variability.  The  discs  can  be                  
modelled  as  accretion  discs,  but  with  non-standard  boundary  conditions  to  enable            
continuous   addition   of   angular   momentum   at   the   inner   edge   (i.e.   an   inner   torque).   
Project   details:   
 

1. Develop  and  test  a  numerical  model  for  accretion  disc  evolution  with  non-standard             
and   variable    inner   boundary   conditions.  

2. Develop  a  simple  way  of  estimating  the  V-band  brightness  of  such  discs  and              
compare   disc   models   with   observations.  

3. Deduce  the  physical  requirements  of  the  models  in  terms  of  disc  properties,  rates  of               
mass   addition   and   central   torques.  

4. Consider   what   plausible   physical   models   can   account   for   these   requirements.  
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Skills   required:     Knowledge   of   contents   of   courses   on   stellar   structure,   fluid   dynamics   and  
accretion   discs   is   useful.    Ability   to   write   and   develop   computer   programs   is   essential.  
 
 

 

 
Figure   1.   This   is   the   V-band   lightcurve   of   the   Be   star   omega   CMa,   showing   some   of   the   outburst-like   behaviour.  

 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Nixon,   C.J.   &   Pringle,   J.E.,   Be   star   discs:   accretion   discs   with   a   magnetic   central  
torque.   (Submitted   for   publication,   available   as   a   Preprint.)  

2. Nixon,   C.J.   &   Pringle,   J.E.,   Accretion   discs   with   non-zero   central   torque.   New  
Astronomy,   in   press   (2020).   arXiv:2008.07565  

3. Ghoreyshi   et   al.,   The   life   cycles   of   Be   viscous   discretion   discs:   the   case   of   omega  
CMa.   arXiv:1806.04301  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Rivinius,   T.,   Carciofi,   A.,   &   Martayan,   C.,    A&A   Reviews,   21,   69   (2013)  
2. Pringle,   J.E.   ARA&A,   19,   137   
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Project   23.   Utilising   UV   reflectance   spectra   to   search   for   life   on   exoplanets:   a  
feasibility   study  
 

Supervisor   I:   Ian   Parry   (H22,    irp@ast.cam.ac.uk )  
Supervisor   II:  
UTO:   Ian   Parry  
 

Project   summary:  
 
Student  will  investigate  the  potential  use  of  the  UV  ozone  feature  in  the  reflectance  spectra                
of  exoplanets  and  compare  with  alternative  proposed  bio-signature-search  space  missions.           
The  project  will  address  the  following  questions:  What  size  telescope  is  required?  How  long               
does  it  take  to  investigate  100  targets?  What  technical  challenges  does  a  UV  telescope               
impose?  What  kind  of  parent  stars  does  this  work  for?  Can  it  be  done  from  a  high  altitude                   
balloon   platform   instead   of   from   space?  
 

Background:  
 
Oxygen  is  a  bio-signature,  i.e.  if  we  can  detect  oxygen  spectroscopically  in  the  atmosphere               
of  an  exoplanet  then  it  is  strong  evidence  that  the  planet  supports  life.  There  have  been                 
many  detailed  studies  of  space  missions  to  investigate  the  feasibility  of  detecting  the  O3               
feature  at  λ=9.6  μm  (e.g.  Defrere  et  al,  2018  and  Cockell  et  al,  2008)  and  the  O2  feature  at                    
λ=0.76  μm  (e.g.  LUVOIR,  2019,  HABEX,  2019  and  SUPER-SHARP,  Parry  et  al,  2018).              
However,  no  detailed  studies  have  been  performed  to  investigate  the  feasibility  of  using  the               
O3  absorption  feature  at  λ~0.29  μm.  The  pros  and  cons  of  using  this  UV  ozone  feature  were                  
discussed  briefly  by  Schweiterman  et  al  (2018).  The  reflectance  spectrum  of  the  Earth              
(Robinson   et   al,   2014)   which   shows   this   feature   is   given   in   figure   1.  
 
The  ability  of  a  telescope  to  resolve  a  planet  from  its  parent  star  (i.e.  its  angular  resolution)                  
scales  with  wavelength  so  the  big  advantage  of  using  the  UV  is  that  a  sample  of  100  targets                   
can  be  resolved  with  a  telescope  ~3×  smaller  than  what  is  needed  to  observe  the  λ=0.76  μm                  
feature.  To  get  such  a  sample  at  λ=0.76  μm  requires  a  telescope  of  at  least  10  m  diameter                   
which  means  for  the  UV  it  could  have  a  diameter  of  only  ~4m,  making  the  telescope  much                  
more   feasible.  
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Figure  1  Reflectivity  of  the  Earth  measured  from  space  by  LCROSS.  Earthlook  1  is  for  a  “nearly  full”  Earth  and  Earthlook  2                       
is  for  a  “crescent”  Earth.  Earthlook  3  is  for  a  “gibbous”  Earth.  Models  with  and  without  ozone  are  plotted  in  grey  for                       
Earthlook   3   showing   the   strength   of   the   ozone   signature   below   0.33   μm   (Figure   from   Robinson   et   al   2014).   

Project   details:   
1. Modifying  and  running  an  existing  yield  calculator  (written  in  python)  to  investigate             

the  feasibility  of  using  the  UV  spectra  of  directly  imaged  exoplanets  (from  space)  to               
search  for  the  possible  evidence  of  life.  The  yield  calculation  will  be  made  for  various                
telescope   sizes,   aperture   geometries   and   spectral   resolutions.  

2. Assessing   the   technical   challenges   relating   to   a   UV   telescope.  
3. Exploring  the  possibility  of  making  the  observations  from  a  high-altitude  balloon            

instead   of   from   space.  
The  project  supervisor  will  provide  the  yield  calculator  which  includes  a  catalogue  of  the               
nearby  stars  and  is  currently  set  up  for  the  O2  feature  at  λ=0.76  μm.  The  supervisor  will  also                   
provide   technical   data   such   as   telescope   point   spread   functions   and   contrast   performance.  
 

Skills   required:  
Student   needs   to   be   able   to   program   in   python.   An   understanding   of   exoplanets,   telescopes  
and   instrumentation   would   also   be   useful.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
1. Defrere   et   al,   2018,   arxiv,   1801.04150  
2. Cockell   et   al,   2008,   arxiv,   0805.1873  
3. LUVOIR,   2019,   arxiv,   1912.06219v1  
4. HABEX,   2019  
5. Parry   et   al,   2018,   arxiv,   1801.06111v1  
6. Schweiterman   et   al,   2018,   arxiv,   1801.02744v1  
7. Robinson   et   al,   2014,   1405.4557  
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Project   24.   High   resolution   spectroscopy   of   a   hot   Jupiter  
 

Supervisor   I:   Nikku   Madhusudhan  
Supervisor   II:   
UTO:   Nikku   Madhusudhan  
 

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

Project   description:  
 
In  the  present  project  we  will  use  high-resolution  spectroscopy  to  infer  the  atmospheric              
properties  of  a  transiting  hot  Jupiter  using  archival  observations  of  the  system.  This              
technique  involves  the  detection  of  absorption  lines  in  the  planetary  spectrum  that  are              
Doppler  shifted  in  wavelength  due  to  the  radial  velocity  of  the  planet  (Snellen  et  al.  2010,                 
Brogi  et  al.  2012,  Birkby  2013).  For  close-in  hot  Jupiters,  the  orbital  velocities  can  be  over                 
100  km/s  whereas  the  stellar  orbital  velocities  are  significantly  lower  (below  0.1  km/s).  Thus               
the  Doppler-shifted  spectral  lines  of  the  planetary  atmosphere  are  identifiable  compared  to             
those  in  the  stellar  spectrum  as  well  as  those  in  the  Earth’s  telluric  spectrum  which  is                 
relatively  static.  A  template  spectrum  of  a  model  planetary  atmosphere  that  includes  the              
sought  after  atom  or  molecule  is  cross-correlated  with  the  observed  spectrum  to  detect  the               
Doppler  shift  in  the  spectral  lines  with  phase  thereby  revealing  the  presence  of  the  chemical                
species  in  the  planetary  atmosphere.  Critical  to  this  method  is  the  high  resolution  of  the                
observed  spectrum  so  that  individual  atomic  or  molecular  lines  can  be  resolved.  Many  of  the                
successful  observations  in  this  area  have  been  made  using  high-resolution  spectrographs            
such  as  CRIRES  in  the  near-infrared  or  HARPS  in  the  optical,  with  spectral  resolving  power                
of  ~10 5  (Birkby  2013,  Hawker  et  al.  2018,  Cabot  et  al.  2020).  This  method  has  been                 
successfully  applied  to  a  number  of  hot  Jupiters  orbiting  relatively  bright,  i.e.,  nearby,  stars.               
We   will   implement   the   same   for   a   selected   hot   jupiter   with   existing   observations.   
 
Background:  
 
In  recent  years  robust  detections  of  several  atoms  and  molecules  in  exoplanetary             
atmospheres  have  been  made  using  high-resolution  atmospheric  spectroscopy.  These          
include  molecules  such  as  CO,  H 2 O  and  HCN  (Brogi  et  al.  2012,  Birkby  2013,  Hawker  et  al.                  
2018)  and  a  variety  of  atoms  and  ions  (Hoeijmakers  et  al.  2017,  Cabot  et  al.  2020).  The                  
detections  of  these  particular  molecules  and  atoms  are  favored  by  the  fact  that  they  are                
expected  to  be  the  most  dominant  chemical  species  in  hot  Jupiter  atmospheres  at  high               
temperatures  in  the  ~1500-3000  K  range.  These  species  also  have  detectable  absorption             
lines  in  the  optical  and  near-infrared  where  these  atmospheres  are  most  conducive  to              
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observe  from  ground.  While  molecular  features  are  prominent  in  the  infrared  the  atomic              
features  are  primarily  in  the  optical.  Snellen  et  al.  (2010)  reported  the  first  detection  of  CO                 
using  this  technique  in  a  hot  Jupiter  in  transit  which  also  led  to  a  constraint  on  the  wind                   
velocity  in  the  planetary  atmosphere.  Subsequent  observations  have  led  to  the  detections  of              
CO,  H 2 O  and  HCN  in  the  atmospheres  of  several  transiting  and  non-transiting  hot  jupiters               
(e.g.  Brogi  et  al.  2012,  Birkby  et  al.  2013,  Hawker  et  al.  2018,  Cabot  et  al.  2019)  and  atomic                    
species   in   several   transiting   ultra-hot   jupiters   (Hoeijmakers   et   al.   2017,   Cabot   et   al.   2020).   
 
Project   details:   
 
The  project  will  involve  constraining  the  atmospheric  properties  of  a  hot  Jupiter  exoplanet              
using  high-resolution  spectra  from  archival  data.  The  project  will  involve  data  analysis  of  the               
raw  spectra,  followed  by  accurate  detrending  and  removal  of  systematics,  and  finally  using  a               
high-resolution  model  grid  to  search  for  planetary  spectral  signatures  in  the  data.  The  initial               
reduction  of  the  raw  data  will  be  conducted  using  the  existing  pipeline.  The  extracted  spectra                
will  then  be  analysed  using  programs  that  will  be  built  as  part  of  the  current  project.  This                  
includes  identification  and  removal  of  bad  pixels,  detrending,  removal  of  telluric  features,  etc.              
The  corrected  spectra  will  then  be  cross-correlated  against  in  house  model  template  spectra              
to  identify  planetary  signals  in  the  data.  More  details  on  the  method  can  be  found  in  the                  
references   listed   below.   
 

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

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
1. Birkby,   J.   2018   Handbook   of   Exoplanets,   Springer  
2. Madhusudhan,   N.,   et   al.   2016,   Space   Science   Reviews,   205,   285  
3. Hawker   et   al.   2018,   ApJL,   863L,   11H  
4. Cabot   et   al.   2020,   MNRAS,   494,   363C  

 
General   references:    (List   papers   referred   to   in   the   project   description)  

1. Snellen   et   al.   2010,   Nature,   465,   1049   
2. Brogi   et   al.   2012,   Nature,   486,   502   
3. Brogi   et   al.   2013,   ApJ,   767,   27   
4. Birkby   et   al.   2013,   Messenger   
5. Hawker   et   al.   2018,   ApJL,   863L,   11H  
6. Hoeijmakers   et   al.   2017,   Nature,   560,   7719,   453  
7. Cabot   et   al.   2019,   MNRAS,   482,   4422C   
8. Cabot   et   al.   2020,   MNRAS,   494,   363C  
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Project   25.   Investigating   high   column-density   gaseous   systems   through   the  
detection   of   calcium   absorption  
 

Supervisor   I:   Paul   Hewett   ( phewett@ast.cam.ac.uk    Office   H19)  
 
UTO:   Paul   Hewett  
 

Project   summary:  
Much  of  our  knowledge  of  galaxy  evolution  derives  from  studying  radiation  emitted  by  stars               
and  active  galactic  nuclei.  A  second  key  technique  for  determining  the  evolution  of  galaxies               
and  the  gas  they  contain  is  to  study  the  absorption  of  radiation  when  viewing  a  distant                 
source  (such  as  a  quasar)  along  a  line-of-sight  containing  a  galaxy  or  gas  cloud.  The  project                 
will  construct  the  largest  sample  of  absorbers  including  singly  ionized  calcium,  the  detection              
of  which  indicates  the  presence  of  a  system  with  a  gas  content  comparable  to  that  of  our                  
own   Milky   Way   galaxy.  
 

Project   description:  
The  first  phase  would  be  the  construction  of  the  definitive  catalogue  of  singly  ionized  calcium                
absorbers,  CaII  λλ3935,  3970,  visible  as  an  absorption  doublet  in  the  rest-frame  blue  optical               
near  400nm.  The  systems  will  be  sought  in  the  spectra  of  the  final  release  of  the  Sloan                  
Digital  Sky  Survey  (SDSS)  quasar  catalogue  of  750,000  objects.  Once  the  selection             
function,  defining  the  probability  of  selecting  an  absorber  as  a  function  of  absorber  strength               
and  redshift,  is  determined  the  properties  and  cosmic  evolution  of  the  high  column  density               
gas   revealed   by   the   absorbers   over   redshifts   z=0.1-1.5   can   be   investigated.   
 
Background:  
The  use  of  background  quasars  to  define  samples  of  high-column  density  hydrogen             
absorbers  (so-called  damped  Lyman-α  systems)  has  been  crucial  to  understanding  the            
evolution  of  gaseous  systems,  that  will  become  galaxies,  at  high  redshift  z>2,  where              
Lyman-α  (at  a  wavelength  of  1216  Angstroms)  can  be  detected  in  optical  spectra.  At  lower                
redshifts  the  Lyman-α  absorption  is  still  in  the  ultra-violet  and  cannot  be  used  unless  spectra                
from   the   Hubble   Space   Telescope   are   employed.   
In  2005,  Wild  &  Hewett  showed  that  it  was  possible  to  detect  CaII  λλ3935,3970               
absorption-line  systems  at  lower  redshifts  (z=0-1.5)  that  possess  column  densities  of  neutral             
hydrogen  greater  than  the  damped  Lyman  α  (DLA)  limit.  It  thus  becomes  possible  to  map  the                 
evolution  of  high  column-density  gaseous  systems  over  the  full  range  of  time,  back  to  when                
galaxies   first   formed.   
The  initial  study  was  based  on  a  relatively  small  number  of  calcium  absorbers  and  while                
some  work  has  been  undertaken  searching  a  larger  number  of  background  quasars  it  is  only                
now,  with  the  publication  of  the  new  SDSS  DR16  quasar  catalogue,  that  the  properties  of  the                 
absorber   sample   can   be   investigated   effectively.   
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Figure  1  Composite  spectra  of  quasars  exhibiting  strong  MgII  λλ2798,2803  absorption  systems  (top)  and  CaII                
λλ3935,3970  absorbers  (bottom)  in  the  rest-frame  of  the  absorbers.  the  strength  of  the  singly  ionized  oxygen  emission                  
line  [OII]  λ3728,  a  signature  of  on-going  star-formation  associated  with  the  absorbers,  is  significantly  larger  in  the  CaII                   
absorbers.  The  much  larger  sample  of  absorbers  detectable  in  the  SDSS  DR16  should  allow  the  properties  and  origin  of                    
the   systems   producing   CaII   absorption   to   be   determined.  

Project   details:   
The  basis  for  the  project  is  a  very  large  number  of  quasar  spectra  and  the  student  will  need                   
to  be  capable  of  understanding  and  dealing  with  a  large  number  of  factors,  related  both  to                 
the  spectra  themselves  and  the  quasars,  that  effect  the  detectability  of  CaII  λλ3935,3970              
absorbers.  The  key  to  success  with  statistical  investigations  of  samples  of  astrophysical             
populations  [that  almost  by  definition  are  not  straightforward  to  find]  is  a  systematic  and               
careful  investigation  of  the  ̀selection  effects’  that  contribute  to  the  detectability  of  the              
systems.  Here  it  will  be  necessary  to  determine  the  probability  of  detecting  an  absorption               
system  as  a  function  of:  absorber  strength,  absorber  redshift,  signal-to-noise  ratio  of  the              
quasar  spectrum,  dust  content  of  the  absorber,...  Once  such  probabilities  have  been             
calculated  one  can  make  new  reliable  conclusions  about  the  evolution  and  properties  of  the               
absorber   population.   
 

Skills   required:  
The  student  will  need  to  be  comfortable  with  an  exploratory  “population”  or  “statistical”              
approach  to  a  research  problem.  While  the  detection  of  absorption  systems  such  as  CaII  is                
conceptually  simple,  developing  an  effective  identification  scheme  with  well-parametrized          
detection  probabilities  is  a  task  that  involves  many  factors  and  an  eye  for  detail  is  essential.                 
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There  is  considerable  flexibility  in  what  exactly  is  investigated  but  the  ability  to  code  in                
python  or  MatLab  is  essential.  There  will  naturally  be  a  degree  of  background  reading  and                
familiarisation  with  astrophysical  properties  and  analysis  techniques  but  no  specific  lecture            
courses   are   prerequisites.  
 

