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Unravelling the Nature of Dark Matter 
Advisor: Vid Iršič 

Email:  vi223@cam.ac.uk  

Room:  K06 

Essay Description 
The existence of dark matter, which constitutes 85% of the matter density and 26% of the total energy 

density, is clearly demonstrated by cosmological observations of the Universe. And yet, very little is 

known about the nature of dark matter. The observations support the ‘cold dark matter’ (CDM) 

paradigm, in which the dark matter is a heavy particle, with little to no interactions through fundamental 

forces other than gravity. The cosmological and astrophysical observations of dark matter’s gravitational 

interaction currently provide the only robust evidence of dark matter. These observations typically rely 

on characterising the distribution of matter in the Universe. The matter distribution in the CDM paradigm 

predicts complex structures ranging from large to small scales. The amount of structure is characterised 

by its statistical properties, and a defining trait of the CDM is that the amount of structures grows towards 

smaller and smaller scales. 

A dark matter particle that is lighter than the standard CDM paradigm predicts imprints a suppression 

of structure in the matter distribution. The exact scale where this happens is most often linked to the 

mass of the dark matter particle, although the nature of this imprint can vary in different dark matter 

models. Nevertheless, empirical evidence for suppression of structure on small scales would be 

indicative of a possible paradigm shift away from the CDM model. Current and upcoming observational 

facilities are aimed at tackling these important questions through a wide range of methods. One of the 

main difficulties of robustly assessing the amount of structure on small scales is that 15% of the matter 

density, the ordinary matter consisting of hydrogen and helium, can also reduce the amount of structure 

on small scales. This ranges from pressure of the matter to more complex effects related to the 

formation of galaxies. 

In this essay you should discuss different methods that aim to measure the suppression of structure on 

small scales and investigate some of the physical dark matter models that seek to explain the 

suppression of structure. 

Useful References 
- Bechtol, K. et al., 2022, Snowmass 2021 Cosmic Frontier White Paper: Dark Matter Physics from 

Halo Measurements, arXiv:2203.07354 

- Enzi, W. et al., 2021, Joint constraints on thermal relic dark matter from strong gravitational lensing, 

the Ly-alpha forest, and Milky Way satellites, MNRAS 506, 4 

- Iršič, V. et al., 2017, New Constraints on the free-streaming of warm dark matter from intermediate 

and small scale Lyman-alpha forest data, PRD 96, 023522 

mailto:vi223@cam.ac.uk
https://ui.adsabs.harvard.edu/link_gateway/2022arXiv220307354B/arxiv:2203.07354
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- Murgia, R. et al., 2018, Novel constraints on non-cold (non-thermal) dark matter from Lyman-alpha 

forest data, PRD 98, 083540 

- Hui, L. et al., 2016, Ultralight scalars as cosmological dark matter, PRD 95, 043541 

- Nadler, E. et al., 2019, Constraints on Dark Matter Microphysics from the Milky Way Satellite 

Population, ApJ 878, 32 

- Banik, N. et al., 2021, Novel constraints on the particle nature of dark matter from stellar streams, 

JCAP 043 

- Gilman, D. et al., 2019, Warm dark matter chills out: constraints on the halo mass function and the 

free-streaming length of dark matter with eight quadrupole-image strong gravitational lenses, 

MNRAS 491, 6077 

- Lidz, A. et al. 2018, Implications of a prereionization 21-cm absorption signal for fuzzy dark matter, 

PRD 98, 023011 
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Earth's Oxygenation History - One Key to Unlocking 
Exoplanetary Habitability 
Advisor: Gregory Cooke 

Email:  gjc53@cam.ac.uk  

Room:  Hoyle 35  

Essay Description 
The Earth's oxygenation history is a complex chain of events occurring over billions of years. The 

atmosphere has been shaped by both biological and geological transformations, with life evolving 

alongside these changes. During the Archean geological eon, Earth's atmosphere had negligible 

atmospheric concentrations of oxygen, before the photosynthetic activity of cyanobacteria combined 

with hydrogen escape, gave rise to the Great Oxidation Event. This occurred approximately 2.4 billion 

years ago and marked the start of the Proterozoic geological eon. Following this milestone, the Earth 

endured a protracted period known as the "Boring Billion," characterised by relatively stable and warm 

geological conditions. The Neoproterozoic Oxygenation Event, roughly 850 to 540 million years ago, 

ushered in another significant rise in oxygen levels. This coincided with the emergence and 

diversification of complex multicellular life forms and was followed by the Cambrian explosion, which 

witnessed the rapid proliferation of animal phyla. 

