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Part II Astrophysics Essay 2016

Observational evidence for cosmic inflation: gravitational waves in the
cosmic microwave background

Advisor: Anthony Challinor, Email: a.d.challinor@ast.cam.ac.uk, Room: K02

Cosmic inflation was introduced to resolve several puzzles of big-bang cosmology,
such as why the universe is so close to being spatially flat and why the tempera-
ture of the cosmic microwave background (CMB) is so uniform. Arguably a greater
triumph of inflation is that it naturally provides a causal mechanism for gener-
ating all structure in the universe. Quantum fluctuations on microscopic scales
were stretched outside the Hubble radius during inflation, providing the primor-
dial perturbations that seeded large-scale cosmic structures and the temperature
anisotropies in the CMB. This same mechanism should also produce a primordial
background of gravitational waves. If inflation occurred at high enough energies
(around 1016 GeV) this background should be detectable in the CMB.

The basic predictions of simple inflation models – a spatially-flat universe with
adiabatic, Gaussian-distributed primordial density perturbations with an almost,
but not quite, scale-invariant power spectrum – have been verified to high accu-
racy with CMB temperature measurements (most notably from Planck). The one
missing element is the detection of primordial gravitational waves. Detection of
such a background would provide very compelling evidence that cosmic inflation
did occur, and would tell us the associated energy scale. Planck has reported
tight constraints on gravitational waves based on the large-angle signature that
they would leave in the temperature anisotropies. This route is limited, however,
by confusion from the dominant density perturbations. Fortunately, the linear
polarization of the CMB provides a way around this confusion, since the curl-like
“B-mode” polarization is not sourced by density perturbations at linear order.

The B-mode polarization signal from gravitational waves has not yet been de-
tected. The measurement is very tricky since the amplitude is certain to be small
and, at typical observing frequencies around 150 GHz, is sub-dominant compared
to polarized emission from our Galaxy over nearly all the sky. At these frequen-
cies, the polarized Galactic emission is from aspherical dust grains aligned in the
Galactic magnetic field. The best limits on primordial B-mode polarization come
from combining data from the BICEP2 and Keck Array experiments observing at
150 GHz at the South Pole, with Planck data at 353 GHz data where dust emission
dominates the CMB. The bound on primordial gravitational waves from this joint
analysis are about as constraining as that from the Planck temperature measure-
ments.



A new generation of multi-frequency ground-based experiments will begin oper-
ation in the next two years, which should improve the bound on gravitational
waves by around a factor of 10 (if they do not make the first detection). Plans
are also being made for future satellite missions and an ambitious ground-based
experiment, both of which promise improvements by a further factor of 10.

Your essay should survey this fast-moving field at the frontier of observational
cosmology. Issues that you may wish to consider include the following:

(1) What is the mechanism by which inflation can produce a background of grav-
itational waves, and how do gravitational waves leave imprints in the temperature
and polarization of the CMB?

(2) What are the Planck constraints on gravitational waves from the tempera-
ture anisotropies, and why can these never be improved? Why can polarization
measurements do better?

(3) What is currently known about polarized emission from dust in our galaxy
at CMB frequencies, and how can one separate the CMB from this with multi-
frequency observations?

(4) What are the prospects for definitive measurements of B-modes from grav-
itational waves with forthcoming experiments, and what exactly would we learn
about inflation from such measurements.
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Part II Astrophysics Essay 2016

Shaping galaxies with AGN outflows

Advisors: Martin Bourne, Email: mabourne@ast.cam.ac.uk, Room: K08
Debora Sijacki, Email: deboras@ast.cam.ac.uk, Room: K17

Active galactic nuclei (AGN) present some of the most energetic and extreme
phenomena in the Universe. They are powered by the release of gravitational
potential energy of matter that is accreted onto a 106

− 1010 M⊙ supermassive
black hole (SMBH), which resides at the centre of the host galaxy. While only a
small fraction of observed galaxies are active, most (if not all) massive galaxies
are expected to harbour a SMBH in their nucleus. Given the extreme masses
reached by SMBHs, the energy released during periods of accretion could have an
important impact upon the evolution of the host galaxies.