Useful   references:   
The   SDSS   DR7   and   DR16   web   pages   with   much   information   about   the   surveys   are:  
http://classic.sdss.org/dr7/    and     http://www.sdss.org/dr16/  

The   just   published   DR16   quasar   catalogue,   Lyke   et   al.   2020,   is   at   arXiv:2007.0900  
 
CaII   absorbers   were   first   used   to   identify   high   column-density   hydrogen   systems   by   Wild   &  
Hewett   in   2005   and   2006:  
https://ui.adsabs.harvard.edu/abs/2006MNRAS.367..211W/abstract  

The   most   recent   surveys   were   undertaken   by   researchers   at   the   University   of   Pittsburgh  
using   the   SDSS   DR9   quasar   sample:  

https://ui.adsabs.harvard.edu/#abs/2014MNRAS.444.1747S/abstract  

https://ui.adsabs.harvard.edu/#abs/2015MNRAS.452.3192S/abstract  
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Project   26.   The   star-formation   history   of   the   universe   at   redshifts   z<1.5   using  
emission-line   galaxies   detected   in   the   SDSS   quasar   catalogue  
 

Supervisor   I:   Paul   Hewett   ( phewett@ast.cam.ac.uk    Office   H19)  
 
UTO:   Paul   Hewett  
 

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

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

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

Skills   required:  
The  student  will  need  to  be  comfortable  with  an  exploratory  “population”  or  “statistical”              
approach  to  a  research  problem.  While  the  detection  of  emission-lines  is  conceptually             
simple,  developing  an  effective  identification  scheme  with  well-parametrized  detection          
probabilities  is  a  task  that  involves  many  factors  and  an  eye  for  detail  is  essential.  There  is                  
considerable  flexibility  in  what  exactly  is  investigated  but  the  ability  to  code  in  python  or                
MatLab  is  essential.  There  will  naturally  be  a  degree  of  background  reading  and              
familiarisation  with  astrophysical  properties  and  analysis  techniques  but  no  specific  lecture            
courses   are   prerequisites.  
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Useful   references:  
The   SDSS   DR7   and   DR16   web   pages   with   much   information   about   the   surveys   are:  
http://classic.sdss.org/dr7/    and     http://www.sdss.org/dr16/  

The   just   published   DR16   quasar   catalogue,   Lyke   et   al.   2020,   is   at   arXiv:2007.0900  
 
Drozdovsky   et   al.   2005    https://iopscience.iop.org/article/10.1086/430884/pdf    -   description   of  
an   emission-line   galaxy   search   using   very   low-resolution   Hubble   Space   Telescope   data.   The  
analysis   and   construction   of   luminosity   functions   could   be   similar   for   the   SDSS   sample.  
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Project   27.   Galactic   Chemical   Space   with   GALAH   
 

Supervisor   I:   Clare   Worley   (Room   H24,   ccworley@ast.cam.ac.uk)   
Supervisor   II:   Eugene   Vasiliev   (Room   H53,   vasiliev@ast.cam.ac.uk)   
UTO:   Vasily   Belokurov   (Room   H20,   vasily@ast.cam.ac.uk)   
 

Project   summary:  
 
The  Milky  Way  galaxy  can  be  described  by  the  patterns  of  chemical  abundances  found               
within  its  stellar  populations.  These  patterns  reveal  the  formation  and  pollution  events  that              
occurred   to   result   in   the   galaxy   we   see   today.  
 
Stellar  spectroscopic  surveys  now  produce  chemical  abundance  profiles  for  100,000s  of            
stars  which  can  be  inspected  using  efficient  analysis  methods.  One  such  scheme  is  t-SNE               
(t-Distributed  Stochastic  Neighbor  Embedding)  which  is  an  unsupervised,  non-linear          
technique   primarily   used   for   data   exploration   and   visualizing   high-dimensional   data  
( https://towardsdatascience.com/an-introduction-to-t-sne-with-python-example-5a3a293108d 
1 ).  
 
The  GALAH  stellar  spectroscopic  survey  has  released  its  data  release  2  with  342,682  stars               
and   up   to   23   chemical   elements   per   star.  
 
The  goal  of  this  project  is  to  apply  t-SNE  analysis  to  the  GALAH  DR2  chemical  abundances                 
to  look  for  matching  chemical  patterns  in  stars  as  indicators  of  a  common  formation  or                
pollution   event.  
 
 

Project   description:  
 
This   project   combines   the   large   dataset   of   GALAH   DR2   stellar   chemical   abundances   with  
the   t-SNE   method   to   visualise   and   characterise   groupings   of   stars.   These   groupings   can   be  
used   to   identify   the   signatures   of   known   events   in   the   galactic   history   and   to   look   for  
signatures   of   other   events.   
 
Background:  
 
Disentangling  the  chemical  evolution  of  the  galaxy  allows  us  to  compare  and  test  our               
theories  of  how  the  galaxy  formed  and  evolved.  The  galaxy  is  comprised  of  different  stellar                
populations  (the  Halo,  the  Disk  and  the  Bulge)  within  which  are  even  more  distinct  groupings                
of  stars.  When  these  groupings  formed  and  due  to  what  event,  be  it  quiescent  star  formation                 
or  violent  tidal  interactions,  can  be  identified  through  the  chemical  signature  left  in  the  stars                
due   to   the   material   from   which   they   formed   or   by   which   they   were   polluted.  
  
However  to  uncover  these  requires  vast  samples  of  stars  across  the  main  stellar  populations               
and  robust  analysis  tools.  These  are  now  available  due  to  extensive  stellar  spectroscopic              
surveys  that  are  currently  generating  the  statistically  significant  numbers  of  observations  that             
are   required.  
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Project   details:   
The  two  facets  of  this  project  are  to  first  visualise  the  chemical  abundance  signatures  within                
the  GALAH  DR2  dataset  using  the  t-SNE  projection  map  method,  then  to  analysis  the               
clustering   shown   within   the   map   for   known   and   speculated   stellar   distributions.  
  
Buder  et  al.  2018a  (GALAH  DR2)  displays  the  full  chemical  abundance  distribution  of  the               
GALAH  targets  in  Figure  25  (below)  in  the  traditional  format  of  Chemical  Abundance  against               
Metallicity.   ([X/Fe]   vs   [Fe/H).  
  
In  the  first  instance  the  student  should  expect  to  reproduce  these  distributions  using  python               
to   become   familiar   with   the   dataset   and   standard   visualisation   tools.   
 

 
 
During  this  familiarisation  the  student  will  look  for  simple  similarities  between  chemical             
distributions  that  match  the  key  nucleosynthetic  channels  from  which  grouping  of  elements             
are  produced  (light,  alphas,  s-process,  r-process).  These  channels  are  activated  in  different             
stages  of  stellar  evolution  (Burbidge,  Burbidge,  Fowler  and  Hoyle  1957),  and  it  will  be               
important  to  understand  these  nucleosynthetic  origins  for  decoding  any  groupings  found  with             
t-SNE.  
 
After  familiarisation  with  the  data  set  and  the  morphology  of  the  different  chemical              
abundance  distributions,  the  student  will  work  on  applying  t-SNE  to  the  chemical  abundance              
dataset   using   python.   (See   for   example   Python   and   t-SNE  
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https://towardsdatascience.com/an-introduction-to-t-sne-with-python-example-5a3a293108d 
1 .)  
 
The  following  plot  is  the  t-SNE  projection  map  produced  on  the  GALAH  spectra  from  Buder                
et   al.   2018   (figure   13).   See   also   Traven   et   al.   2016.  
 

 
 
The  goal  is  to  use  the  chemical  signature  (abundance  versus  atomic  number)  of  the  stars  in                 
GALAH   as   the   set   of   inputs   to   t-SNE   and   produce   the   associated   projection   map.  
The   projection   map   can   then   be   used   to:  

1.       Identify   to   which   chemical   signatures   any   t-SNE   clusters   correspond  
2.       Visualise   complementary   information   on   the   map   such   as:  

a.       Stellar   parameters   (GALAH)  
b.       Kinematics   (Gaia   DR2)  
c.       Dynamics   (derived   from   Gaia   DR2)  

Additional  information  that  can  inform  on  the  map  are  the  GALAH  stellar  parameters  and               
radial  velocities,  and  astrometric  information  from  Gaia  DR2.  Furthermore  dynamic           
information   based   on   Gaia   DR2   such   as   integrals   of   motion   can   be   applied   to   the   map.  
  
In  particular,  the  GALAH  sample  is  comprised  predominantly  of  the  stellar  disc  due  to  the                
visible  extent  that  GALAH  can  observe.  Using  astrometric  and  chemical  information,  the             
effectiveness  of  selecting  the  disc  sample  from  the  t-SNE  map  can  be  explored.  With  this                
sample  in  hand,  a  new  t-SNE  map  can  be  generated  specifically  for  the  disc  stars  to  refine                  
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the  clustering  of  chemical  signatures  within  the  disc.  The  galactic  disc  is  understood  to  have                
two  main  populations:  the  thin  and  thick  discs  ( Gilmore &  Reid  1983).  These  have  different                
chemical,  as  well  as  kinematic,  distributions.  How  well  GALAH  samples  these  two             
populations  can  be  explored  with  the  t-SNE  map.  More  subtle  populations  exist  such  as               
recent  evidence  of  major  merger  events  (Belokurov  et  al.  2018)  which  can  also  be               
investigated.  
 
The  action  distribution  of  the  local  disc  is  known  to  show  a  lot  of  substructure  mostly  to  do                   
with  various  resonances  but  also  to  do  with  disc  perturbations.  A  key  analysis  will  be  to                 
investigate  relating  sharp  features  in  the  action  distribution  of  the  disc  to  the  clustering  in  the                 
abundance   space.   
 
 

Skills   required:  
Some   familiarity   with   python   to   the   level   of   reading   in   simple   tables,   using   basic   functions,  
creating   basic   plots.  
  
Courses   relating   to   stellar   and   galactic   evolution   would   be   useful.   
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Traven   et   al   2016,   The   Galah   Survey:   Classification   and   diagnostics   with   t-SNE  
reduction   of   spectral   information     https://arxiv.org/abs/1612.02242  

2. Buder   et   al.   2018,   The   GALAH   Survey:   Second   Data   Release,  
https://arxiv.org/abs/1804.06041  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Burbidge,   Burbidge,   Fowler   and   Hoyle,   1957,   Synthesis   of   the   Elements   in   Stars  
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.29.547  

2. Tinsley,   1972,   Galactic   Evolution  
http://articles.adsabs.harvard.edu//full/1972A%26A....20..383T/0000384.000.html  

3. Belokurov   et   al.   2018,   Co-formation   of   the   disc   and   the   stellar   halo,  
https://arxiv.org/abs/1802.03414  

4. Gilmore    &   Reid,   1983,   New   light   on   faint   stars   -   III.   Galactic   structure   towards   the  
South   Pole   and   the   Galactic   thick   disc,  
https://academic.oup.com/mnras/article/202/4/1025/1008233  
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Project   28.   The   survival   of   cold   clouds   in   hot   galaxy   clusters  
 

Supervisor   I:   Ricarda   Beckmann  
Supervisor   II:   Debora   Sijacki  
UTO:   Debora   Sijacki  
 

Project   summary:  
The  aim  of  this  project  is  to  understand  how  morphology  and  various  physical  processes               
affect  the  survival  of  cold  clouds  in  the  hot  circumgalactic  medium  (CGM).  These  clouds,  and                
their  evolution,  form  a  crucial  component  of  the  large-scale  cooling  cycle  in  galaxy  groups               
and  clusters.  This  project  will  use  detailed,  small-scale  numerical  simulations  of  individual             
clouds  embedded  in  a  hot  background  medium  to  understand  how  the  clouds  evolve  with               
time  under  various  conditions,  how  much  of  their  material  mixes  with  the  hot  phase,  and  how                 
they   can   be   stabilised   against   rapid   shredding.  
 

Project   description:   
This  is  a  numerical  project,  which  uses  simulations  to  study  gas  physics  in  massive  clusters.                
Specifically,  the  novel  aspect  of  the  project  is  to  adopt  realistic  cold  cloud/hot  CGM               
properties  directly  extracted  from  the  large-scale  simulations  of  galaxy  clusters           
[Beckmann2019],  and  to  perform  simulations  on  much  smaller  scales,  hence  being  able  to              
resolve  cloud  internal  structure  and  mixing  with  surroundings  in  great  detail.  These             
simulations  should  be  instrumental  in  understanding  the  gas  flows  in  the  innermost  regions              
of   galaxy   clusters   as   well   as   in   gaining   insight   into   the   baryon   cycle   in   the   CGM   in   general.   
  
Background:   Where   does   this   fit   into   the   larger   project  
 
Massive  galaxy  clusters  are  filled  with  hot  gas,  the  so-called  intracluster  medium,  which              
cools  onto  the  cluster  center  and  the  brightest  cluster  galaxy  located  there.  This  cooling               
produces  denser,  colder  gas  structures,  so  called  H-alpha  emission  nebulae  embedded  in             
the  hot  intracluster  medium  [see  Fabian1999  for  a  review  on  cluster  cooling].  From              
observations,  these  nebulae  have  very  particular,  filamentary  morphologies  and  complex           
multi-phase  gas  structures  (See  Figure  1,  as  well  as  [Conselice2001,Fabian2008]),  with            
some  observations  suggesting  small  clumps  of  cold,  molecular  gas  embedded  in  warmer,             
filamentary   gas.   [Salome2006]   
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Figure   1   Example   of   the   emission   line   nebula   in   the   Perseus   cluster   [Coneselice2001]  

Simulations   suggest   that   the   cold   gas   condenses   from   the   hot   gas   via   local   thermal  
instabilities   [McCourt2010],    but   also   report   that   these   filaments   are   quickly   shredded   after  
formation   due   to   the   interaction   with   the   hot   CGM   [Li2017,   Beckmann2019].    However,   it   is  
unclear   how   much   of   this   shredding   is   due   to   limited   resolution   and   physics   in   cluster-scale  
simulations.   To   better   understand   how   long   such   clouds   are   expected   to   survive,   we   need  
more   specifically   targeted   simulations   that   investigate   the   evolution   of   individual   clouds   in  

fine   detail   (see   Figure   2   for   an   example   [Armilotta2017]). 

 

Figure  2  Right:  Example  simulation  of  a  hot  cloud  embedded  in  fast-flowing  hot  gas  being  shredded  by  said  gas.                    
[Armilotta2017]  

Project   details:   
This  project  will  investigate  how  cold  and  multiphase  clouds  observed  in  the  centre  of               
massive  galaxy  clusters  survive  in  and  are  shaped  by  the  interaction  with  the  hot  intracluster                
medium  that  surrounds  them.  Some  work  has  been  done  on  cold  clouds  in  the  context  of                 
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clouds  accelerated  by  hot  galactic  winds  [Li2019,Scannapieco2015  among  others  ]  or  the             
CGM  of  galaxies  [McCourt2016,Armilotte2017,  among  others],  but  the  parameter  space  in            
cloud  properties  explored  in  this  context  is  not  the  same  as  what  we  would  expect  from  a                  
cluster  environment.  In  this  project,  we  will  investigate  the  survival  of  cold,  filamentary  clouds               
in  a  cluster-like  environment,  using  cloud  parameters  extracted  from  the  cluster  simulation             
presented   in   Beckmann2019.   
 
After  familiarizing  with  the  literature  and  with  the  various  numerical  setups  of  cold  clouds  in                
hot  wind  tunnels  from  previous  works,  using  the  hydrodynamical  code  RAMSES,  the  student              
will  perform  massively  parallel  simulations  on  our  local  HPC  facility.  The  simulation  will              
explore  different  cloud/hot  medium  properties  and  morphologies  as  well  as  different            
combinations  of  relevant  physical  processes.  Specifically,  three  key  types  of  cloud            
simulations  should  be  considered:  purely  hydrodynamical,  MHD  and  MHD  with  thermal            
conduction.  Student  should  develop  various  post-processing  scripts  to  analyze  the           
simulation  data  and  identify  trends  in  survival  properties  and  mixing  of  clouds  depending  on               
the  adopted  setup  and  physics.  Finally,  a  link  between  observed  cloud  properties  and              
simulations   should   be   established   to   identify   the   most   realistic   scenario.   
 
 

Skills   required:  
This  project  has  a  substantial  computational  component  and  the  student  is  expected  to  be               
comfortable  working  using  a  UNIX  shell  and  programming  with  a  scripting  language  of              
choice  (preferably  python).  Some  familiarity  with  compiled  languages  (such  as  C  or  Fortran)              
is  preferred  to  facilitate  the  analysis.  Students  should  also  be  familiar  with  the  content  of  Part                 
II  ‘Astrophysical  fluid  dynamics’  course  (Clarke  &  Carswell,  2014),  while  good  knowledge  of              
‘Structure  and  evolution  of  stars’  and  ‘Stellar  dynamics  and  structure  of  galaxies’  is              
desirable.  
 