When assessing the habitability of Earth-like exoplanets, it is sensible to turn to Earth's own history as 

a benchmark. How the oxygenation timeline correlates with the emergence and sustenance of complex 

life is uncertain. However, the presence of atmospheric oxygen on a planetary scale is crucial in 

determining habitability, as it gives rise to the ozone layer, which blocks harmful ultraviolet radiation 

from reaching the surface. Earth's journey from an anoxic environment to one abundant in oxygen 

provides valuable insights into the interplay between geological processes, atmospheric composition, 

and the evolution of life, serving as a reference point for evaluating the potential habitability of distant 

exoplanets. When future observations of Earth-like exoplanets are made, how astronomers interpret 

the observed transmission spectra and direct-imaging spectra will be key to determining if any worlds 

are habitable, and indeed, inhabited. 

This essay should summarise the current state of knowledge regarding Earth’s oxygenated history and 

highlight the major events that transformed the biosphere. It should discuss the significance of Earth's 

oxygenation history as a foundation for discerning the conditions necessary for life to flourish on distant 

worlds. Additionally, it should explore various observational techniques employed by astronomers to 

identify the presence of oxygen and other potential biosignatures in the atmospheres of terrestrial 

exoplanets, ultimately commenting on the reliability of any future conclusions that may be reached 

regarding the possible presence of extraterrestrial life. 

Useful References 
-  Lyons et al., 2021, Oxygenation, Life, and the Planetary System during Earth's Middle History: An 

Overview, Astrobiology, 21(8), 906. http://doi.org/10.1089/ast.2020.2418 

mailto:gjc53@cam.ac.uk
http://doi.org/10.1089/ast.2020.2418


5 
 

- Meadows et al., 2018, Exoplanet biosignatures: understanding oxygen as a biosignature in the 

context of its environment, Astrobiology, 18(6), 630 

https://www.liebertpub.com/doi/full/10.1089/ast.2017.1727 

- Cooke et al., 2022, A revised lower estimate of ozone columns during Earth’s oxygenated history, 

R. Soc. Open Sci. 9: 211165 https://doi.org/10.1098/rsos.211165 

- Cooke et al, 2023, Variability due to climate and chemistry in observations of oxygenated Earth-

analogue exoplanets, MNRAS, 518, 206 

https://academic.oup.com/mnras/article/518/1/206/6702740 

- Cole et al., 2020, On the co-evolution of surface oxygen levels and animals, Geobiology, 18(3), 260 

https://onlinelibrary.wiley.com/doi/full/10.1111/gbi.12382. 

- Steadman et al., 2020, Evidence for elevated and variable atmospheric oxygen in the Precambrian, 

Precambrian Research, 343, 105722 

https://www.sciencedirect.com/science/article/pii/S0301926819305741?via%3Dihub 

- Schwieterman et al., 2018, Exoplanet biosignatures: a review of remotely detectable signs of 

life. Astrobiology, 18(6), 663 https://www.liebertpub.com/doi/full/10.1089/ast.2017.1729 

- Wordsworth & Pierrehumbert, 2014, Abiotic oxygen-dominated atmospheres on terrestrial habitable 

zone planets, ApJL, 785, L20 https://iopscience.iop.org/article/10.1088/2041-8205/785/2/L20/meta 

- Lyons et al., 2014, The rise of oxygen in Earth’s early ocean and atmosphere, Nature, 506(7488), 

307 https://www.nature.com/articles/nature13068 
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Stellar contamination and mitigation in exoplanetary 
science 
Advisor: Lalitha Sairam  

Email:  lalitha.sairam@ast.cam.ac.uk  

Room:  H32  

Essay Description 
Exoplanetology is an exciting new area of astrophysics that places our Solar system in the context of 

other exoplanetary systems. Although tremendous progress has been made in the last decade, stellar 

activity is a hindrance in both planet detection and atmospheric study. Stellar activity is the result of 

dynamically evolving magnetic fields produced in the stellar interior that are responsible, e.g., for the 

presence of stellar spots, chromospheric heating, and flares. Stellar activity produces astrophysical 

noise signals of different amplitudes and timescales that can hamper both detection and lead to spurious 

atmospheric species.  