AGN feedback is often necessary in galaxy evolution theories and models as a
method of regulating the growth of the galaxy. Such models have been successful
in explaining a number of observed properties of galaxies, such as the galaxy
luminosity function, as well as a number of correlations between the properties of
the SMBH and host. While the necessity of AGN feedback in such models provides
indirect evidence for the importance of AGN feedback, observations of powerful
large scale outflows, believed to be driven by an AGN, potentially corroborate
the theories. Despite the growing evidence for AGN feedback influencing galaxy
evolution, there are still significant uncertainties over how the feedback actually
manifests itself and how it couples to the host galaxy’s interstellar medium (ISM).
One of the fundamental questions that remains unanswered is do the outflows
conserve energy?

The aim of this essay is to review current ideas regarding AGN feedback, in par-
ticular in the form of wide-angle outflows, including evidence for their existence
and the current evidence for momentum and/or energy conserving flows.

The essay should cover the following key points:

(1) Outline the various modes of AGN feedback and the roles they are expected to
play in galaxy evolution. How are these forms of feedback included in theoretical
models to explain the observed properties of galaxies and the black hole scaling
relations?

(2) Discuss the current observational evidence for AGN feedback having an impact
upon the host galaxy (note not just evidence of AGN feedback happening)?

(3) There are a number of arguments for and against the AGN outflows being
energy- as well as momentum-conserving. Discuss what is meant by energy- and
momentum-driven outflows and outline the main arguments for and against each
mode.



(4) Finally, it is important to know how well the AGN feedback is able to couple
to the host galaxy. Explain what different ideas there are in the literature with
regard to how AGN feedback transfers energy and momentum to the host galaxy,
in particular consider how the coupling efficiency can be influenced by the structure
of the ISM.
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Part II Astrophysics Essay 2016

Stellar distances: a fundamental building block of astrophysics

Advisors: Thomas Masseron, Email: tpm40@ast.cam.ac.uk, Room: H34
Paula Jofre, Email: pjofre@ast.cam.ac.uk, Room: H34

For centuries, astronomy was essentially limited to cataloguing and measuring
the position of objects as they appear on the celestial plane, mostly stars and
Solar System planets. However, during the first part of the 20th century signif-
icant developments in theoretical and experimental physics appeared, notably in
thermodynamics, optics and nuclear physics. It was quickly realised that stars
could be used to further extend and test those physical laws, since stars are not
distributed randomly on a temperature versus luminosity diagram (the so-called
Herztprung-Russel diagram), as a direct consequence of being bound by the laws
of hydrodynamics and nuclear physics. However, while a star’s temperature can
be obtained by spectrophotometric analysis of the spectral energy distribution, its
luminosity can only be derived with knowledge of the distance to the star.

The parallax method is the only direct technique to measure stellar distances.
However, the accuracy of this technique is strongly dependent on how well the
position of the star in the sky can be measured, i.e., the astrometric accuracy. The
first results from the Gaia mission [1], which is dedicated to parallax measurements
and is currently gathering data, will be released in summer 2016. This mission has
unprecedented accuracy, more than 1000 times better than the previous mission
HIPPARCOS [2].

Despite this extraordinary improvement, the parallax method still only allows
distances to be measured on limited scales, i.e. basically not further out than
our own Galaxy. Hence, many indirect techniques have been developed to allow
distances to be inferred for structures observed up to cosmological scales; e.g., by
using standard candles such as Cepheids [3], stellar clusters [4] and Supernovae
[5], or by theoretical template matching [6]. Nevertheless, such techniques are all
at some point calibrated using objects with a known parallax. Therefore, accurate
parallaxes are highly anticipated by the entire astronomical community.