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  

1. Fabian,   A.   C.   (1994).   Cooling   Flows   in   Clusters   of   Galaxies.    Annual   Review   of  
Astronomy   and   Astrophysics ,    32 (1),   277–318.  
https://doi.org/10.1146/annurev.aa.32.090194.001425   

2. Beckmann,   R.   S.,   Dubois,   Y.,   Guillard,   P.,   Salome,   P.,   Olivares,   V.,   Polles,   F.,   Cadiou,  
C.,   Combes,   F.,   Hamer,   S.,   Lehnert,   M.   D.,   &   Pineau   des   Forets,   G.   (2019).   Dense  
gas   formation   and   destruction   in   a   simulated   Perseus-like   galaxy   cluster   with  
spin-driven   black   hole   feedback.    Astronomy   &   Astrophysics ,    631 ,   A60.  
https://doi.org/10.1051/0004-6361/201936188   

3. Armillotta,   L.,   Fraternali,   F.,   Werk,   J.   K.,   Prochaska,   J.   X.,   &   Marinacci,   F.   (2017).   The  
survival   of   gas   clouds   in   the   circumgalactic   medium   of   Milky   Way-like   galaxies.  
Monthly   Notices   of   the   Royal   Astronomical   Society ,    470 (1),   114–125.  
https://doi.org/10.1093/mnras/stx1239   

4. Gronke,   M.,   &   Oh,   S.   P.   (2018).   The   growth   and   entrainment   of   cold   gas   in   a   hot  
wind.    Monthly   Notices   of   the   Royal   Astronomical   Society:   Letters ,    480 (1),   L111–L115.  
https://doi.org/10.1093/mnrasl/sly131  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
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1. Conselice,   C.   J.,   Gallagher   III,   J.   S.,   &   Wyse,   R.   F.   ~G.   G.   (2001).   On   the   Nature   of  
the   NGC   1275   System.    The   Astronomical   Journal ,    122 (5),   2281–2300.  
https://doi.org/10.1086/323534   

2. Fabian,   A.   C.,   Johnstone,   R.   M.,   Sanders,   J.   S.,   Conselice,   C.   J.,   Crawford,   C.   S.,  
Gallagher,   J.   S.,   Zweibel,   E.,   III,   J.   S.   G.,   &   Zweibel,   E.   (2008).   Magnetic   support   of  
the   optical   emission   line   filaments   in   NGC   1275.    Nature ,    454 (7207),   968–970.  
https://doi.org/10.1038/nature07169   

3. Salomé,   P.,   Combes,   F.,   Edge,   A.   C.,   Crawford,   C.,   Erlund,   M.,   Fabian,   A.   C.,   Hatch,  
N.   A.,   Johnstone,   R.   M.,   Sanders,   J.   S.,   &   Wilman,   R.   J.   (2006).   Cold   molecular   gas  
in   the   Perseus   cluster   core.    Astronomy   &   Astrophysics ,    454 (2),   437–445.  
https://doi.org/10.1051/0004-6361:20054745   

4. McCourt,   M.,   Sharma,   P.,   Quataert,   E.,   &   Parrish,   I.   J.   (2012).   Thermal   instability   in  
gravitationally   stratified   plasmas:   implications   for   multiphase   structure   in   clusters   and  
galaxy   haloes.    Monthly   Notices   of   the   Royal   Astronomical   Society ,    419 (4),  
3319–3337.    https://doi.org/10.1111/j.1365-2966.2011.19972.x   

5. Li,   Y.,   Ruszkowski,   M.,   &   Bryan,   G.   ~L.   G.   L.   (2017).   AGN   Heating   in   Simulated  
Cool-core   Clusters.    The   Astrophysical   Journal ,    847 (2),   106.  
https://doi.org/10.3847/1538-4357/aa88c1   

6. Li,   Z.,   Hopkins,   P.   F.,   Squire,   J.,   &   Hummels,   C.   (2019).   On   the   Survival   of   Cool  
Clouds   in   the   Circum-Galactic   Medium.    Monthly   Notices   of   the   Royal   Astronomical  
Society ,    492 (2),   1841–1854.    https://doi.org/10.1093/mnras/stz3567   

7. Scannapieco,   E.,   &   Brüggen,   M.   (2015).   THE   LAUNCHING   OF   COLD   CLOUDS   BY  
GALAXY   OUTFLOWS.   I.   HYDRODYNAMIC   INTERACTIONS   WITH   RADIATIVE  
COOLING.    The   Astrophysical   Journal ,    805 (2),   158.  
https://doi.org/10.1088/0004-637X/805/2/158   

8. McCourt,   M.,   Oh,   S.   P.,   O’Leary,   R.,   &   Madigan,   A.-M.   (2018).   A   characteristic   scale  
for   cold   gas.    Monthly   Notices   of   the   Royal   Astronomical   Society ,    473 (4),   5407–5431.  
https://doi.org/10.1093/mnras/stx2687   
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Project   29.   The   Hunt   for   Ultraluminous   X-ray   Pulsars   
 

Supervisor   I:   Dominic   Walton  
Supervisor   II:   Chris   Reynolds  
UTO:   Chris   Reynolds  
 

Project   summary:  
In  the  last  few  years,  a  new  class  of  astrophysical  object  has  been  discovered:  ultraluminous                
X-ray  pulsars.  This  population  is  enigmatic,  with  only  six  identified  to-date,  and  they  are               
poorly  understood.  In  particular,  they  appear  to  exceed  the  theoretical  Eddington  limit  for              
neutron  stars  by  factors  of  100  or  more.  The  main  goal  of  this  project  is  to  use  long-term                   
X-ray  variability  to  search  for  additional  ultraluminous  X-ray  pulsar  candidates,  and  help  to              
grow   this   new   and   currently   tiny   sample.  

 

Background:  
Ultraluminous  X-ray  sources  (ULXs)  are  an  unusual  population  of  astronomical  objects  seen             
in  external  galaxies  that  are  extremely  bright  in  the  X-ray  band  (see  Kaaret  et  al.  2017  for  a                   
recent  review).  These  sources  are  so  luminous  that  they  were  widely  expected  to  be               
powered  by  accretion  onto  a  black  hole  of  some  kind.  However,  they  have  always  been                
difficult  to  explain,  as  they  comfortably  exceed  the  Eddington  limit  (the  point  at  which  simple                
theory  tells  us  outward  radiation  pressure  should  equal  the  gravitational  attraction  of  the              
central  object,  and  should  therefore  prevent  the  source  from  exceeding  some  luminosity, L E )              
for  the  stellar-remnant  black  holes  seen  in  our  own  Galaxy  ( M  ~  10 M sun ),  but  they  do  not                   
reside  in  the  nuclear  regions  of  these  galaxies  (Figure  1),  so  they  cannot  be  powered  by                 
supermassive  black  holes  ( M  >  10 5 M sun ),  for  which  the  Eddington  limit  is  much  higher  (as L E                  
is  proportional  to M ).  Some  authors  therefore  suggested  that  these  ULXs  might  be  powered               
by   ‘intermediate   mass’   black   holes   ( M    ~   1000    M sun ).  

Recently,  however,  it  has  been  discovered  that  a  small  number  of  these  sources  are               
powered  by  accreting  neutron  stars  ( M  ~  1-2 M sun ),  through  the  detection  of  coherent  X-ray                
pulsations.  Astonishingly,  this  means  these  sources  appear  to  exceed  their  Eddington  limits             
by  factors  of  ~100  or  more!  It  is  not  currently  understood  how  these  sources  are  able  to                  
radiate  so  brightly,  given  their  relatively  small  masses.  Only  six  such  sources  are  currently               
known:  M82  X-2  (Bachetti  et  al.  2014),  NGC  7793  P13  (Fuerst  et  al.  2016,  Israel  et  al.                  
2017a),  NGC  5907  ULX  (Israel  et  al.  2017b),  NGC300  ULX1  (Carpano  et  al.  2018),               
NGC1313  X-2  (Sathyaprakash  et  al.  2020)  and  M51  ULX7  (Rodriguez  Castillo  et  al.  2020),               
but  the  discovery  of  these  sources  leads  to  the  natural  conclusion  that  a  much  larger  number                 
of   the   ULX   population   are   probably   also   powered   by   neutron   stars.  

Growing  this  sample  will  be  a  key  step  in  understanding  these  remarkable  sources  further.               
However,  identifying  additional  pulsar  ULXs  is  technically  challenging;  although  they  are            
intrinsically  very  luminous,  their  vast  extragalactic  distances  typically  make  them  too  faint  for              
X-ray  pulsations  to  be  detected.  Furthermore,  in  some  of  the  known  pulsar  ULXs,  the               
pulsations  appear  to  come  and  go  between  observing  epochs  (the  reason  for  this  is  currently                
unknown).  Additional  means  of  identifying  pulsars  among  the  broader  ULX  sample  are             
therefore  required.  One  thing  a  number  of  the  known  ULX  pulsars  have  in  common  is                
extreme  long-term  variability.  While  they  are  typically  extremely  bright,  all  these  sources  also              
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show  periods  where  their  flux  drops  by  a  factor  of  ~100.  We  recently  undertook  a  search  for                  
other  ULXs  that  exhibit  similar  long-term  variability,  as  these  may  therefore  be  good  ULX               
pulsar  candidates,  finding  a  sample  of  ~20  such  sources  (Song  et  al.  2020).  However,  we                
have  also  since  undertaken  a  major  effort  to  expand  the  broader  ULXs  population,  ~doubling               
(at  the  least)  the  sample  of  known  ULXs.  The  primary  goal  of  this  project  is  to  extend  the                   
search  for  ULXs  that  show  strong  variability  to  this  new  population,  and  therefore  identify               
additional   ULX   pulsar   candidates.  

 

 
Figure  1  Optical  image  of  the  galaxy  IC  342,  with  X-ray  data  from  the  NuSTAR  satellite  overlaid  in  magenta.  Two  very                      
bright   X-ray   sources   (ULXs)   can   be   seen   in   the   spiral   arms   of   the   galaxy.   

 

Project   details:   
The  student  will  first  work  on  compiling  long-term,  multi-mission  X-ray  lightcurves  for  the  new               
members  of  the  population  of  ultraluminous  X-ray  sources,  using  publicly  available  data  from              
the XMM-Newton , Swift  and Chandra  satellites.  These  will  then  be  analysed  in  a  very  simple                
manner  to  search  for  sources  that  show  similar  long-term  behaviour  to  the  known  ULX               
pulsar  systems.  More  detailed  analyses  (e.g.  multi-epoch  spectroscopy)  of  interesting           
individual   candidates   identified   during   the   project   may   follow,   depending   on   progress.  

 

Skills   required:  
The   project   involves   utilizing   catalogued   data   from   a   variety   of   sources;   experience   with  
Unix-based   computing   and   basic   programming   (e.g.   Python)   is   desirable,   but   not   a  
strict/formal   requirement   as   this   can   be   developed.   
 

References:  
1. Bachetti,   M.,   Harrison,   F.   A.,   Walton,   D.   J.,   et   al.   2014,   Nature,   514,   202  
2. Carpano,   S.,   Haberl,   F.,   Maitra,   C.,   Vasilopoulos,   G.,   2018,   MNRAS,   476,   45  
3. Fuerst,   F.   Walton,   D.   J.,   Harrison,   F.   A.,   et   al.   2016,   ApJ,   831,   14  
4. Israel,   G.   L.,   Papitto,   A.,   Esposito,   P.,   et   al.   2017a,   MNRAS,   466,   48  
5. Israel,   G.   L.,   Belfiore,   A.,   Stella,   L.,   et   al.   2017b,   Science,   355,   817  
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6. Kaaret,   P.,   Feng,   H.   &   Roberts,   T.   P.,   2017,   ARA&A,   55,   303  
7. Rodriguez   Castillo,   G.   A.,   Israel,   G.,   Belfiore,   A.,   et   al.   2020,   ApJ,   895,   60  
8. Sathyaprakash,   R.,   Roberts,   T.   P.,   Walton,   D.   J.,   et   al.   2020,   MNRAS,   488,   35  
9. Song,   X.,   Walton,   D.   J.,   Lansbury,   G.   B.,   et   al.   2020,   MNRAS,   491,   1260  
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Project   30.   Conchology   (the   Study   of   Shells)  
 

Supervisor   I:   N.   Wyn   Evans  
Supervisor   II:   Eugene   Vasiliev,   Vasily   Belokurov  
UTO:   N    W   Evans  
 

Project   summary:  
 
Shells  are  formed  in  radial  mergers,  when  a  smaller  galaxy  hits  a  larger  galaxy  almost                
head-on.  The  project  is  to  understand  the  locations  and  properties  of  the  shells  as  a  function                 
of  the  mass  ratio  of  the  merging  galaxies  and  the  other  encounter  parameters.  Can  we  infer                 
the   dark   matter   potential   from   the   shells?  
 
 

Project   description:  
 
Background:  
 
Shells  are  only  formed  in  nearly  head-on  mergers.  Other  merger  geometries  do  not  give               
regular  systems  of  shells.  They  are  seen  around  some  giant  ellipticals  (e.g.,  Malin  &  Carter                
1980,  Turnbull  et  al  1999).  The  dimensions  of  these  features  are  vast;  they  occur  at  radii  of                  
up  to  200  kpc.  The  Milky  Way  Galaxy  is  believed  to  have  suffered  an  early  head-on  early                  
merger  (Belokurov  et  al  2018).  And  so  it  too  is  expected  to  have  a  shell  system  (its  discovery                   
is   a   major   research   topic   now).  
 
In  the  merger,  the  small  galaxy  is  disrupted  by  the  tidal  forces  of  the  encounter.  The  orbits                  
that  the  liberated  stars  follow  in  their  new  host  are  inherited  from  the  original  motion  of  the                  
progenitor,  and  so  they  are  almost  radial.  The  stars  slow  down  at  the  ends  of  their  orbits  and                   
contribute  significantly  to  the  density  there  (or  surface  brightness  in  the  case  of  external               
galaxies).  Each  shell  is  made  up  of  stars  from  the  destroyed  galaxy  with  roughly  equal  orbital                 
energies.  The  shells  at  different  radii  contain  stars  at  different  energies,  which  were  stripped               
at  successive  pericentres  of  the  merging  galaxy.  So,  the  shells  map  out  the  energetics  of  the                 
collision.  The  stars  in  any  shell  have  a  very  small  velocity  dispersion  compared  to  their  host                 
galaxy.  They  therefore  show  up  clearly  as  sharp  edges  in  the  photometry  of  external               
galaxies  and  may  be  detectable  as  kinematically  cold  features  in  stellar  catalogues  for  the               
Milky   Way.  
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Figure  1  The  spectacular  shells  of  the  giant  elliptical  NGC  474  (Credit:  CFHT,  MegaCam,  Astronomy  Picture  of  the  Day                    
here    (https://apod.nasa.gov/apod/ap180206.html)  

Project   details:   
The  plan  is  to  analyze  a  number  of  controlled  simulations  of  head-on  minor  mergers  to                
understand   what   can   be   learnt   about   shells,   and   from   shells.  
 
The  student  will  run  simple  simulations  in  which  a  small  unbound  satellite  of  mass  m  is                 
accreted  by  a  big,  spherical  galaxy  of  mass  M.  The  small  galaxy  is  modelled  with  a  cold                  
Gaussian  velocity  distribution  σ.  The  large  galaxy  has  a  Navarro-Frenk-White  profile.  The             
student  will  vary  three  parameters  in  this  idealized  problem,  namely  the  mass  ratio  m/M,  the                
kinematic   coldness   σ   and   the   orbital   energy   E   of   the   small   galaxy.   The   simulations   can  
be  run  with  off-the-shelf  software.  The  student  will  write  programs  to  identify  the  shells,               
measure  their  locations  r,  their  physical  widths  Δr  and  their  velocity  spreads  Δσ.  Preliminary               
experiments  show  that  there  are  surprising  regularities  in  the  locations  of  the  shells  and  their                
physical  properties.  The  student  will  investigate  the  ratios  of  locations  of  successive  shells  &               
their   thicknesses   and   velocity   spreads   as   a   function   of   the   model  
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parameters.  He/she  will  develop  a  simple  theory  to  explain  any  regularities  uncovered  in  the               
data,  and  investigate  whether  this  can  be  used  to  constrain  the  potential,  both  in  the  case  of                  
external   giant   ellipticals   and   in   the   case   of   the   Milky   Way.  
 
(If  time  permits,  the  calculations  can  be  extended  to  slightly  non-radial  orbits  and  to  changes                
in   the   host   galaxy   potential).  
 
This   project   will   be   conducted   entirely   on   zoom.   Face   to   face   meetings   are   not   possible.  
 
 

Skills   required:  
Attendance   at   the   Galaxies   courses   in   Part   III   is   compulsory.   Familiarity   with   Python   is  
desirable.   
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Pop   et   al   2018,   MNRAS,   480,   1715.   
 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Belokurov   et   al,   2018,   MNRAS,478,   611  
2. Malin   D.,   Cater   D.,   1980,   Nature,   285,   643  
3. Turnbull   A.,   et   al.   1999,   MNRAS,   307,   967  
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Project   31.   Learning   About   Galaxies   and   Their   Active   Nuclei   with   Machines  
 

Supervisor   I :    Matt   Auger  
UTO :    Richard   McMahon  
 

Project   summary  
 
Background :  The  evolution  of  massive  galaxies  is  significantly  influenced  by  the  accretion             
activity  of  their  supermassive  black  holes,  and  a  robust  observational  characterisation  of             
galaxies  and  AGN  --  including  their  masses  and  star  formation/accretion  rates  --  across              
cosmic   time   is   critical   for   testing   galaxy   evolution   models   (e.g.,   Sijacki   et   al.   2015;   Figure   1).  
 
Project  description :  Broadband  photometry  can  be  used  to  infer  the  stellar  masses  and  star               
formation  rates  of  galaxies  (e.g.,  Lower  et  al.  2020),  but  the  presence  of  an  AGN  significantly                 
complicates  the  modelling  (e.g.,  Bennert  et  al.  2011).  If  the  photometry  covers  a  wide               
enough  wavelength  range  then  the  AGN  and  host  galaxy  components  can  be  separated              
(e.g.,  Merloni  et  al.  2010)  but  at  significant  computational  cost.  This  bottleneck  significantly              
impacts  our  ability  to  robustly  model  large  numbers  of  objects  with  current  techniques,  which               
typically  entail  proposing  physical  parameters,  determining  synthetic  magnitudes,  and          
comparing  these  with  the  observed  data.  Machine  learning  algorithms  can  mimic  very             
complicated  functional  relationships  and  therefore  provide  the  potential  to  invert  the            
parameter-inference  paradigm:  rather  than  proposing  physical  parameters  to  match  to  the            
photometry,  we  can  directly  determine  the  implied  physical  parameters  from  the  photometry.             
This  project  aims  to  use  an  existing  large  set  of  galaxy  and  AGN  templates  to  train  an                  
artificial  neural  network  that  takes  photometric  measurements  as  inputs  to  subsequently  1)             
classify  the  objects  as  pure  galaxies,  pure  AGNs,  or  a  combination  of  the  two  and  2)  output                  
inferences  on  physical  properties.  Once  trained,  these  algorithms  are  typically  extremely  fast             
to  evaluate,  and  we  will  then  apply  them  to  several  very  large  datasets  to  relate  AGNs  with                  
their   host   galaxies.  
 
Project  details :  The  ambitious  student  will  work  with  a  large  dataset  of  synthetic  galaxy  and                
AGN  templates,  and  the  project  may  also  require  creating  additional  templates.  These             
templates  will  be  used  to  train  Random  Forest  and  Artificial  Neural  Networks  machines  for               
classification  (i.e.,  AGN/galaxy/both)  and  regression  (i.e.,  parameter  inference).  The  trained           
and  tested  machines  will  then  be  applied  to  a  small  (~10k)  sample  of  objects  with                
parameters  measured  from  direct  inference.  When  the  machines  are  confirmed  to  give  a              
good  approximation  to  the  forward  modelling,  they  will  then  be  applied  to  a  larger  (~1M)                
sample   of   objects.  
 