Debates around exoplanet detections continue to flourish due to confusion between the radial velocity 

signals induced by stellar activity or exoplanets. Signals intrinsic to the star give rise to radial velocity 

variability occurring over a wide range of time scales (Kjeldsen et al. 1995, Bouchy et al. 2002). The 

stellar activity signals can hinder detections by completely drowning out and even mimicking the radial 

velocity signals of genuine exoplanets (Saar & Donahue 1997, Queloz et al. 2001).  

Exoplanet atmospheric observations are affected by the variations in the spectrum of the star on the 

timescales of the planetary transit (Agol et al. 2010, Sing et al. 2011). For instance, the spot distribution 

on the surface of the star can modify the transit depth. An unocculted spot can underestimate the planet-

to-star radius by 10% in visible wavelengths (Oshagh et al. 2014). Unocculted spots can also lead to 

contamination and enable spurious detection of atmospheric species (Barstow et al. 2015).  

The stellar activity noise is either modelled by employing the empirical proxies from activity indicators 

or by numerical simulation of the active region (Haywood et al. 2014, Rajpaul et al. 2015). This essay 

should review stellar contamination and explore the various mitigation techniques for exoplanet 

detection and their atmospheric observations. 

Useful References 
- Kjeldsen, H. et al., 1995, Amplitudes of stellar oscillations: the implications for asteroseismology, 

A&A 293, 87, DOI: 10.48550/arXiv.astro-ph/9403015 

- Bouchy, F. et al., 2002, The acoustic spectrum of alpha Cen A, A&A, 390, 205, DOI: 10.1051/0004-

6361:20020706 

- Saar, S. et al., 1997, Activity-Related Radial Velocity Variation in Cool Stars, ApJ, 485, 319, DOI: 

10.1086/304392 

- Queloz, D. et al., 2001, No planet for HD 166435, A&A, 379, 279, DOI: 10.1051/0004-

6361:20011308 

mailto:lalitha.sairam@ast.cam.ac.uk


7 
 

- Agol, E. et al., 2010, The Climate of HD 189733b from Fourteen Transits and Eclipses Measured 

by Spitzer, ApJ, 721, 1861, DOI: 10.1088/0004-637X/721/2/1861 

- Sing, D. et al., 2011, Hubble Space Telescope transmission spectroscopy of the exoplanet HD 

189733b, MNRAS, 416, 1443, DOI: 10.1111/j.1365-2966.2011.19142.x 

- Oshagh, M. et al., 2014, Impact of occultations of stellar active regions on transmission spectra, 

A&A, 568, A99, DOI: 10.1051/0004-6361/201424059  

- Barstow, J. et al., 2015, Transit spectroscopy with James Webb Space Telescope: systematics, 

starspots and stitching, MNRAS, 448, 2546, DOI:10.1093/mnras/stv186 

- Kosiarek, M. & Crossfield, I., 2020, Photometry as a Proxy for Stellar Activity in Radial Velocity 

Analyses, AJ, 159, 271, DOI 10.3847/1538-3881/ab8d3a 

- Bellotti, S. et al., 2022, Mitigating stellar activity jitter with different line lists for least-squares 

deconvolution, A&A, 657, A107, DOI 10.1051/0004-6361/202141812 

- Costes, J. et al., 2021, Long-term stellar activity variations and their effect on radial-velocity 

measurements, MNRAS, 505, 830, https://doi.org/10.1093/mnras/stab1183 

- Rajpaul, V. et al., 2015, A Gaussian process framework for modelling stellar activity signals in radial 

velocity data, MNRAS, 452, 2269,  https://doi.org/10.1093/mnras/stv1428 

- Lalitha, S. et al., 2022, The need for a public forecast of stellar activity to optimize exoplanet radial 

velocity detections and transmission spectroscopy, MNRAS, 514, 2259, 

https://doi.org/10.1093/mnras/stac1446 

- Rackham, V. et al., 2023, The Effect of Stellar Contamination on Low-resolution Transmission 