Furthermore, measuring parallaxes requires several observations of the positions of
objects separated in time. The resulting dataset provides more information than
just distances to the stars; e.g., it also determines the stars’ motion through the
Galaxy, and can be used to identify objects other than stars. Thus a mission such
as Gaia will also be used to tackle other fundamental questions, such as about
the distribution of dark matter in our Galaxy [7] and about the population of
exoplanets orbiting other stars [8].

The aim of this essay is to review the importance of deriving accurate stellar dis-
tances in astrophysics and its implications. Your essay should cover the following
points:



(1) After reviewing the principles and history of the parallax method, focus on the
most recent missions and instruments: HIPPARCOS and Gaia. Accurate parallax
determination requires a variety of effects intrinsic to the stars to be properly
taken into account (such as proper motion, 3D motions, luminosity variability,
binarity, extended sources, transient events). Explain how those effects will be
disentangled, for example using on-board instruments.

(2) Describe the various principles and techniques used to determine distances
using indirect techniques. To what extent will the new precision achieved by Gaia
impact on the precision of these indirect techniques?

(3) Consider some of the applications outside of stellar physics that will benefit
from the unprecedented astrometric accuracy of Gaia (e.g., stellar motion or the
detection of non-stellar objects).

(4) The intrinsic luminosity of a star is necessary but not sufficient to test and
learn about stellar structure and evolution. The masses and sizes of stars are
equally important to decipher stellar physics. The techniques to measure directly
mass and size of stars are respectively asteroseismology [9] and interferometry [10].
Review their principles and current precision.
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Part II Astrophysics Essay 2016

Small bodies tracing the dynamical history of the Solar System

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

How planets are formed is one of the biggest unsolved problems in Astrophysics.
Various competing models exist to explain how planets are formed (see [1] for a
review). These models make different predictions as to where and what kinds of
planets should form in the primordial protoplanetary disk around a star. How-
ever, with both theoretical predictions and observational evidence suggesting that
planets migrate away from their initial formation locations, using the present-day
properties and orbits of planets to constrain their initial formation conditions and
processes is challenging.

We can, however, consider the Solar System as an example case of extrasolar plan-
etary systems [2]. Of particular interest are the orbits of small bodies in the Solar
System (asteroids, comets, and Kuiper belt objects) which can show signatures of
planetary migration in the history of the Solar System as their orbits were influ-
enced by the gravity of the migrating planets. [3] showed that Pluto’s orbit can
be understood in terms of planetesimal driven migration [4]. Further models have
been proposed to explain, e.g., the origin of Jupiter’s Trojan asteroids ([5], [6]),
and the structure of the asteroid belt ([7] , [8]). However, as the initial distributions
of small bodies are unknown, and multiple histories can produce similar outcomes,
interpretation of the data is not straightforward (e.g., compare [9] and [10]). The
problem remains an area of active research (e.g., [11] , [12] , [13] , [14]).

The aim of this essay is to review our understanding of the dynamical history
(migration and ejection) of planets in the Solar System. The essay should cover
the following key points:

(1) The various models that have been proposed for the dynamical history of
planets in the Solar System, and the motivation(s) for each model.

(2) The advantages and difficulties of using the orbits and compositions of small
bodies to constrain the dynamical history of the Solar System, versus other mea-
surements (e.g., [15] , [16]) that can constrain the formation location and dynamical
history of the planets.

(3) Recent observational surveys suggest that extrasolar planets are extremely
common and that the Solar System planets may not be unique after all. In light
of this, discuss how the architecture of the Solar System can or cannot be reconciled
with the diversity and architectures of extrasolar planetary systems (see [17] for a
review).

(4) Current and future astronomical observations and planetary exploration mis-
sions that could allow us to better constrain the dynamical history of planets in
the Solar System (e.g., [18] , [19]).
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[15] Nesvorný D. 2011, ApJL, 742, L22
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