Skills   required :  
Skills:   maintenance   and   manipulation   of   large   datasets,   programming   in   Python  
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Figure  1:  (From  Sijacki  et  al.,  2015)  Illustris  simulation  prediction  for  the  relationship  between               
stellar  mass  and  central  supermassive  black  hole  mass  for  redshifts  z  =  4,3,2,1.  Note  the                
paucity  of  observational  datapoints  (shown  as  symbols);  this  project  aims  to  develop  a              
method  to  dramatically  increase  the  number  of  high-redshift  objects  with  well-measured            
black   hole   and   stellar   masses.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Kormendy   &   Ho,   2013,   ARA&A,   51,   511   (an   overview   of   black   hole/host   relations)  
2. https://scikit-learn.org/    (a   Python   machine-learning   library)  
3. https://keras.io    (a   library   for   implementing   deep   neural   networks   with   Python)  

 
General   references:    (List   of   papers   referred   to   in   the   project   description)  
 

1. Bennert   et   al.,   2011,   ApJ,   742,   107  
2. Lower   et   al.,   2020,   arXiv:2006.03599  
3. Merloni   et   al.,   2010,   708,   137  
4. Sijacki   et   al.,   2015,   452,   575  
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Project   32.   Characterising   Galactic   Planetary   Nebulae   with   Gaia  
 

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

Project   summary:  
 
This  project  aims  to  better  characterise  a  sample  of  Planetary  Nebulae  (PN)  taken  from  a  set                 
with  improved  distances,  as  observed  with  the  ESA  Gaia  satellite.  The  project  will  include               
comparing  the  set  of  PN  with  improved  direct  distances  and  using  these  to  recalibrate  a                
range   of   secondary   distance   methods.  
 

Project   description:  
 
The  ESA  Gaia  satellite  was  launched  in  December  2013.  Over  the  5  years  of  its  nominal                 
mission,  and  now  into  its  extended  mission  phase,  it  is  mapping  the  positions,  motions,  and                
parallaxes  (hence  distances)  to  over  a  billion  stars  in  the  Milky  Way.  It  is  sensitive  to  objects                  
to  a  limiting  Gaia  magnitude  of  G=20.7,  achieving  parallax  errors  of  a  few  tens  of                
microarcsecs  for  G=15  Solar  type  stars.  The  second  major  Gaia  Data  Release  (Gaia  DR2)               
was  released  April  2018,  providing  parallax  information  for  ∼1.3  billion  objects  brighter  than              
G∼20.7.  
 
Gaia  is  optimised  for  the  detection  of  point  sources,  and  in  general  is  not  sensitive  to                 
extended  objects  (with  sizes  ≥0.5  arcsec).  However,  Gaia  is  able  to  resolve  structure  within               
extended  objects.  This  is  demonstrated  by  commissioning  observations  of  the  large  PN  NGC              
6543,  where  the  complex  nebula  is  decomposed  by  Gaia  into  thousands  of  individual              
mapping   points.  
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Figure   1:   The   image   shows   the   location   of   known   Galactic   Planetary   Nebulae.    Blue:   the   PN   is   matched   to   a   Gaia  
source;   orange:   possible   match   to   a   Gaia   source:   and   red:   no   match   to   a   Gaia   source.   The   size   of   the   circle   gives  

an   indication   of   the   diameter   of   the   nebula.    Image   credit:   Nick   Chornay}  

This  project  will  investigate  the  sample  of  Milky  Way  PN  central  stars  that  we  (Chornay  &                 
Walton,  2020)  have  matched  to  Gaia  sources.  The  sample  includes  several  hundred  PN  with               
confident  matches  and  several  hundred  with  probable  matches.  Fig  1  shows  the  location  of               
these  PN.  For  the  PN  matched  to  Gaia  sources,  improved  distances  will  result.  This  will                
allow  an  analysis  of  how  this  sample  of  PN  with  Gaia  parallaxes  will  improve  the  PN                 
Luminosity  Function  (PNLF)  of  Galactic  PN  (Ciardullo,  2012).  This  impacts  on  the  use  of  PN                
as  standard  candles,  and  their  use  in  providing  a  standard  distance  technique  applicable  to               
both   young   (population   1)   and   old   (population   2)   galaxies.   
In  addition  the  project  will  investigate  the  sample  of  PN  with  Gaia  parallaxes  to  update  the                 
physical  parameters  of  these  nebulae,  based  on  the  improved  distances.  In  particular  the              
properties  of  the  Type  I  PN  will  be  updated,  these  likely  result  from  the  evolution  of  more                  
massive   stars.  
 
Background:  
 
Planetary  Nebulae  are  a  brief  evolutionary  stage  through  which  low  and  intermediate  mass              
stars  pass  towards  the  end  of  their  evolution,  between  red  giant  and  white  dwarf.  They  play                 
an  important  role  in  the  processing  of  a  number  of  elements  into  the  surrounding  interstellar                
medium.  They  act  as  useful  probes  of  kinematical  structure  of  the  Milky  Way,  and  provide                
insights  into  the  chemical  evolution  history  of  the  Galaxy.  Understanding  the  global  role  of               
PN  is  limited  due  to  large  uncertainties  in  individual  distances  and  to  a  detailed  knowledge  of                 
the  dynamics  of  their  nebulae.  These  factors  in  turn  constrain  the  absolute  parameters  of               
PN,  such  as  their  sizes,  luminosities,  masses,  lifetimes  and  determination  of  the  overall              
Galactic   PN   population.  
 

Project   details:   
 

1. From   the   catalogue   of   PN   with   central   stars   observed   by   Gaia   in   Gaia   DR2   (and  
update   from   Gaia   EDR3   from   end   2020),   gather   physical   properties   of   the   PN   with  
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good   Gaia   matches.   This   will   involve   collating   a   range   of   basic   data   about   each   PN,  
including   sizes   and   fluxes.  

2. Generate   distance   estimates   for   these   PN,   based   on   the   Gaia   parallaxes.   This   will  
include   an   estimation   of   the   error   on   those   distance   measurements.   Update   physical  
parameters,   such   as   absolute   luminosity,   based   on   the   revised   distances.   Locate   the  
PN   central   stars   on   the   Hertzsprung-Russell   diagram.  

3. Type   the   PN   into   categories,   for   instance   those   being   ’Type   1’   (derived   from   chemical  
abundances   in   the   nebulae),   and   investigate   potential   clustering   of   these   in   the   H-R  
diagram.  

4. For   the   catalogue   sample   of   PN   with   only   a   probable   match   to   a   Gaia   source,  
investigate   the   properties   of   the   PN.  

5. Compare   distances   from   Gaia   parallaxes   to   distances   for   these   PN   obtained   from   a  
range   of   indirect   measures,   e.g.   reddening   and/or   Ha   surface   brightness   techniques  
to   determine   distance   to   the   PN.   This   will   lead   to   a   recalibration   of   these   indirect  
techniques   for   determining   PN   distances.  

The  project  will  involve  extensive  use  of  ESA  Gaia  data  (http://gea.esac.esa.int/archive/).            
Gaia   DR2   (from   start)   and   Gaia   EDR3   (from   end   2020)   will   be   available   during   the   project.  
 
 

Skills   required:  
 
Ability   to   code   in   python   will   be   an   advantage,   although   not   essential.   Knowledge   of   MS  
Excel   (or   similar)   will   also   be   useful.  

The   Part   III/MASt   courses   in   “Astro   Statistics”   and   “The   Structure   and   Evolution   of   Stars”   are  
relevant   to   this   project.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

● An   example   of   early   observations   of   the   Cat’s   Eye   PN   by   Gaia   can   be   found   at  
http://www.cosmos.   esa.int/web/gaia/iow_20141205  

● Gaia   Data   Release   2:   Gaia   Collaboration,   Brown   et   al,   2018,   A&A  
(https://www.aanda.org/  
component/article?access=doi&doi=10.1051/0004-6361/201833051)  

● The   Planetary   Nebula   Luminosity   Function   at   the   dawn   of   Gaia:   Ciardullo,   2012,  
Ap&SS,   341,   151  

● Searching   for   central   stars   of   planetary   nebulae   in   Gaia   DR2,   Chornay   &   Walton,  
2020,   A&A   638,   103  
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Project   33.   Measuring   the   impact   of   satellite   mega-constellations   over   wide  
area   telescopes  
 

Supervisor   I:   Carlos   Gonzalez-Fernandez  
Supervisor   II:   Eduardo   Gonzalez-Solares,   Mike   Irwin  
UTO:   Vasily   Belokurov  
 

Project   summary:  
 
Artificial  satellites,  in  particular  those  in  low  Earth  orbits,  have  always  been  a  nuisance  for                
observational  astronomers.  Most  data  processing  pipelines  are  able  to  remove  their            
signature  from  images,  this  always  implies  flagging  out  some  pixels  that  otherwise  would              
have  been  productive.  With  the  exponential  growth  of  large  commercial  satellite            
constellations,  there’s  a  fear  that  this  will  become  a  more  serious  issue  for  observational               
efforts  like  LSST.  With  this  project,  we  plan  to  use  the  10+  years  of  VISTA  data  that  we  have                    
in-house  to  detect  and  estimate  the  effect  of  these  satellites  and  study  its  evolution  with  time,                 
therefore   helping   the   community   have   a   better   informed   debate.  
 

Project   description:  
The  student  will  develop  an  algorithm  that  will  efficiently  detect  satellite  trails  in  sky  images,                
and  extract  some  parameters  from  them.  This  analysis  will  be  carried  out  over  more  than  10                 
years  of  images,  around  1  petabyte  of  archival  data,  therefore  computational  efficiency  is              
important.  The  problem  is  ideally  suited  for  neural  network  based  image  segmentation  (for              
example   using   U-Nets)   but   the   student   is   free   to   develop   other   solutions.  
Background:  
 
Up  until  2015,  there  were  around  50  new  commercial  satellites  per  year.  This  number  has                
grown  up  to  200  in  2019,  and  it  is  expected  to  rise  up  to  at  least  1000  satellites  per  year  in                      
2025,  when  private  mega-constellations  like  Starlink  start  operations.  These  endeavours           
expect  to  have  tens  of  thousands  of  satellites  operating  simultaneously.  By  comparison,  in              
2020   there   are   a   little   over   2000   satellites   in   orbit.  
 
Most  of  these  satellites  will  operate  in  low  Earth  orbits,  that  imply  high  longitudinal  speeds,                
typically  of  several  arcseconds  per  second  when  seen  from  the  ground.  This,  coupled  with               
the  reflectivity  of  the  satellites,  makes  them  appear  as  a  bright  streak  in  astronomical  images                
(see   Fig.   1),   that   usually   have   exposure   times   of   at   least   several   seconds.  
 
Traditional  image  processing  deals  with  these  streaks  by  flagging  out  these  pixels  (for              
example  with  simple  median  filtering)  and  discarding  them  from  further  analysis.  This  implies              
a  loss  of  resources  for  astronomers  and  telescope  owners.  While  each  of  these  streaks  may                
only  occupy  a  few  hundreds  of  arcseconds  and  may  not  be  noticeable  on  an  image  of                 
several  megapixels,  there  is  a  growing  fear  that  with  the  increase  in  satellite  numbers  this                
will  become  an  issue,  in  particular  for  science  that  requires  deep  images  (and  therefore  very                
long   exposures),   like   surveys   aimed   at   studying   dark   matter   or   deep   cosmological   fields.  
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With  this  project  we  want  to  put  a  number  on  these  concerns.  VISTA[1]  is  a  survey  telescope                  
operated  by  ESO,  that  has  been  continuously  taking  images  of  the  sky  since  2009,  and  will                 
carry  on  until  2022.  This  time  baseline  is  convenient  to  explore  the  effects  of  artificial                
satellites,  as  it  covers  the  relatively  quiet  years  between  2009  and  2015  and  the  first  stages                 
of   the   predicted   exponential   growth   in   numbers   after   2020.  
 
We  will  explore  all  the  archival  data  from  VISTA  and  count  the  number  of  pixels  wasted  to                  
satellites,  and  plot  the  evolution  of  this  metric  with  time,  allowing  us  to  extrapolate  the  effects                 
of   this   source   of   contamination   into   future   facilities   like   the   Vera   Rubin   Observatory.  
 
 

 
Figure   1   Example   of   two   satellite   trails   over   a   processed   VISTA   image.   

Project   details:   
At  its  core,  this  is  a  simple  feature  detection/segmentation  problem.  Objects  with  a  certain               
shape  need  to  be  found  over  a  variety  of  images.  This  is  very  well  suited  for  convolutional                  
neural  networks,  and  in  particular  U-Net[2]  like  architectures,  but  the  student  is  free  to               
explore   other   avenues.   
 
The  first  step  would  be  to  find  a  set  of  training  images  in  which  satellite  trails  have  been                   
manually  detected,  or  produce  an  algorithm  to  create  synthetic  trails  on  clean  images.  With               
this,  a  network  can  be  trained  to  detect  these  trails,  and  further  tests  over  a  validation  set                  
can  be  carried  out.  Once  an  adequate  algorithm  is  in  place,  the  analysis  can  be  extended  to                  
all  the  available  data,  and  we  can  proceed  to  study  the  effects  of  the  growing  number  of                  
satellites   over   our   images.  
 
There  are  avenues  to  extend  this  project,  as  for  example  it  could  be  possible  to  obtain  some                  
orbital  parameters  from  the  detected  streak,  and  some  of  these  may  be  used  to  identify  the                 
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individual  satellites.  The  classification  algorithm  could  be  also  extended  to  other  artifacts,  like              
cosmic   rays   or   detector   defects,   and   generalised   to   other   instruments[3].  
 
 

Skills   required:  
 

- Good   programming   skills,   ideally   in   Python.   Familiarity   with   jupyter   notebooks   a   plus.  
- Some   knowledge   of   machine   learning.  

 
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. https://www.eso.org/public/teles-instr/paranal-observatory/surveytelescopes/vista/  
2. https://en.wikipedia.org/wiki/U-Net  
3. https://arxiv.org/abs/1907.08298  
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Project   34.   Merger-induced   galaxy   transformations   in   the   ARTEMIS  
simulations  
 

Supervisor   I:   Vasily   Belokurov  
Supervisor   II:   Andreea   Font,   Ian   McCarthy  
UTO:   Vasily   Belokurov  
 

Project   summary:  
 
This  project  explores  the  connection  between  dwarf  satellite  mergers  bombardment  of  a             
bigger  galaxy  like  the  Milky  Way  and  the  structural  transformation  the  host  undergoes  as  a                
result.  In  particular,  this  study  relies  on  the  datasets  from  the  recently  released  suite  of  42                 
cosmological  hydro-dynamical  simulations  ARTEMIS.  The  student  will  analyse  the  kinematic           
properties  of  the  redshift  z=0  stellar  halos  with  the  view  to  connect  them  to  individual                
accretion  events.  The  idea  is  to  both  reveal  general  trends  and  study  the  detailed  evolution                
of   the   simulated   galaxies   that   resemble   the   Milky   Way   the   most.  
 

Project   description:  
Compare  cutting  edge  data  ( Gaia  EDR3  will  be  released  this  December)  to  the  cutting  edge                
simulations  (ARTEMIS  suite  was  released  this  summer)  to  make  connections  between            
accretion   events   and   changes   in   the   galactic   structure.  
 
Background:  
 
Galaxies  like  our  own  finished  forming  long  ago,  some  time  around  redshift  1<z<2.  In               
particular,  we  believe  that  the  structural  components  such  as  the  Galactic  thick  disc,  the  bar                
and  the  in-situ  halo  were  all  in  place  >8  Gyr  ago.  The  only  way  to  decipher  the  sequence  of                    
events  that  led  to  the  formation  of  the  Milky  Way  as  we  know  it  is  via  the  study  of  the  stellar                      
halo.  Chemo-kinematic  correlations  corresponding  to  individual  merger  events  persist  in  the            
halo  over  much  of  the  Hubble  time  and  can  now  be  detected  and  analysed  thanks  to  the                  
unprecedented  astrometry  from  the Gaia  mission  augmented  with  the  data  from  wide-area             
spectroscopic  surveys. Gaia  Sausage  (GS,  see  Belokurov  et  al  2018)  is  the  most  dramatic               
accretion  event  uncovered  so  far.  Using  stellar  evolution  models,  colour-magnitude  diagram            
modelling  and  comparisons  to  numerical  simulations  of  galaxy  formation  it  has  been             
established  that  some  8-10  Gyr  ago  the  Milky  Way  collided  with  a  dwarf  galaxy  with  a  mass                  
of  order  of  10 11  Solar.  The  dwarf  was  completely  destroyed  and  today  its  stellar  debris                
dominates  the  inner  30  kpc.  The  Milky  Way  did  not  escape  unscathed!  We  are  still  surveying                 
the  damage,  but  there  is  plenty  of  evidence  to  believe  that  i)  part  of  the  Galactic  disc  was                   
destroyed  to  create  an  in-situ  halo  (splashing,  see  Belokurov  et  al  2020),  ii)  the  disc  could                 
also  drastically  change  its  angular  momentum  (disc  flipping)  and  iii)  the  inner  disc  probably               
underwent   an   instability   dramatically   changing   its   orbital   make-up   (bar   seeding).  
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Figure  1  Redshift  z=0  stellar  properties  of  three  ARTEMIS  galaxies.  First  column  shows  the  edge-on  view  of  a  200x200  kpc                     
box  centred  on  the  galaxy  in  a  Cartesian  CS  whose  Z-axis  is  aligned  with  the  disc’s  angular  momentum.  Black  data  points                      
show  the  density  distribution  of  the  accreted  stellar  halo  while  the  filled-in  colour  contours  show  the  in-situ  stars  (e.g.                    
the  disc,  the  Splash,  the  bar  etc).  Second  column  gives  the  face-on  view  of  the  zoomed-in  part  of  the  disc  (contours  of                       
stellar  density).  Third  column  presents  the  view  of  the  kinematics  of  the  stellar  halo  (similar  to  Belokurov  et  al  2018,                     
Fattahi  et  al  2019).  In-situ  (red)  and  accreted  populations  (blue)  are  highlighted  with  overlaid  contours.  The  rotating                  
in-situ  population  typically  has  a  high  azimuthal  velocity  (Y-axis)  while  the  accreted  material  normally  has  zero  angular                  
momentum.  Fourth  column  compares  the  azimuthal  velocities  of  stars  in  the  Solar  neighborhood  to  their  ages  (see  also                   
Belokurov  et  al  2020  for  similar  plots).  Disc  splashing  can  be  seen  at  the  early  ages  (vertical  spread  in  the  red  contours)                       
where  it  coincides  with  major  accretion  activity  (blue  contours).  Sometimes,  if  the  merging  persits  over  the  lifetime  of                   
the  galaxy  (as  in  ART02)  no  strong  disc  component  manages  to  form  by  z=0.  Conversely,  in  some  cases  (ART03)  the                     
prolific   merging   stops   ~8   Gyr   (as   we   expect   to   be   the   case   for   the   MW)   and   a   cold   (low   velocity   dispersion)   disc   forms.  