Spectroscopy, RAS Techniques and Instruments, 2, 186, https://doi.org/10.48550/arXiv.2201.09905  

- Rackham, V. et al., 2023, Towards robust corrections for stellar contamination in JWST exoplanet 

transmission spectra, https://doi.org/10.48550/arXiv.2303.15418  
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The rise of `gargantuan’ black holes in the early Universe 
Advisor: Debora Sijacki 

Email:   deboras@ast.cam.ac.uk  

Room:  K17  

Essay Description 
High-redshift surveys have so far discovered over a hundred quasars above redshift of six (for recent 

examples see, e.g., Mortlock et al., 2011, Banados et al., 2018). This number will likely increase 

significantly in the coming years, due to ongoing and planned deep, wide-field surveys, such as 

eROSITA in X-rays, the Vera Rubin Observatory's Legacy Survey of Space and Time (LSST) at optical 

wavelengths as well as Euclid in infrared. Such observations will also push these discoveries to lower 

luminosities too, giving a more complete picture of the build-up of the black hole population in the early 

Universe. In fact, as discussed in Inayoshi et al. (2020), it could even be possible to detect 105 solar-

mass black holes accreting at the Eddington rate at redshift z = 10 with mega second exposures from 

NIRCam on JWST or from the proposed Lynx X-ray telescope. Excitingly, these very high-redshift black 

holes have started to be detected with JWST already (Maiolino et al., 2023a, Maiolino et al., 2023b, 

Matthee et al., 2023). 

Focusing on the most extreme examples, supermassive black holes exceeding one billion solar masses 

have been detected above z = 7, challenging theoretical models of the growth of such objects (see, 

e.g., Wang et al., 2021). The current record holder in terms of luminosity, and hence black hole mass 

(assuming Eddington-based arguments) is SDSS J010013.02+ 280225.8, with an inferred mass 

exceeding 1010 solar masses at z = 6.3 (Wu et al., 2015). While there have been a number of theoretical 

studies of these objects (see, e.g., Sijacki et al., 2009, Costa et al., 2014, Zhu et al., 2022, Bennett et 

al., 2023), these simulations still struggle to form some of the most massive observed black holes at z 

> 6. 

The aim of this essay is to review the current state of this research topic, both observational and 

theoretical, covering the following key points. 

1. Why is it observationally and theoretically so challenging to find and form these `gargantuan’ black 

holes and in which environments are they most likely to be found? Is it possible to disentangle their 

duty cycle and the likely dust obscuration to constrain their number density? 

2. What is the likely impact of these ultra-massive black holes on their host galaxies and how could 

we potentially detect them with the current and upcoming observational facilities, such as ALMA, 

JWST and Athena?  

3. By observing these objects at z ~ 6 what can we learn about their progenitors and can we set 

constraints on the black hole seed mass distribution and on their growth efficiency? To understand 

these issues, why it is so important to push the high-redshift frontier and are there any other future 

observational means that will allow us to probe black holes up to the `Dark Ages’?  
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Useful References 
- Maiolino et al., 2023a, arXiv:2305.12492 

- Maiolino et al., 2023b, A&A submitted, arXiv:2308.01230 

- Matthee et al., 2023, ApJ submitted, arXiv:2306.05448 

- Mortlock et al., 2011, Nature, 474, 616 

- Banados et al., 2018, Nature, 553, 4 

- Bennett et al., 2023, MNRAS accepted, arXiv:2305.11932 

- Inayoshi et al., 2020, Annual Review of Astronomy & Astrophysics, 58, 27 

- Wang et al., 2021, APJL, 907, L1 

- Wu et al., 2015, Nature, 518, 512 

- Sijacki et al., 2009, MNRAS, 400, 10 

- Costa et al., 2014, MNRAS, 444, 2355 

- Zhu et al., 2022, MNRAS, 514, 4 
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Cosmology with Fast Radio Bursts (FRBs) 
Advisor: Anastasia Fialkov 

Email:  afialkov@ast.cam.ac.uk  

Room:  H57    

Essay Description 
Fast radio bursts (FRBs), transient radio signals of yet-unestablished nature, may prove to be new and 

unique cosmological probes, thus complementing the picture of the Universe that we draw based on 

the measurements of the cosmic microwave background (CMB) and surveys of the nearby cosmos.  