 
ARTEMIS  is  a  suite  of  cutting-edge  numerical  simulations  of  structure  formation  (Font  et  al               
2020,  see  also  Figure  1)  which  comprises  42  models  of  galaxies  with  a  mass  similar  to  the                  
Milky  Way.  What  makes  ARTEMIS  unique  amongst  other  similar  simulation  suites  is  that  no               
other  criteria  were  applied  to  select  host  halo  for  high-resolution  simulations.  Projects  like              
e.g.  FIRE  (Hopkins  et  al  2018)  and  Auriga  (Grand  et  al  2017)  require  their  MW-like  objects  to                  
have  quiescent  accretion  histories  thus  creating  a  strong  bias  and  making  it  difficult  (or               
impossible)  to  place  local  observations  of  the  Galactic  structure  and  substructure  into  the              
Cosmological   structure   formation   framework.   
 
There  are  many  pressing  questions  to  choose  from!  What  is  the  incidence  of Gaia  Sausage                
structures  amongst  stellar  haloes  in  the  MW-mass  galaxies?  Is  it  possible  to  reconstruct  the               
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geometry  and  the  kinematics  of  the  event  based  on  the  redshift  z=0  observations  of  the                
stellar  halo?  How  often  does  the  disc  flip  in  a  GS-like  event?  Can  a  GS-like  event  lead  to  bar                    
seeding  and  with  what  occurrence  rate?  Where  were  the  Splash  stars  born?  Can  the  Splash                
be  used  to  infer  the  total  mass  of  the  GS  progenitor  (see  e.g.  Grand  et  al  2020)?  What                   
happened  to  the  Supermassive  Black  Hole  in  the  heart  of  the  GS  progenitor,  has  it  managed                 
to   merge   with   the   MW’s   SMBH?  
 
Project   details:   
The  student  will  start  by  analysing  the  ARTEMIS  redshift  z=0  snapshots  of  stellar  particle               
positions,  velocities  and  other  properties  (such  as  ages,  chemical  abundances  etc).  Later  in              
the  Project,  additional  information  can  be  accessed,  such  as  dark  matter  particle  properties,              
higher-redshift  snapshots,  merger  tree  data  etc.  The  first  pass  at  the  properties  of  the  stellar                
halo  in  the  Solar  neighborhood  in  the  simulated  galaxies  (see  Figure  1)  can  be  carried  out                 
using  the  methodology  presented  in  Fattahi  et  al  (2019).  This  will  help  the  student  to  identify                 
GS  analogs  in  the  ARTEMIS  suite  (such  as  ART03  shown  in  Figure  1).  The  identified  halo                 
sub-structures  can  then  be  linked  to  the  past  accretion  events.  By  analysing  the  earlier               
snapshots  the  student  will  establish  the  details  of  the  host  response  to  the  identified               
mergers.  
 
 

Skills   required:  
Skills:   Galaxy   Formation   lecture   courses,   programming   in   Python  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Font   et   al   2020,   “The   ARTEMIS   simulations:   stellar   haloes   of   Milky   Way-mass  
galaxies”,    2020arXiv200401914F  

2. Belokurov   et   al   2018,   “Co-formation   of   the   disc   and   the   stellar   halo”,   
2018MNRAS.478..611B  

3. Belokurov   et   al   2020,   “The   Biggest   Splash“,      2020MNRAS.494.3880B  
4. Fattahi   et   al   2019,   “The   origin   of   galactic   metal-rich   stellar   halo   components   with  

highly   eccentric   orbits”,      2019MNRAS.484.4471F  
5. Grand   et   al   2020,   “The   dual   origin   of   the   Galactic   thick   disc   and   halo   from   the  

gas-rich   Gaia-Enceladus   Sausage   merger”,      2020MNRAS.497.1603G  
 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Grand   et   al   2017,   “The   Auriga   Project:   the   properties   and   formation   mechanisms   of  
disc   galaxies   across   cosmic   time”,    2017MNRAS.467..179G  

2. Hopkins   et   al   2018,   “FIRE-2   simulations:   physics   versus   numerics   in   galaxy  
formation“      2018MNRAS.480..800H  
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Project   35.   Searching   for   Extremely   Metal-Poor   stars   in   the   Galactic   halo   with  

Gaia  
 

Supervisor   I:   Giorgia   Busso   (office:   Obs   O22,   email:    giorgia@ast.cam.ac.uk )  
Supervisor   II:   Mike   Irwin   (office:   APM   01,   email:    mike@ast.cam.ac.uk )  
UTO:   Vasily   Belokurov   ( vasily@ast.cam.ac.uk )  
 

Project   summary:  
 
Extremely  metal-poor  stars  (EMPs)  are  the  fossil  remnants  of  the  first  epoch  of  star               
formation  in  the  Universe.  As  such  they  provide  important  clues  about  the  nature  of  the  first                 
stars  and  their  exotic  associated  supernovae  events.  Detailed  research  into  the  few  surviving              
EMPs  is  only  possible  in  the  Local  Universe  where  these  very  rare  objects  lie  hidden                
amongst  the  plethora  of  more  recent  generations  of  stars.  The  Galactic  Halo  and  Bulge               
provide  ideal  hunting  grounds  to  uncover  more  examples  of  EMPs  for  detailed  follow  up.  We                
will  make  use  of  Gaia  BP  and  RP  spectra  coupled  with  Gaia  DR2  astrometric  and                
photometric  data  to  assess  the  potential  of  Gaia  to  search  for  EMPs  in  the  Galactic  Halo  and                  
Bulge.  
 

Background:  
 
The  surviving  Extremely  Metal-Poor  stars  (EMPs)  stars  in  the  Universe  are  key  to              
understanding  the  nature  of  the  formation  of  the  first  stars  and  the  nucleosynthesis  events               
associated  with  them.  Although  the  first  populations  of  stars  were  created  at  redshifts  of               
z=10  or  higher,  the  lower  mass  sources  should  have  survived  to  the  present  day  and  exist  in                  
prototypical  L*  galaxies  like  the  Milky  Way.  Although  vastly  outnumbered  by  subsequent  star              
formation  events,  the  best  place  to  look  for  examples  of  EMPs  is  in  our  own  Galactic                 
backyard  where  proximity  enables  detailed  study  and  outweighs  the  disadvantages  of  the             
needles   in   a   haystack   problem   of   finding   them.  
The  review  by  Beers  &  Christlieb  (2005)  summarises  the  various  methods  employed  to              
search  for  very  metal-deficient  stars  in  our  Galaxy  and  in  particular  highlights  the  efficiency               
of  objective  prism  searches  forged  by  the  HK  survey  of  Preston  and  Beers,  and  the                
Hamburg-ESO  objective  prism  survey  of  Christlieb  and  colleagues.  Remarkably,  these  early            
photographic  plate-based  methods  provide  spectra  quite  similar  in  properties  to  those            
generated   by   the   Gaia   BP   and   RP   spectrographs.  
 
Gaia  (Gaia  Collaboration,  Prusti  et  al.,  2016)  has  the  big  advantage  of  all-sky  coverage,               
freedom  from  the  effects  of  the  Earth’s  atmosphere  and  direct  digitisation  and  extraction  of               
the  spectra.  Some  of  the  strongest  metal  lines  in  stellar  spectra,  and  hence  the  most  useful                 
for  characterising  metal  deficiency,  are  the  Ca  H&K  absorption  lines  at  3933A  and  3967A.               
These  are  what  were  targeted  by  the  HK  and  Hamburg-ESO  objective  prism  surveys  and               
indeed  form  the  basis  of  more  recent  successful  photometric  searches  such  as  PRISTINE              
(Starkenburg  et  al.  2017).  The  Gaia  wavelength  coverage  is  approximately  3330-10000A            
and  it  should  be  feasible  to  detect  these  spectral  features.  The  recent  Gaia  DR2  (Gaia                
Collaboration,  Brown  et  al.  2018)  contains  ~1.4  billion  stars  with  astrometry  (based  on  5               
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parameters)  and  photometry  (G,  BP  and  RP),  thus  providing  a  huge  laboratory  for  the               
research   of   these   peculiar   stars.  
 

 
Top  figures  show  examples  of  observed  Gaia  spectra  in  BP  (left)  and  RP  (right)  for  different  spectral  type  stars                    
(ESA/Gaia/DPAC/Airbus).  Bottom  figures  show  the  GDR2  calibrated  passbands  of  BP  (left)  and  (RP)  right,  extending  to                 
the   Ca   HK   lines   wavelength   (Evans   et   al.   2018).   
 
 

Project   details:   
The  project  entails  a  literature  study  of  current  methods  for  finding  EMPs  in  the  Galactic  Halo                 
and  Bulge  to  investigate  what  aspects  of  these  might  be  useful  for  a  Gaia-based  search  and                 
familiarisation   with   Gaia   properties   and   how   to   extract   information   from   the   ESA   database.   
After  this,  an  extensive  dataset  of  simulations  of  the  full  range  of  Galactic  stars  will  be  used                  
to  explore,  and  train,  different  methods  for  characterising  EMPs.  These  will  range  from              
emulating  previous  methods  such  as  those  used  by  PRISTINE  and  the  earlier  objective              
prism  surveys,  through  to  application  of  Big  Data  techniques  such  as  Artificial  Neural              
Networks  (ANNs).  These  analysis  methods  will  then  be  used  on  real  Gaia  BP  and  RP                
spectra  to  assess  the  efficacy  of  the  techniques  developed  with  respect  to:  success  at               
picking  out  known  EMPs;  and  generating  a  metallicity  index  to  characterise  the  bulk  of               
Galactic   stellar   populations.  
 
 

Skills   required:  
This  project  requires  some  programming/scripting  ability  and  familiarity  with  basic  statistical            
analysis  techniques.  There  will  be  a  degree  of  background  reading  assessing  existing             
techniques  for  finding  EMPs  and  some  familiarisation  with  the  expected  astrophysical            
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properties  that  characterise  the  first  generation(s)  of  stars.  No  specific  lecture  courses             
required  though  some  background  knowledge  of  stellar  evolution  and  properties  (e.g.  Part  II              
Astrophysics   Structure   and   Evolution   of   Stars)   would   be   advantageous.  

 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Beers,   T.   C.   &   Christlieb,   N.   2005   ARA&A,   43,   531  
2. Frebel,   A.   &   Norric,   C.   2015   ARA&A,   53,   631  
3. Howes,   L.   M.   et   al.   2015   Nature,   527,   484   
4. Starkenburg,   E.   et   al.   2017   MNRAS,    471,   2587  
5. Gaia   Collaboration   (Prusti,   T.   et   al.)   2016A&A,   595,   A1  
6. Gaia   Collaboration   (Brown,   A.G.A.   et   al.)   2018,   A&A,   616,   A1  
7. Evans,   D.W.   et   al.,   2018,   A&A,   614,   4   

 
 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Beers,   T.   C.   &   Christlieb,   N.   2005   ARA&A,   43,   531  
2. Gaia   Collaboration   (Prusti,   T.   et   al.)   2016A&A,   595,   A1  
3. Starkenburg,   E.   et   al.   2017   MNRAS,    471,   2587  
4. Gaia   Collaboration   (Brown,   A.G.A.   et   al.)   2018,   A&A,   616,   A1  
5. Evans,   D.W.   et   al.,   2018,   A&A,   614,   4  
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Project   36.   Survival   and   Mixing   of   dense   filamentary   gas   in   the   outskirts   of  

Galaxy   Clusters   
 

Supervisor   I:   Dr.   Prakriti   PalChoudhury   (Hoyle   25,    prakriti.pc@ast.cam.ac.uk )  
Supervisor   II:   Prof.   Chris   Reynolds   (Hoyle   15,    csr12@ast.cam.ac.uk )  
UTO:   Prof.   Chris   Reynolds   (Hoyle   15,    csr12@ast.cam.ac.uk )  
 

Project   summary:   
Galaxy  clusters  are  observed  to  be  large  reservoirs  of  X-ray  emitting  hot  (~  K)  gas  at              01 7     
around  virial  temperatures  and  a  relatively  smaller  amount  of  cold  gas  (  K)  embedded            01 45    
within  the  hot,  diffuse  phase.  Cosmological  gas  accretion  into  the  gaseous  halo  of  a  galaxy                
cluster  often  enables  dense,  filamentary  gas  to  enter  the  cluster  environment.  This  gas  is  not                
virialized  (shocked)  to  high  temperatures  and  may  fall  freely.  We  will  use  analytical              
calculations  and  (magneto)  hydrodynamic  simulations  to  address  two  questions:  (1)  How            
does  the  dense  filament  mix  with  the  hot,  virialized  gas  in  the  outskirts  of  the  cluster?  (2)                  
Does  the  dense  filament  survive  long  enough  to  supply  cold  gas  for  star-formation  in  cluster                
cores?  
 

Project   description:   
We  will  use  the  framework  of  (magneto)  hydrodynamics  (HD/MHD)  with  radiative  cooling  to              
study  the  kinematics  of  a  dense  filament  entering  a  galaxy  cluster.  Dense  gas  in  the  filament                 
and  diffuse  gas  in  the  halo  mix  via  hydrodynamic  instabilities  acting  at  the  interface  of  the                 
filament-halo  system.  Hence,  our  first  step  is  to  analytically  study  the  linear  stages  of  the                
instabilities  for  a  small  patch  of  filament-halo  system.  Subsequently,  we  will  study  the              
non-linear  stage  of  evolution  in  a  3D  cartesian  box  of  HD/MHD  simulation  using  PLUTO               
code.  We  will  extend  the  analysis  and  understanding  from  the  small  patch-simulations  to  an               
existing  full  gaseous  halo  simulation  (Choudhury et  al.,  in  prep)  with  gravity-driven             
filament(s)  entering  into  the  halo.  All  these  simulations  will  generate  interesting  diagnostics             
to   compare   with   observations   of   galaxy   clusters.   
 
Background:   
Galaxy  clusters  are  formed  of  the  gas  within  the  largest  and  the  most  massive  dark  matter                 
(DM)  halos  (DM  halos  are  the  virialized  units  of  structure  formation  in  the  universe  and  are                 
strongly  gravitationally  bound).  Consequently,  clusters  are  the  best  laboratories  to  study  gas             
dynamics  at  extremely  large  as  well  as  small  spatial  scales.  Due  to  the  deep  gravitational                
potential  wells  in  clusters,  they  accrete  dense  and  diffuse  gas  along  with  smaller  halos.               
Specifically,  clusters  are  connected  to  neighbouring  halos  by  dense,  cosmic  filaments  along             
which  such  accretion  predominantly  proceeds.  Theoretical  1D  models  predict  that  the  gas             
entering  clusters  is  shocked  as  the  cluster  interiors  are  very  dense  and  strongly  pressure               
supported  (Birnboim  &  Dekel  2003).  However,  extremely  dense  gas  that  penetrates  the             
cluster  halo  is  expected  to  fall  freely  and  not  get  shock-heated.  Recently,  such  low-entropy               
gas  has  been  observed  in  the  outskirts  of  the  Coma  cluster  consistent  with  penetrating               
filamentary   streams   (Mirakhor   &   Walker   2020).  
  
The  question  of  whether  penetrating  dense  streams  survive  in  the  hot  environment  of  the               
shock-heated  cluster  gas  has  not  been  conclusively  understood  in  theory  and  simulations.             
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There  are  detailed  studies  of  Kelvin-Helmholtz  instability  in  the  filament-halo  interface            
(Mandelkar  et  al.  2016,  Padnos  et  al.  2018).  However,  the  filament-diffuse  gas  system  is               
assumed  to  be  in  pressure  equilibrium  in  these  works.  Close  to  the  virial  radius,  the                
shock-heated  gas  and  filamentary  gas  should  be  out  of  pressure-equilibrium.  This  will  lead  to               
an  inflow  from  diffuse  to  filamentary  regions  possibly  preventing  mixing,  further  aided  by              
radiative  cooling  in  the  dense  filaments.  This  may  have  a  non-trivial  effect  on  the  survival  of                 
the  streams.  Magnetised  diffuse  gas  around  the  filament  may  also  cause  magnetic  draping              
and   thus   make   for   interesting   dynamics.   
 
Project   details:   
The  student  will  carry  out  a  detailed  analysis  of  the  linear  magnetohydrodynamic  and              
thermal  instabilities  that  may  strip  off  or  sustain  filament  material  as  its  edges  mix  with  the                 
surrounding  gas.  Secondly,  the  student  will  simulate  a  small  patch  of  the  filament-halo              
system  in  a  high-resolution  cartesian  box  to  compare  the  linear  evolution  with  theory  and  to                
understand  the  non-linear  evolution.  Eventually,  we  will  emulate  the  environment  of  the             
cluster  outskirts  in  our  calculations/simulations  by  distinguishing  between  shocked,  diffuse           
gas  and  un-shocked,  freely  falling  filament  material  by  deviations  from  pressure-equilibrium            
between  the  two  phases.  We  will  quantify  the  growth  of  mixing  (instabilities)  across  the  two                
phases  of  the  fluid,  the  distance  covered  by  the  filament  before  its  material  gets  dispersed                
(in  other  words,  if  it  enters  the  cluster  core  or  not),  etc.  Finally,  we  aim  to  generate  entropy                   
maps  of  the  filament-halo  system  from  both  the  small-scale  cartesian  box  and  the  realistic               
large-scale  simulation  setup  (Fig.  1  shows  a  representation  of  both  setups).  The  spatial              
maps  of  thermodynamic  quantities  will  be  appropriate  to  compare  with  observations  of             

cluster   outskirts.   
 
Figure   1:   Simulation   of   dense   filaments  
entering   a   galaxy   cluster   in   a  
time-evolving   gravitational   potential   well  
(Choudhury   et   al.   in   prep).   The   inward  
radial   velocities   (streamlines   are   shown  
in   white)   along   the   filaments   are   quite  
high   while   the   shocked   regions   are  
characterised   by   randomised   motion.  
We   will   carry   out   analytical   calculations  
and   3D   cartesian   simulations   for   a   small  
patch   of   filament-halo   system   as   shown  
schematically.   

 

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

Useful   references:   
[1]   Mandelkar,   N.   et   al.,   2016,   MNRAS,   463(4),   3921  
[2]   Padnos,   D.   et   al.,   2018,   MNRAS,   477(3),   3293  
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General   references:   
[1]   Birnboim,   Y.,   Dekel,   A.,   2003,   MNRAS,   345(1),   349  
[2]   Mirakhor,   M.   S.,   Walker,   S.   A.,   2020,   MNRAS,   497(3),   3204  
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Project   37.   New    white   dwarfs   in   the   Galactic   halo   with   Gaia   EDR3  
 

Supervisor   I:   Sergey   Koposov    skoposov@ed.ac.uk  
Supervisor   II:   Vasily   Belokurov    vasily@ast.cam.ac.uk ,   Simon   Hodgkin   sth@ast.cam.ac.uk   
UTO:   Vasily   Belokurov  
 

Project   summary:  
 
This  project  aims  to  create  a  sample  of  white  dwarfs  (WDs)  residing  in  the  halo  of  the  Milky                   
Way  and  to  analyse  their  kinematics  and  luminosities.  This  sample  will  be  built  using  the                
newly  released  Gaia  EDR3  data  (to  be  made  publicly  available  in  December  2020).  The               
combination  of  the  photometry  and  astrometry  from  the  Gaia  EDR3  together  with             
broad-band  photometry  from  other  imaging  surveys  such  as  PS1,  DECaLS  can  be  used  to               
single  out  halo  WDs.  This  new,  much  larger  sample  of  halo  WDs  will  provide  unprecedented                
constraints  on  the  star-formation  history  of  the  halo  and  will  be  used  for  the  first  time  to                  
identify   halo   WD   sub-structure.  
 

Project   description:  
This   is   a   data   analysis   oriented   project.  
 
Background:  
 
White  dwarfs  (WD)  are  remnant  products  of  stellar  evolution  produced  when  low  mass  stars               
run  out  of  hydrogen.  Since  white  dwarfs  lack  any  source  of  thermonuclear  energy,  they               
passively  cool  down  with  time  and  are  therefore  very  faint.  In  the  past,  many  WDs  were                 
discovered  using  proper  motion  surveys  as  fast  moving  objects.  This  is  because  due  to  their                
intrinsic  low  luminosity  they  must  be  very  nearby  to  be  detected  and  thus  have  very  large                 
angular  motions  on  the  sky.  With  the  arrival  of  the  data  from  the  Gaia  astrometric  mission,                 
the  detection  of  WDs  has  become  much  easier,  as  parallaxes  and  proper  motions  are               
measured  for  billions  of  stars,  (see  Gentille  Fusillo  2019).  One  interesting  aspect  of  studying               
large  populations  of  WDs  is  that  they  can  tell  us  the  details  of  the  star  formation  history  of                   
different  stellar  populations,  as  old  white  dwarfs  tend  to  be  fainter  than  young  ones.  The                
comparison  of  the  WD  models  (Bergeron+1995)  with  the  data  allows  one  to  trace  the  ages                
of  different  galactic  components  (see  e.g.  Kilic+2017).  Of  particular  interest  is  the  population              
of  WDs  belonging  to  the  stellar  halo  (Kim+2020)  as  those  stars  have  been  accreted  into  the                 
Milky  Way  (note  however  that  a  large  population  of  old  stars  on  halo-like  orbits  has  recently                 
been  shown  to  be  born  in-situ,  see  Belokurov  et  al  2020).  In  fact  we  believe  that  the  stellar                   
halo  is  not  a  homogeneous  stellar  population,  but  has  contributions  from  multiple  merger              
events  of  the  Milky  Way  with  smaller  galaxies.  Each  of  these  merger  events  will  leave  in  the                  
Solar   neighborhood   its   own   particular   imprint   in   terms   of   stellar   populations   and   kinematics.  

103  

mailto:skoposov@ed.ac.uk
mailto:vasily@ast.cam.ac.uk


 

 

 
Figure   1   The   identification   of   WDs   from   the   Gaia   DR2   data   using   Gaia   photometry   and   astrometry   
(from   Gentile   Fusillo   2019)  

 
 
Project   details:   
The  student  will  use  the  Gaia  EDR3  data  to  identify  white  dwarfs  using  parallaxes  and                
proper  motions.  They  will  also  identify  more  distant  WDs  that  lack  parallax  information  by               
combining  Gaia  data  with  the  SDSS,  PS1  and  DECaLS  data  and/or  building  the  so-called               
reduced   proper   motion   diagrams.   The   student   will   then  

1. Model  the  velocity  distribution  of  WDs,  separating  the  disk,  halo  populations  using             
Gaussian   mixture   models,  

2. Identify   halo   white   dwarfs,  
3. Search  for  possible  substructures  in  the  halo  WD  population  associated  with  tidal             

debris   streams/clouds,  
4. Build  the  luminosity  function  of  the  WD  populations  with  the  view  to  carry  out               

chronological   measurements   of   the   halo.  
 

Skills   required:  
Skills:   SQL,   programming   in   Python  
 

Useful   references:    List   of   important   papers/review   articles   relevant   to   the   project)  

https://ui.adsabs.harvard.edu/abs/2001PASP..113..409F/abstract    (The   potential   of   white  
dwarf   cosmo-chronology)  
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https://arxiv.org/abs/2007.01312    (White   Dwarfs   in   the   Era   of   the   LSST   and   its   Synergies     with  
Space-Based   Missions)  

General   references:    (List   papers   referred   to   in   the   project   description)  

https://arxiv.org/abs/2007.05153    (Kim+2020)  

https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.4570G/abstract    (Gentile   Fusillo+2019)  

https://ui.adsabs.harvard.edu/abs/2019ApJ...887..148F/abstract    (Fantin+2019)  

https://ui.adsabs.harvard.edu/abs/2017ApJ...837..162K/abstract    (Kilic+2017)  

https://ui.adsabs.harvard.edu/abs/2018ApJ...856L..26M/abstract    (Myeong+2018)  

https://ui.adsabs.harvard.edu/abs/2019A%26A...631L...9K/abstract    (Koppelman+2019)  

https://ui.adsabs.harvard.edu/abs/2020arXiv200407328K/abstract    (Koppelman+2020)  

https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3880B/abstract    (Belokurov+2020)  
 

  

105  

https://arxiv.org/abs/2007.01312
https://arxiv.org/abs/2007.05153
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.4570G/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...887..148F/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..162K/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...856L..26M/abstract
https://ui.adsabs.harvard.edu/abs/2019A%26A...631L...9K/abstract
https://ui.adsabs.harvard.edu/abs/2020arXiv200407328K/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3880B/abstract


 

 

Project   38.   Stripped   down   cluster   galaxies   with   weak   lensing  
 

Supervisor   I:   Raphael   Gavazzi,   rg645@cam.ac.uk  
Supervisor   II:   Matt   Auger,   K20,   mauger@ast.cam.ac.uk  
UTO:   Ric hard   McMahon,   rgm@ast.cam.ac.uk  
 

Project   summary:   
The  Dark  Matter  halo  surrounding  galaxies  is  perturbed  by  its  environment.  In  particular,              
subhalos  undergo  tidal  stripping  of  their  outer  envelope  as  they  get  closer  to  the  central  parts                 
of  the  parent  halo.  By  measuring  the  weak  gravitational  lensing  of  distant  sources  behind               
one  hundred  massive  galaxy  clusters,  the  part  III  student  will  measure  the  mass  density               
profile  around  cluster  member  galaxies,  compare  with  similar  measurements  performed           
around  field  galaxies  and  assert  the  validity  of  the  method  with  high-level  products  from  the                
Horizon-AGN   cosmological   hydrodynamical   simulation.  
The  student  will  put  these  measurements  in  the  context  of  the  recent  and  surprising  finding                
of  cluster  galaxies  acting  as  very  efficient  lenses  (Meneghetti  et  al  2020),  since  this  seems  at                 
odds   with   the   very   process   of   tidal   stripping.  
 

Project   description:  
 
Background:  
Galaxies  in  dense  environments  like  groups  and  clusters,  undergo  tidal  forces  in  which  their               
outer  envelope  is  progressively  stripped  off.  In  this  process,  they  loose  a  large  fraction  of  the                 
Dark  Matter  subhalo  they  lived  in  and  part  of  their  stellar  content,  thereby  building  up  the                 
main   cluster-scale   halo   and   the   so-called   intracluster   light   (ICL),   respectively.  
The  relation  between  stellar  mass  and  halo  mass,  thus  heavily  depends  on  the  environment.               
This  is  particularly  true  for  central  and  satellite  galaxies.  Understanding  the  details  of  this               
relation  can  inform  galaxy  formation  models.  The  fraction  of  stars  in  a  given  galaxy  that  are                 
formed  in  situ  or  are  gained  through  mergers  or  smooth  accretion,  or  lost  because  of  tidal                 
interaction   must   be   thoroughly   quantified   and   related   to   the   Dark   Matter   environment.  
One  of  the  most  efficient  ways  to  weigh  this  latter  component  is  through  its  capability  of                 
acting  as  a  gravitational  lens.  Measuring  the  tangential  alignment  of  faint  distant  sources              
behind  clusters,  quantifying  how  much  of  this  lensing  is  due  to  perturbing  galaxies  on  top  of                 
an  otherwise  smooth  cluster  mass  distribution  can  yield  tight  constraints  on  subhalos  mass              
content.  
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Figure  1. Left:  Relation  between  (sub)-halo  mass  and  stellar  mass  for  galaxies  in  the  Horizon-AGN  simulation,  showing                  
the  very  different  behaviour  of  central  and  satellite  galaxies.  At  a  given  stellar  mass,  the  sub-halo  of  the  latter  can  be  up                       
to  10  times  less  massive  than  for  a  central.  The  deficit  has  been  tidally  stripped  and  redistributed  into  the  parent  halo.                      
Right:  illustration  of  the  galaxy-galaxy  lensing  signal  extraction.  The  tangential  alignment  of  distant  galaxies  is                
measured   in   annuli   around   a   foreground   galaxy.  

Project   details:   
We  will  perform  this  environment-dependent  weak  galaxy-galaxy  measurement  with          
standard  galaxy-shape  correlation  functions.  The  public  wide-field  imaging  data  for  about            
120  galaxy  clusters  come  from  Subaru  and  CFHT  facilities.  They  have  already  been  reduced               
into   simple   high-level   morphology   catalogs   the   student   can   easily   handle.  
A  modest  effort  of  querying  public  databases  (SDSS,  NED,  SIMBAD)  is  needed  to  isolate               
spectroscopically-  and  photometrically-selected  cluster  members  and  then  the         
cross-correlation  of  the  two  datasets  will  be  straightforward  and  should  already  yield  most  of               
the   information   content.  
Similar  measurements  can  be  conducted  on  the  Horizon-AGN  cosmological  hydrodynamical           
simulation.  The  student  will  be  able  to  access  this  additional  virtual  universe  to  check  the                
validity  of  the  whole  method,  both  in  3D  (convince  him/herself  about  tidal  truncation)  and  in                
2D   (leftover   information   accessible   with   lensing).  

In  particular,  we’d  like  to  put  our  measurements  into  the  context  of  the  recent  and  surprising                 
finding   of   cluster   galaxies   acting   as   very   efficient   lenses   (Meneghetti   et   al   2020).  

Finally  if  time  permits,  we  will  try  and  build  together  a  more  involved  Bayesian  Hierarchical                
Model  of  the  problem,  come  up  with  a  fast  coding  of  the  likelihood  function  and  apply  it  to  the                    
same  dataset  in  order  to  get  the  best  possible  constraints  on  subhalo  truncation  as  a                
function   of   cluster-centric   distance.  
 

Skills   required:  
Programming:   julia   (if   student   willing   to   get   acquainted   with)   or   python  
Bayesian   Statistics:   taste   for   and   proficiency   in,   will   be   good   assets!  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  

1. Niemiec   et   al   2019,   MNRAS  
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487..653N/abstract  

2. Niemiec   et   al   2017,   MNRAS,  
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1153N/abstract  
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3. Dvornik   et   al   2019,   A&A,  
https://ui.adsabs.harvard.edu/abs/2019A%26A...627A..74D/abstract  

4. Dvornik   et   al   2020,   A&A,  
https://ui.adsabs.harvard.edu/abs/2020arXiv200610777D/abstract  

5. Gouin   et   al   2019,   A&A,  
https://ui.adsabs.harvard.edu/abs/2019A%26A...626A..72G/abstract  

6. https://www.horizon-simulation.org/about.html   
7. http://amalgam2.iap.fr/Horizon-AGN/show.html  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Meneghetti   et   al   2020,   Science,     https://arxiv.org/pdf/2009.04471.pdf  
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Project   39.   Hunting   for   Planets   in   Orion  
 

Supervisor   I:   Simon   Hodgkin  
Supervisor   II:   Ed   Gillen  
UTO:   Mark   Wyatt  
 

Project   summary:  
 
We  have  observed  the  Orion  Nebula  Cluster  for  more  than  200  nights  with  the  Next                
Generation  Transit  Survey,  obtaining  lightcurves  with  12  second  cadence.  The  project  is  to              
assess  the  variability  of  the  young  stars  in  the  cluster,  and  to  investigate  methods  for                
detrending  the  lightcurves.  The  detrending  techniques  will  be  quantitatively  compared  using            
exoplanet  transit  injection/recovery  tests.  A  search  for  transiting  exoplanets  and  Eclipsing            
Binaries   in   Orion   will   then   be   undertaken   on   the   filtered   lightcurves.  
 

Project   description:  
 
This   is   an   observational   project   working   with   a   large   time-series   dataset:   many   (10 4 )   stars  
with   many   (10 5 )   epochs   of   photometry.   
 
Background:  
 
While  significant  numbers  of  exoplanets  have  been  discovered  over  the  past  25  years,  the               
vast  majority  have  been  discovered  around  middle-aged  stars  like  the  Sun.  The  dominant              
search  strategy  has  shifted  away  from  single-target  spectroscopic  surveys  (e.g.  Rickman  et             
al.  2019),  to  multi-target  transit  surveys  (WASP,  Kepler,  K2,  TESS;  see  Winn  &  Fabrycky               
2015   for   a   review).   
 
Planet  hunting  around  young  stars  is  proving  to  be  challenging;  they  are  more              
photometrically  variable  than  their  older  counterparts,  and  they  tend  to  be  rotating  more              
rapidly.  Thus  the  early  lives  of  exoplanetary  systems  are  not  well  documented,  and  it  is                
during  this  period  that  we  may  expect  to  gain  key  insight  into  their  formation  and  evolution                 
(e.g.   the   impact   of   stellar   evolution,   or   of   planetary   migration).  
 
The  Next  Generation  Transit  Survey  (NGTS)  is  a  dedicated  exoplanet  search  experiment             
sited  in  Atacama  desert  at  the  Paranal  Observatory.  NGTS  comprises  12  independent             
wide-field  telescopes  with  large  format  CCDs,  and  routinely  achieves  milli-mag  precision            
photometry.  The  experiment  is  described  in  Wheatley  et  al.  (2018,  see  also             
https://ngtransits.org/index.html ).  
 
In  2017  we  began  to  use  NGTS  to  study  young  open  clusters  such  as  Blanco1  (Gillen  et  al.                   
2020)  and  the  Orion  Nebula  Cluster  (ONC).  The  ONC  is  a  particularly  challenging  target               
comprising  our  nearest  site  of  massive  star  formation  (Meingast  et  al.  2016).  The  ONC  is                
young  (1.6  ±  1.5  Myr),  nearby  (distance  of  389  ±  3  pc,  but  with  members  as  close  as  300                    
pc),  rich  (several  thousand  members)  and  has  a  solar  metallicity  (see  e.g.  Kounkel  et  al.                
2018;   AJ   156   84   and   references   therein).  
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Figure   1   Examples   of   LOWESS   detrending   algorithm   (top   panels)   used   in   the   identification   of   exoplanet  
transits   in   the   TESS   lightcurves   of   the   young   stars   DS   Tuc   A   (left),   and   AU   Mic   (right).   The   middle   row  
shows   the   BLS   periodogram   for   the   detrended   lightcurves   (highlighting   the   1st   and   3rd   highest   peaks   in  
the   left   and   right   panels),   and   the   bottom   panel   shows   the   phase   folded   lightcurves   on   the   selected  
periods.   Figure   reproduced   from   Battley   et   al.   2020  

Project   details:   
 
Hippke  et  al.  (2019)  performed  an  exhaustive  test  of  a  wide  range  of  detrending  algorithms                
using  lightcurves  from  the  TESS  and  Kepler  missions,  and  shared  their  codes  via  a  publicly                
available  tool  (Wōtan, https://github.com/hippke/wotan ).  They  found  that  the  completeness          
for  recovery  of  exoplanet  transits  was  much  worse  (35%  at  0.5  R J )  for  young  stars  showing                 
enhanced   variability,   when   compared   to   quiet   stars   (close   to   100%).  
 
The  first  goal  of  this  project  will  be  to  apply  the  best  known  methods  for  detrending                 
lightcurves  to  the  ground-based  NGTS  lightcurves  for  the  ONC.  The  student  will  perform              
injection  recovery  tests  for  a  range  of  planets  (period,  transit  depth,  transit  duration),  and               
compare  the  different  approaches  to  filtering  and  detection  (e.g.  with  BLS:  Kovács  et  al.               
2002),   and   find   their   optimal   parameters.  
 
The  second  goal  will  be  to  assess  the  completeness  of  the  survey  to  shorter-period               
Hot-to-Warm  Jupiters,  and  extend  the  findings  to  the  other  clusters  under  consideration  by              
the   NGTS   survey.  
 
The  final  goal  of  the  project  will  be  to  search  for  new  candidate  transiting  exoplanets  in  the                  
dataset,   as   well   as   any   young   eclipsing   binaries   that   the   methods   uncover.  
 