FRBs are narrow pulses of radio signals, which are significantly dispersed by the ionized medium 

distributed along the path between the source and the observer. For most of the detected FRBs, the 

observed dispersion of FRB pulses, quantified in terms of dispersion measure (DM), is much larger than 

the contribution of our local environment. Therefore, it is now known that the overwhelming majority of 

FRBs are of extragalactic origin. 

By exploring the dependence of DM on the cosmological redshift, one can extract information about the 

composition of the underlying Universe and probe its expansion history. At low redshifts, FRBs have 

already proven to be valuable cosmological probes. It has been shown that dependence of DM on the 

cosmological redshift, z, of the FRB hosts could pin down properties of the intergalactic medium (IGM) 

and probe cosmological parameters. To give an example, with a sample of localized low-redshift FRBs 

(host redshifts of z < 0.66), Macquart et al. (2020) showed that the dispersion measure of these 

transients depends on the baryonic content of the Universe (along the line of sight) and, thus, can help 

identifying the missing baryons in the IGM by counting the total number of baryons along the line of 

sight. For higher redshift FRBs, beyond the current observational cut-off of z~3, theoretical predictions 

show that a population of FRBs at z = 3–4 could be used to constrain helium reionization occurring 

around redshift z~3.5, while signals from z > 5 would primarily trace the evolution of the hydrogen 

ionization state, and, thus, probe the epoch of reionization. 

The goal of this project is to review the status of the field and explore FRBs as cosmological probes at 

low and high redshifts. 

Useful References 
- Heimersheim, S. et al., 2022, What it takes to measure reionization with fast radio bursts 

(arXiv:2107.14242) 

- Deng, W. & Zhang, B., 2014, Cosmological Implications of Fast Radio Burst/Gamma-Ray Burst 

Associations, ApJL, 783, L35 (arXiv:1401.0059)  

- Fialkov, A. & Loeb, A., 2016, Constraining the CMB optical depth through the dispersion measure 

of cosmological radio transients, JCAP, 05, 004 (arXiv:1602.08130) 

- Macquart, J. P. et al., 2020, A census of baryons in the Universe from localized fast radio bursts, 

Nature, 581, 7809 (arXiv:2005.13161) 

mailto:afialkov@ast.cam.ac.uk
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- McQuinn, M., 2014, Locating the Missing Baryons with Extragalactic Dispersion Measure 

Estimates, ApJL, 780, L33 (arXiv:1309.4451) 

- Yang, Y.-P. & Zhang, B., 2016, Extracting Host Galaxy Dispersion Measure and Constraining 

Cosmological Parameters using Fast Radio Burst Data, ApJL, 830, L31 (arXiv:1608.08154) 

- Walters, A., Weltman, A., Gaensler, B. M., Ma, Y.-Z. & Witzemann, A., 2018, Future Cosmological 

Constraints From Fast Radio Bursts, ApJ, 856, 65 (arXiv:1711.11277) 

- Jaroszynski, M., 2019, Fast radio bursts and cosmological tests, MNRAS, 484, 1637 

(arXiv:1812.11936) 

- Hagstotz, S., Reischke, R. & Lilow, R., 2021, A new measurement of the Hubble constant using 

Fast Radio Bursts (arXiv:2104.04538) 

- Zheng, Z., Ofek, E. O., Kulkarni, S. R., Neill, J. D. & Juric, M., 2014, Probing the Intergalactic 

Medium with Fast Radio Bursts, ApJ, 797, 71 (arXiv:1409.3244) 

- Caleb, M., Flynn, C. & Stappers, B. W., 2019, Constraining the era of helium reionization using fast 

radio bursts, MNRAS, 485, 2281 (arXiv:1902.06981) 

- Linder, E. V., 2020, Detecting helium reionization with fast radio bursts, Phys. Rev. D, 101,103019 

(arXiv: 2001.11517) 
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