Skills   required:  
Skills:   Programming   (in   Python)  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
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Fulton,   B.   et   al.   2017,   AJ,   154,   109,    The   California-Kepler   Survey.   III.   A   Gap   in   the   Radius  
Distribution   of   Small   Planets ,    https://ui.adsabs.harvard.edu/abs/2017AJ....154..109F/abstract  
 
Meingast   et   al.,   2016,   A&A,   587,   153,    VISION   −   Vienna   survey   in   Orion ,  
https://ui.adsabs.harvard.edu/abs/2016A%26A...587A.153M/abstract  
 
Rickman   E.L.   et   al.,   2019,   A&A,   625,   71,    The   CORALIE   survey   for   southern   extrasolar  
planets.   XVIII.   Three   new   massive   planets   and   two   low-mass   brown   dwarfs   at   greater   than   5  
AU   separation ,   https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..71R/abstract  
 
Winn,   J.N.   &   Fabrycky,   D.C.   2015,   ARA&A,   vol.   53,   p.409-447,    The   Occurrence   and  
Architecture   of   Exoplanetary   Systems ,  
https://ui.adsabs.harvard.edu/abs/2015ARA%26A..53..409W/abstract  
 
General   references:    (List   papers   referred   to   in   the   project   description)  
 
Battley,   M.   et   al.   2020,   MNRAS,   496,   1197,    A   search   for   young   exoplanets   in   Sectors   1-5   of  
the   TESS   full-frame   images ,  
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1197B/abstract  
 
Gillen,   E.   et   al.   2020,   MNRAS,   492,   1008,    NGTS   clusters   survey   -   I.   Rotation   in   the   young  
benchmark   open   cluster   Blanco   1 ,  
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.1008G/abstract  
 
Hippke,   M.   et   al.   2019,   AJ,    158   143,    Wōtan:   Comprehensive   Time-series   Detrending   in  
Python ,    https://ui.adsabs.harvard.edu/abs/2019AJ....158..143H/abstract  
 
Kovács,   G.   et   al.,   2002,   A&A,   391,   369,    A   box-fitting   algorithm   in   the   search   for   periodic  
transits ,    https://ui.adsabs.harvard.edu/abs/2002A%26A...391..369K/abstract  
 
Kounkel,   M.   et   al.   2018,    AJ,   156,   84,    The   APOGEE-2   Survey   of   the   Orion   Star-forming  
Complex.   II.   Six-dimensional   Structure ,  
https://ui.adsabs.harvard.edu/abs/2018AJ....156...84K/abstract  
 
Wheatley,   P.J.   et   al.   2018,   MNRAS,   475,   4476,    The   Next   Generation   Transit   Survey   (NGTS) ,  
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4476W/abstract  
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Project   40.   Chemistry   of   a   Galactic   Merger:   the   Sausage   and   the  
Splash  
 

Supervisor   I:   David   Aguado     daguado@ast.cam.ac.uk  
Supervisor   II:   Vasily   Belokurov    vasily@ast.cam.ac.uk  
UTO:   Vasily   Belokurov    vasily@ast.cam.ac.uk  
 

Project   summary:  
The  formation  of  the  principal  Milky  Way  components,  the  thin  and  the  thick  discs,  the  bar,                 
the  bulge  and  the  halo  can  now  be  studied  due  to  the  unprecedentedly  high  quality  of  the                  
astrometry  and  kinematics  from  the  ESA's  Gaia  space  observatory.  The  recent  discovery  of              
the  "Splash"  (Belokurov  et  al.  2020)  in  the  solar  neighbourhood  allows  us  to  date  the                
massive  accretion  event  also  known  as  Gaia-Sausage/Enceladus  (Belokurov  et  al  2018,            
Myeong  et  al.  2018b).  Some  9.5  Gyr  ago  this  head-on  collision  altered  dramatically  the               
motion  of  a  large  population  of  metal-rich  ([Fe/H]>-0.7)  stars  born  in-situ.  These  stars  have               
little  to  no  angular  momentum,  many  of  them  are  on  retrograde  orbits;  they  also  have  ages                 
compatible  with  the  thick  disc  population.  A  detailed  chemical  analysis  of  a  sample  of  this                
substructure   will   help   to   put   constraints   on   this   major   event.  
 

Project   description:  
This  is  a  data  analysis  oriented  project.  High-resolution  spectroscopic  observations  of  ~1100             
Splash  members  are  already  available  from  large  spectroscopic  surveys  (APOGEE,  GALAH,            
Gaia-ESO  and  RAVE).  In  addition,  12  hours  of  Splash  observations  are  awarded  with              
HORuS  at  10.4m  GTC  during  the  2020B  semester.  Detailed  chemical  abundance  analysis             
will  be  performed  from  these  extant  sources  of  data.  Finally,  10  hours  of  HORuS               
observations  of  the  Gaia  Sausage  are  already  available  and  could  be  used  as  a  back-up                
program.  
 
Background :   
As  a  consequence  of  the  hierarchical  galaxy  merging  and  accretion  predicted  by  the Λ CDM               
theory,  it  is  expected  that  the  Milky  Way  (MW)  stellar  halo  should  consist  of  multiple  partially                 
phase-mixed  substructures  from  destroyed  dwarf  galaxies  (see  e.g.  Bullock  &  Johnson            
2005;  De  Lucia  y  Helmi  2008).  Substructure  originating  in  a  single  accretion  event  can  be                
identified  as  a  group  of  stars  with  similar  positions  in  phase-space,  e.g.  in  angular               
momentum  and  energy.  Chemical  abundances  are  a  crucial  resource  to  complement  orbital             
information  to  unravel  the  presence  of  these  accretion  events  in  cases  when  the  debris  is                
phase-mixed.  Clear  examples  are  given  by  the  studies  of  the  phases-space  properties  of  the               
MW  stars  with  Gaia  data,  which  have  shown  that  the  bulk  of  the  MW  stellar  halo  was                  
contributed  by  a  single  merger  event  (see  Belokurov  et  al.  2018,  Myeong  et  al.  2018c,  Helmi                 
et  al  2018).  The  remains  of  this  event  are  now  commonly  known  as  Gaia  Sausage  (GS).                 
Recently,  Belokurov  et  al.  (2020)  have  analyzed  the  kinematics,  metallicity  and  [α/Fe]             
properties  of  a  large  sample  of  MW  stars  within  0.5<|z|<3  kpc  of  the  disc  plane.  The  dataset                  
comprises  Gaia  Data  Release  2  astrometry  augmented  with  the  radial  velocities  and             
chemistry  from  large  spectroscopic  surveys  such  as  APOGEE,  LAMOST,  SDSS  or  GALAH.             
This  sample  provides  us  with  a  9-D  view  of  the  Galaxy,  including  relative  ages.  A  stellar                 
population  with  [Fe/H]>-0.7  and v φ <0  km/s  was  identified,  dubbed  the  Splash  (see  Fig  1).               
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Belokurov  et  al.  (2020)  demonstrate  that  the  Splash  is  composed  of  old  stars  and  speculate                
that  the  Splash  stars  were  born  in-situ  around  the  time  of  the  Gaia-Sausage  accretion  event.                
The  exact  Splash  formation  mechanism  is  currently  not  known  but  it  might  involve  GS               
destroying  and  kicking  up  portions  of  the  MW  prehistoric  disk,  sending  its  stars  on  eccentric                
orbits.  
 

 
Figure  1:  From  Mackereth  et  al.  2019.  The  [Mg/Fe]–[Fe/H]  plane  in  APOGEE  DR14,  coloured  by  orbital                 
eccentricity e. It  is  clear  that  a  population  extends  from  ([Fe/H],[Mg/Fe])∼(−2.0,  0.3)  to∼(−1.0,  0.1)  that                
appears  to  consist  mainly  of  stars  on  highly  eccentric  orbits,  with  a  distinct  element  abundance  pattern                 
to  that  of  the  Galactic  disc  (at  [Fe/H]>−0.7).  The  red  (high-eccentricity)  sequence  in  the  “halo”  is                 
predominantly   Gaia   Sausage   while   the   red   stars   in   the   high   alpha   portion   of   the   diagram   are   the   Splash.  

Project   details:    
The  main  aim  of  this  project  is  to  better  understand  the  nature  of  the  Splash  population  and                  
constrain  scenarios  of  its  formation.  This  project  may  also  involve  an  investigation  of              
possible  chemical  differences  between  in-situ  and  ex-situ  halo  populations  which  will  help  us              
to   better   understand   the   heavy   elements   production.   
 
The   student   may   focus   the   project   in   one   or   several   of   the   following   questions:  

● Identify  observed  chemical  patterns  in  the  Splash  stars  and  detect  differences  from             
other  Galactic  components,  halo  substructures,  dwarf  galaxies  and  the  Milky  Way  as             
a   whole.  

● Study  the  chemical  evolution  of  the  Splash  population  by  comparing  the            
alpha-element  abundances  (these  come  from  SN  II)  to  those  of  the  iron-peak             
elements  (contributed  by  SN  Ia).  Comparison  with  the  Milky  Way  measurements            
(thick  disc  and/or  halo)  will  be  made.  Multiple  chemical  evolution  models  are             
available   (e.g.   Lanfranchi   &   Matteucci   2004)  

● Understand  how  and  where  the  neutron-capture  element  production  happened  within           
the  Splash  progenitor  (involving  elements  such  as  Y,  Zr,  Nb,  Ba,  La,  Ce);  possible               
connection   with   the   site   of   r-process   production.   

● Other  chemical  properties  such  as  nickel-sodium  relation  (Nissen  &  Schuster  2010),            
the   sodium-oxygen   anticorrelation   (Marino   et   al.   2011)   or   the   aluminum-iron   ratio.  

 
ATLAS9  (Kurucz  2005)  will  be  used  as  stellar  atmosphere  modeling  and  MOOG  as  radiative               
transfer   code   (see   e.g.   Aguado   et   al.   2016).  
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Before  the  questions  above  can  be  answered,  the  chemical  abundances  of  the  Splash              
(and/or   Sausage   stars)   must   be   measured.   Accordingly,   the   student   will  

1. review  the  main  stellar  physics  concepts  such  as  Teff,  logg,  [Fe/H]  or  elemental              
abundances  A(X).  Also,  basic  ideas  about  stellar  spectroscopic:  coverage,  resolution,           
black  body  emission  shape,  metallic  absorptions,  equivalent  width,  stellar          
atmosphere   modelling,   measurements,  

2. learn  the  use  of  spectroscopic  analysis  tools  such  as  IRAF  and  MOOG.  In  addition,               
the  student  will  derive  elemental  abundances  of  alpha-,  iron  peak-  and  n-process             
species   (   Li,   Na,   Mg,   Si,   Ca,   Ti,   Cr,   V,   Fe,   Sr,   Ba,   Y,   Eu),  

3. compare   results   with   the   data   already   available   in   the   literature   for   some   elements  
 
 

Skills   required:  
Programming:   IDL,   PYTHON   or   similar   language   is   desired  
Part   II   related   courses:   Structure   and   Evolution   of   Stars;   Stellar   Dynamics   and   Structure   of  
Galaxies.   
Regardless   of   the   above   any   motivated   science   student   is   very   welcome   to   this   project.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Co-formation   of   the   disc   and   the   stellar   halo.    Belokurov   et   al.   (2018)   MNRAS.   478  
611  

2. The   Sausage   Globular   Clusters.   Myeong   et   al.   (2018b).   ApJ   863    L28  
3. The   biggest   splash.    Belokurov   et   al.   (2020)   MNRAS   494   3880-3898  
4. Evidence   for   two   Early   Accretion   Events   That   built   the   Milky   Way   Stellar   Halo.  

Myeong   et   al.   (2019)   MNRAS   488   1235  
5. The   S2   Stream:   the   shreds   of   a   primitive   dwarf   galaxy.   Aguado   et   al.   (2020)   arXiv:  

2007.1100  
6. Follow-up   observations   of   extremely   metal-poor   stars   identified   from   SDSS.   Aguado  

et   al.   (2016)   A&A   593,   A10   (Methodology   paper)  
 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

1. Bullock,   J.   S.   &   K.   V.   Johnston   (2005),   ApJ,   635,   931  
2. De   Lucia,   G.   &   A.   Helmi   (2008),   MNRAS,   391,   14  
3. Belokurov,   V.,   et   al.   (2018),   MNRAS,   478,   611  
4. Myeong,   G.   C.,   et   al.   (2018),   ApJL,   863,   L28  
5. Helmi,   A.,   et   al.   (2018),   Natur,   563,   85  
6. Belokurov,   V.,   et   al.   (2020),   MNRAS   494   3880-3898  
7. Lanfranchi   &   Matteucci   (2004)   MNRAS,   Vol   351,   Issue   4,   pp.   1338-1348  
8. Nissen   &   Schuster   (2010)   A&A   Vol   511,   id.L10,   9   pp.  
9. Marino   et   al.   (2011)   ApJ,   Vol   731,   Issue   1,   article   id.   64,   12   pp   
10. GALAH :   Buder   et   al.   (2018)   MNRAS   478,   4513B  
11. APOGEE:    Jönsson   et   al.   (2020)   ApJ   160   3   120(32pp)   
12. RAVE:    Steinmetz   (2020)   ApJ   Vol   160,   Issue   2,   id.83  
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Project   41.   Stellar   streams   in   evolving   potentials  
 

Supervisor   I:   Eugene   Vasiliev  
Supervisor   II:   N   Wyn   Evans  
UTO:   N   Wyn   Evans  
 

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

Background :   
Stellar  streams  are  formed  by  tidal  stripping  of  stars  in  a  compact  stellar  system  (a  star                 
cluster  or  a  small  satellite  galaxy)  as  it  moves  along  its  orbit  in  the  host  galaxy.  The  stripped                   
stars  then  keep  moving  on  independent  orbits  which  are  close  to  the  progenitor's  orbit,  but                
they  drift  away  from  the  progenitor  as  time  goes  by.  The  proximity  of  stream  stars  to  a  single                   
orbit  makes  them  very  useful  probes  of  the  gravitational  potential  of  the  host  galaxy.  In  the                 
case  of  the  Milky  Way,  several  dozen  streams  have  been  found  so  far,  and  a  few  most                  
prominent  ones  have  been  used  in  numerous  studies  aiming  at  exploring  the  mass              
distribution   of   the   Galactic   dark   halo.  
 
However,  a  complicating  factor  that  is  usually  neglected  is  the  time-dependence  of  the  host               
galaxy  potential.  It  may  vary  both  due  to  a  gradual  accretion  of  smaller  satellites,  or  because                 
of  a  flyby  of  a  single  massive  satellite.  In  the  case  of  our  Galaxy,  the  second  factor  is                   
certainly  important,  as  its  most  massive  satellite  --  the  Large  Magellanic  Cloud  (LMC)  --               
appears  to  be  only  a  few  times  smaller  than  the  Milky  Way  itself,  and  it  has  just  passed  the                    
pericentre  of  its  orbit  recently.  Thus  the  motion  of  stars  and  stellar  streams  in  the  outer  parts                  
of  the  Milky  Way  is  rather  significantly  perturbed  by  this  event.  A  recent  study  by  Erkal  et                  
al.(2019)  even  managed  to  estimate  the  mass  of  the  LMC  from  the  distortion  it  caused  in                 
one  of  the  longest  streams  (so-called  Orphan  stream,  because  its  progenitor  is  missing).  Yet               
a  more  general  question,  whether  streams  remain  useful  probes  of  a  time-dependent             
gravitational   potential,   remains   largely   unexplored,   and   is   the   primary   topic   of   this   project.  
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Left:    artistic   representation   of   stellar   streams   [credit:   DES]   
Right:    map   of   known   streams   in   the   Milky   Way   [credit:   C.Mateu]  
 
Project   details:    
First,  the  student  will  familiarize  themselves  with  the  mechanics  of  stream  generation,  using              
both  conventional  N-body  simulations  and  specialized  methods  for  rapid  construction  of            
stellar  streams.  The  next  step  is  to  design  a  framework  for  finding  the  parameters  of  the                 
gravitational  potential  by  fitting  the  positions  and  velocities  of  stream  members,  using             
Markov  Chain  Monte  Carlo  (MCMC)  exploration  of  the  parameter  space.  This  task  has  been               
addressed  in  numerous  papers  (e.g.,  Bonaca  et  al.2014,  Malhan&Ibata  2019),  but  almost             
always  with  a  restriction  to  a  static  potential,  which  we  shall  lift  in  this  project.  To  be  specific,                   
we  explore  two  cases:  (1)  a  flyby  of  a  massive  satellite  such  as  LMC,  (2)  gradual  increase  of                   
the  host  galaxy  mass.  We  will  use  a  suite  of  N-body  simulations  of  a  Milky  Way-sized  halo,                  
together  with  a  recently  developed  approach  for  a  compact  representation  of  a             
time-dependent  potential  with  basis  sets  (Sanders  et  al.2020).  The  main  question  is  to  what               
extent  the  true  parameters  of  the  potential  can  be  recovered  in  the  course  of  stream  fitting,                 
and  if  there  are  any  significant  degeneracies  of  biases  in  this  inference.  If  the  project                
progresses  rapidly,  we  may  turn  to  fitting  the  actual  streams  in  the  Milky  Way,  using  the                 
state-of-the-art  observational  data  from  the  Gaia  satellite  and  complementary  spectroscopic           
surveys.  
 

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

References:   
Bonaca   A.,   Geha   M.,   Kuepper   A.,   et   al.,   2014,   ApJ,   795,   94  
Erkal   D.,   Belokurov   V.,   Laporte   C.,   et   al.,   2019,   MNRAS,   487,   2685  
Malhan   K.,   Ibata   R.,   2019,   MNRAS,   486,   2995  
Sanders   J.,   Lilley   E.,   Vasiliev   E.,   Evans   N.W.,   Erkal   D.,   2020,   arxiv:2009.00645  
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Project   42.   A   Bayesian   Approach   to   Characterizing   Complexity   in   the   X-ray  
Spectra   of   Active   Galactic   Nuclei  
 

Supervisor   I:   Prof.   Chris   Reynolds  

Supervisor   II:   Dr.   Dom   Walton  

UTO:    Prof.   Chris   Reynolds  

 

Project   summary:  
The  X-ray  spectrum  of  an  active  galactic  nucleus  (AGN)  contains  imprints  of  both  absorption               
and  emission/reflection  from  material  close  to  the  supermassive  black  hole.  Disentangling            
the  various  sources  of  spectral  complexity  and  hence  isolating  the  signatures  of,  for              
example,  the  inner  relativistic  accretion  disk  and  black  hole  spin,  can  prove  difficult,  with  very                
different  physical  models  sometimes  able  to  describe  the  same  spectrum.  Here,  you  will  use               
the  formalism  of  Bayesian  Evidence  Ratios  to  investigate  the  X-ray  spectra  of  AGN,  focusing               
on  one  particularly  interesting  AGN  (IRAS09149-6206).  A  specific  focus  is  the  robustness  of              
the   black   hole   spin   measurements   in   such   sources.   
 

Background:  
The  active  galactic  nuclei  (AGN)  observed  in  a  few  percent  of  galaxies  are  powered  by  the                 
accretion  of  gas  onto  central  supermassive  black  holes  (SMBH).  Energetic  processes  in  the              
inner  regions  of  a  SMBH  accretion  disk  produce  powerful  X-ray  emission  that  can  be  readily                
observed  by  X-ray  telescopes.  The  spectrum  of  this  X-ray  emission  is  an  important              
diagnostic  of  the  AGN  environment  and  the  SMBH  itself.  Outflows  of  material  from  the               
accretion  disk  and  other  circumnuclear  gas  will  imprint  absorption  features  in  the  X-ray              
spectrum.  On  the  other  hand,  the  reflection/reprocessing  of  the  X-rays  from  the  inner              
accretion  disk  itself  can  produce  X-ray  emission  features  (e.g.  iron  fluorescence  lines)  which              
reveal  the  relativistic  motions  of  the  inner  disk  and  strong  gravitational  redshifting  associated              
with  the  SMBH.  Detailed  analyses  of  these  X-ray  reflection  spectra  are  commonly  used  to               
measure   the   signatures   of   black   hole   spin.  
 
Many  AGN  simultaneously  show  both  X-ray  absorption  and  emission/reflection  features.  In            
these  cases,  careful  modeling  is  required  to  disentangle  the  origins  of  the  various  spectral               
features.  Unfortunately,  this  modeling  often  leads  to  ambiguities  in  interpretation.  In            
extreme  cases,  one  finds  that  a  sufficiently  complex  and  finely  tuned  absorption  model  can               
remove  the  need  for  accretion  disk  reflection.  Given  that  disk  reflection  is  our  principal  too  for                 
measuring  SMBH  spin,  this  ambiguity  has  produced  a  lively  debate  in  the  literature.  The               
principal  question  that  arises  is  ---  how  robust  are  the  constraints  on  accretion  disk  reflection                
features  and  hence  black  hole  spin  in  the  presence  of  complex  absorption?  In  cases  where                
a  pure-absorption  description  for  a  spectrum  exists,  how  plausible  is  it  given  the  need  for                
complexity   and   fine   tuning?  
 
Bayesian  statistics  provides  a  formal  framework  (Bayesian  Evidence  Ratios)  for  addressing            
these  questions  in  which  the  quality  of  agreement  between  a  model  and  the  data  is  balanced                 
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with  the  complexity/fine-tuning  of  the  model.  Surprisingly,  this  framework  has  yet  to  be              
applied   to   the   X-ray   spectral   complexity   in   AGN.   
 
Project   details:  
In  this  project,  you  will  develop  the  analysis  tools  required  to  compute  the  Bayesian               
Evidence  for  a  spectral  model  applied  to  X-ray  data  from  an  AGN.  After  validating  these                
tools  on  simulated  data,  you  will  apply  them  to  the  recent  XMM-Newton/NuSTAR  data  on  the                
AGN  IRAS09149-6206.  Previous  analyzes  of  this  high-quality  dataset  suggest  both           
absorption  from  circumnuclear  matter  and  reflection  from  the  inner  accretion  disk  around  a              
rapidly  spinning  black  hole.  We  will  assess  the  need  for  each  type  of  spectral  complexity                
using  the  Bayesian  Evidence.  If  progress  is  good  and  there  is  time,  we  will  extend  the  study                  
to  other  objects  where  there  has  been  significant  disagreement  about  the  very  presence  of               
disk   reflection   features.   
 
 
Skills   required:  
Familiarity   with   a   UNIX   environment   and   some   knowledge   of   a   scripting   language   (e.g.  
python)   is   highly   desirable.    A   knowledge   of   basic   statistics   is   important.   
 

Useful   references :   

Walton   DJ   et   al.,   “A   Full   Characterisation   of   the   Supermassive   Black   Hole   in   IRAS  
09149–6206”,   MNRAS,   in   press   (copy   available   upon   request)  

General   references:  

Reynolds   CS.   “Measuring   Black   Hole   Spin   Using   X-Ray   Reflection   Spectroscopy”,   Space  
Science   Reviews,   183,   277   (arXiv:1302.3260)  
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Project   43.   Fast   Radio   Bursts   at   Cosmic   Dawn  
 

Supervisor   I:   Anastasia   Fialkov  
Supervisor   II:   Nina   Sartorio  
UTO:   Anastasia   Fialkov  
 

Project   summary:  
 
Fast  radio  bursts  (FRBs)  are  extremely  bright  and  ultra-short  radio  splashes  coming  from              
large  cosmological  distances.  Physical  nature  of  the  events  responsible  for  production  of             
these  radio  bursts  remain  in  many  ways  mysterious.  Theorists  suggest  a  number  of              
progenitors  ranging  from  rapidly  rotating  magnetized  neutron  stars  to  alien  civilizations.            
Many  astrophysical  explanations  rely  on  mergers  or  interaction  of  stars  in  binary  systems.              
While  mergers  are  one  off  events,  interaction  between  compact  objects  may  be  periodic  and               
will  depend  on  orbital  parameters  of  the  binary.  In  this  project  we  are  going  to  quantify  FRB                  
progenitors'  advent  from  binary  systems  for  early  stellar  populations  (Pop  II  and  III)  and               
determine   cosmological   implications   of   the   results.  
 

Project   description:  
 
This  project  is  in  a  rapidly  evolving  new  field  of  astronomy.  We  will  make  predictions  for  the                  
expected  number  of  FRB  events  created  by  early  populations  of  stars  that  could  be  within                
reach   of   existing   and   upcoming   future   telescopes.  
 
Throughout  this  project  we  are  going  to  work  towards  quantifying  FRB  rates  by  simulating               
FRB  progenitors  and  then  calculating  cosmic  abundance  of  such  systems.  We  will  focus  on               
scenarios  in  which  FRBs  are  produced  by  binary  stars.  To  simulate  a  binary  system  in  which                 
FRBs  could  be  created,  we  will  modify  and  make  use  of  the  population  synthesis  and  stellar                 
evolution  code  BINARY_C.  We  will  analyse  how  each  of  the  potential  sources  are  expected               
to  change  for  a  large  range  of  underlying  high-redshift  cosmological  scenarios  by             
considering  evolution  of  both  population  III  and  II  stars  in  binary  pairs.  Based  on  these                
results  we  will  be  able  to  determine  a  number  of  FRBs  that  should  be  produced  over  the                  
course  of  cosmic  history  and  evaluate  the  number  of  events  above  the  sensitivity  threshold               
of  radio  telescopes  .  With  this  information  at  hand  we  will  analyse  the  possible  implications                
to   future   detections   of   high-redshift   FRBs   and   possible   cosmological   constraints.  
 
Background:  
 
Fast  radio  bursts  (FRBs)  are  millisecond  long  radio  emissions  whose  distant  astronomical             
sources  remain,  in  many  ways,  mysterious  (for  reviews  see  [1,2]).  The  only  well  established               
FRB-like  source  to  date  is  that  of  the  burst  of  the  galactic  SGR  1935+2154  -  a  neutron  star                   
with  very  strong  surface  magnetic  fields  known  as  magnetar  [3,4].  As  such,  magnetars  are  a                
leading  candidate  of  FRB  progenitors.  Other  possible  progenitors  are  usually  thought  to  be              
related  to  cataclysmic  events,  such  as  binary  mergers  of  two  compact  objects  (white  dwarfs,               
neutron   stars   or   black   holes),   which   would   be   observed   as   non-repeating   pulses.   
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To  date,  only  a  handful  of  FRBs  were  found  to  repeat,  while  the  majority  were  detected  as                  
one  off  events.  It  is  still  not  clear  if  the  “repeaters”  and  “non-repeaters”  are  really  two  different                  
populations  of  FRBs  or  all  FRBs  repeat  with  the  majority  of  the  repetitions  being  below  the                 
sensitivity  limits  of  the  telescopes.  In  their  majority,  repeating  FRBs  tend  to  appear              
sporadically  and  without  any  regularity.  However  recently  a  source  was  found  to  present  a               
periodicity  of  about  16  days  [5].  This  discovery  has  led  to  speculations  that  the  period  of                 
repeating  FRBs  is  associated  with  the  periodicity  of  a  progenitor  binary  system,  since  16               
days  is  much  longer  then  the  usual  rotation  time  of  a  magnetar  and  cataclysmic  events                
cannot  account  for  recurrent  events.  This  also  may  be  an  indication  that  FRBs  have  not  a                 
single,   but   multiple   progenitor   types.  
 
FRBs  coming  from  a  wide  range  of  cosmological  redshifts  (out  to  z~3)  have  been  detected,                
and  for  several  events  host  galaxies  have  been  identified  [6].  Dispersion  of  the  radio  pulse                
by  ionized  intergalactic  medium  (IGM)  along  the  path  of  an  FRB  from  its  source  to  the                 
observer  can  help  to  measure  properties  of  the  IGM  at  various  cosmological  redshifts  [6].  If                
they  exist,  high  redshift  FRBs  could  offer  new  tantalizing  ways  of  probing  some  of  the  most                 
interesting   questions   in   cosmology   [7,8].   
 
The  total  frequency  dispersion  of  the  pulses  -  the  so  called  dispersion  measure  (DM)  -  is  due                  
to  free  electrons  in  the  radiation's  path  and,  thus,  it  is  proportional  to  the  column  density  of                  
ionized  matter  travelled  by  the  pulse.  Ionized  gas  from  our  own  galaxy,  the  FRB's  host                
galaxy  and  the  IGM,  all  contribute  to  this  dispersion  of  the  FRB's  pulse.  The  higher  the                 
redshift  of  the  FRB,  the  further  its  signal  will  have  to  travel  before  being  detected  on  Earth                  
and,  therefore,  the  larger  will  be  the  relative  contribution  of  the  IGM  to  the  DM.                
Consequently,  detection  of  Population  II  and  III  FRBs  from  Cosmic  Dawn  would  be  a  great                
way   to   probe   the   reionization   history.   
 

 

 
Figure  1  An  artist's  illustration  of  the  fast  radio  burst  180916.J0158+65,  based  on  real  observations  using  the                  
Gemini-North  telescope  atop  Mauna  Kea  in  Hawaii  and  the  100-meter  Effelsberg  radio  telescope  in  Germany.  (Image:  ©                  
Danielle   Futselaar/artsource.nl)  

 

Project   details:  
 
By  studying  and  quantifying  the  number  of  FRBs  originating  from  binary  systems  we  will               
have  a  direct  point  of  comparison  to  future  observations,  and  we  can  give  limiting  values  of                 
percentages  that  could  be  due  to  each  individual  progenitor  type.  The  plan  of  the  project  is                 
as   follows:  
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1. Literature   review.  
2. Modify   Binary_c   to   simulate   FRB   progenitors   for   PopIII   and   PopII.   
3. Estimate   number   of   FRBs   per   system.   
4. Cosmological   rates.  
5. Cosmological   implications   (e.g.,   constraints   on   cosmological   parameters).  

 
 
 

Skills   required:  
Knowledge   of   (or   willingness   to   learn)   how   to   programme   in   both   C   and   Python/MATLAB.  
 
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
  

1. J.M.   Cordes,   S.   Chatterjee,   Fast   Radio   Bursts:   An   Extragalactic   Enigma,   Ann.   Rev.  
Astron.   Astroph.   57,   417   (2019)   [arXiv:1906.05878]  

2. E.   Petroff,   J.W.T.   Hessels,   D.R.   Lorimer,   Fast   Radio   Bursts,   Astron.   Astroph.   Rev.   27,  
4   (2019)   [arXiv:1904.07947]  

 
General   references:    (List   papers   referred   to   in   the   project   description)  
 

3. The   CHIME/FRB   Collaboration.A   bright   millisecond-duration   radio   burst   from   a  
Galactic   magnetar   (2020)   [arXiv:2005.10324].  

4. Bochenek,   Christopher   D.   et   al,    A   fast   radio   burst   associated   with   a   Galactic  
magnetar,Nature,582,351   (2020)   [arXiv:2005.10828]  

5. The   CHIME/FRB   Collaboration.(2020)   Periodic   activity   from   a   fast   radio   burst   source,  
[arXiv:2001.10275]  

6. Macquart   et   al.   2020,   Nature   581   391   [arxiv:2005.13161]  
7. Fialkov   \&   Loeb.   A   Fast   Radio   Burst   Occurs   Every   Second   throughout   the  

Observable   Universe,    846,   L27   [arXiv:1706.06582]  
8. Fialkov   et   al.   Enhanced   Rates   of   Fast   Radio   Bursts   from   Galaxy   Clusters,    863,   132  

[arXiv:1711.04396]  
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Project   44.   The   aftermath   of   a   large   asteroid   break-up  
 

Supervisor   I:   Mark   Wyatt   (H38,   wyatt@ast.cam.ac.uk)  
Supervisor   II:   
UTO:   Mark   Wyatt   
 

Project   summary:  
 
This  project  will  use  a  combination  of  analytical  techniques  and  N-body  simulations  to              
consider  the  evolution  of  debris  created  in  a  collision  between  two  large  asteroids.  (i)  The                
dust  component  would  evolve  through  collisions  and  P-R  drag  which  means  it  would              
eventually  cross  the  terrestrial  planets  and  some  would  be  accreted,  potentially  affecting             
climate  and  causing  ice  ages  on  Earth.  (ii)  The  larger  debris  would  evolve  due  to  dynamical                 
processes  and  could  impact  the  planets,  also  causing  catastrophic  events.  (iii)  In  extrasolar              
systems  this  debris  may  be  detectable  through  infrared  observations.  This  project  will  model              
the   process   to   ascertain   the   signature   of   break-up   events.  
 

Background:  
 
Collisions  are  continually  occurring  in  the  asteroid  belt.  The  dust  released  following  small              
collisions  has  been  observed  a  few  years  after  the  event,  the  orbits  of  some  asteroids  can  be                  
traced  back  to  a  common  origin  100s  of  Myr  in  the  past,  while  the  Hirayama  families  are                  
thought  to  originate  in  massive  collisions  which  occurred  Gyr  ago.  (i)  All  of  these  collisions                
replenish  a  dust  disk  that  permeates  the  inner  Solar  system  called  the  Zodiacal  Cloud.  Some                
of  this  dust  gets  accreted  by  the  Earth,  and  can  be  collected  in  the  upper  atmosphere  or                  
evidence  seen  in  deep  sea  sediments  (Plane  et  al.  2018).  While  the  present  dust  flux  is  too                  
small  to  significantly  affect  Earth’s  climate,  it  was  recently  shown  that  dust  created  in  the                
collision  which  is  responsible  for  most  of  the  meteorites  that  fall  to  Earth  today  might  have                 
triggered  an  ice  age  (Schmitz  et  al.  2019,  see  Fig.  1).  (ii)  These  collisions  also  replenish  the                  
population  of  Near  Earth  Asteroids,  by  putting  the  collisional  fragments  on  orbits  that  are               
chaotic  due  to  the  orbital  resonances  with  Jupiter  (e.g.,  Bottke  et  al.  2007).  This  results  in  an                  
evolution  that  can  put  the  fragments  on  a  collision  course  with  the  Earth.  Collisions  with  large                 
fragments  can  also  have  a  significant  effect  on  Earth’s  atmosphere  (e.g.,  Wyatt  et  al.  2020),                
in  extreme  cases  leading  to  extinction  level  events.  (iii)  Asteroid  belts  can  also  be  seen                
around  nearby  stars  through  their  infrared  emission  (e.g.,  Su  et  al.  2013),  emission  which               
would  have  been  brighter  following  an  asteroid  collision.  It  has  been  suggested  that  the  rare                
extremely  bright  hot  emission  seen  to  some  stars  comes  from  a  collision  between  planetary               
embryos  (e.g.,  Wyatt  &  Jackson  2016).  However,  it  is  now  possible  to  detect  lower  dust                
levels  (e.g.,  Ertel  et  al.  2020),  and  so  the  debris  from  less  exteme  events,  the  signature  of                  
which   has   yet   to   be   characterised.  
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Figure  1:  (Left)  Measurements  of  the  level  of  3He  in  sediment  layers  show  a  sharp  increase  in  the  accretion  of  small  dust                       
by  the  Earth  following  the  break-up  of  a  large  asteroid  in  the  asteroid  belt  that  may  have  contributed  to  the                     
mid-Ordovician  ice  age  (Schmitz  et  al.  2019).  (Right)  Simple  model  for  the  evolution  of  surface  density  of  dust  following  a                     
collision  at  r=1  that  would  be  developed  in  the  project  and  combined  with  consideration  for  how  much  dust  is  accreted                     
by   planets   at   r<1   to   explain   the   observation   on   the   left.   

Project   details:   
This  project  will  model  the  evolution  of  debris  created  in  an  asteroid  collision.  The  debris  can                 
be  split  into  two  parts.  At  small  sizes  the  dust  would  migrate  towards  the  star  through  P-R                  
drag.  Along  the  way  it  would  be  depleted  in  mutual  collisions.  This  process  would  be                
modelled  using  analytical  techniques  similar  to  those  in  Rigley  &  Wyatt  (2020)  to  get  the                
surface  density  of  different  sized  dust  as  a  function  of  time.  Prescriptions  would  be  used  to                 
determine  how  much  of  the  dust  gets  accreted  onto  the  terrestrial  planets  (Bonsor  et  al.                
2018).  Assumptions  about  the  optical  properties  of  the  dust  would  be  used  to  predict  the                
thermal  emission  from  the  evolving  dust  complex  as  a  function  of  time  and  so  its                
observational  signature.  For  the  larger  debris,  its  dynamical  evolution  would  be  followed             
using  N-body  simulations,  including  dynamical  interactions  with  the  Solar  System  planets            
and  Yarkovsky  forces  as  appropriate  for  the  size  of  planetesimal  considered.  The  starting              
point  for  these  simulations  would  be  those  of  Nesvorny  et  al.  (2007)  that  modelled  the                
collision  thought  to  create  the  mid-Ordovician  ice  age  (Schmitz  et  al.  2019).  These  would  be                
used  to  consider  the  rate  at  which  collisions  occur  with  the  planets  (Wyatt  et  al.  2010)  and                  
the   timescales   compared   with   those   of   dust   accretion.  
 
 

Skills   required:  
Programming   knowledge   required.   Attendance   at   the   Planetary   System   Dynamics   lectures  
recommended.  
 

Useful   references:    (List   of   important   papers/review   articles   relevant   to   the   project)  
 

1. Bonsor   et   al.   2018,   MNRAS,   480,   5560  
2. Bottke   et   al.   2007,   Nature,   449,   48  
3. Ertel   et   al.   2020,   AJ,   159,   177  
4. Nesvorny   et   al.   2007,   Icarus,   188,   400  
5. Plane   et   al.   2018,   Space   Sci.   Rev.,   214,   23  
6. Rigley   &   Wyatt   2020,   MNRAS,   497,   1143  
7. Schmitz   et   al.   2019,   Sci.   Adv.,   5,   9,   eaax4184   
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8. Su   et   al.   2013,   ApJ,   763,   118  
9. Wyatt   et   al.   2010,   MNRAS,   402,   657  
10. Wyatt   &   Jackson   2016,   Space   Sci.   Rev.,   205,   231  
11. Wyatt   et   al.   2020,   MNRAS,   491,   782  
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