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Part II Astrophysics Essay 2015

Evidence for gravitational waves from inflation in the cosmic microwave
background?

Advisor: Anthony Challinor, Email: adc1000@ast.cam.ac.uk, Room: K2

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 cosmology community was shocked in March 2014 by the announcement from
the BICEP2 experiment of a detection of B-mode polarization on degree angular
scales. The shape of the angular power spectrum of this signal looks consistent
with what is expected from gravitational waves, but the inferred amplitude is
rather high compared to the upper limit from Planck. The BICEP2 result was
widely heralded in the media as evidence for inflation and the first direct detection
of gravitational waves. However, since BICEP2 operated at a single frequency
(150 GHz), these measurements alone cannot establish the primordial nature of
the signal (which should be independent of frequency in temperature units). At
this frequency, the main worry is that polarized thermal emission from aspherical
dust grains aligned in the Galactic magnetic field may contaminate the observed
polarization.



Indeed, recent polarization results from Planck at 353 GHz (where dust is more
than 20 times brighter than at 150 GHz) suggest that a significant fraction, and
possibly all, of the BICEP2 signal is dust emission. The Planck data is very noisy,
however, so the dust measurements have considerable uncertainty. The Planck and
BICEP2 teams are working on a joint analysis of their data to constrain better
the dust contamination (for example, by cross-correlation across frequencies). The
results of this analysis should be available within the timeframe of the essay.

Your essay should cover the following points.

(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 temperature
anisotropies, and why are these in tension with the BICEP2 measurement of B-
mode polarization if the latter is interpreted as being due to gravitational waves?

(3) What is currently known about polarized emission from dust in our galaxy
at CMB frequencies, and how might this affect the interpretation of the BICEP2
measurement?

(4) How can future CMB polarization experiments deal with dust emission, and
what are the prospects for definitive measurements of B-modes from gravitational
waves.
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Part II Astrophysics Essay 2015

The First Stars

Advisor: Thomas Masseron, Email: tpm40@ast.cam.ac.uk, Room: H34

The first stars that formed in the Universe would have formed from the pristine
mix of hydrogen-and-helium (with a tiny bit of lithium) that filled the early Uni-
verse. Such stars would have synthesized the first batches of heavy elements (that
is all elements with atomic number higher than 3) and expelled them into the
interstellar medium when they died. Hence these stars first would have had a pro-
found influence on the early evolution of our Universe, and are crucial components
of any structure formation model, with fundamental implications for issues such
as the origin of the heavy elements.

Although a small fraction of these stars (the least massive ones) would be expected
to have survived to the present, no pristine composition stars have yet been discov-
ered, despite extensive searches using several large surveys of stars in the Galaxy
(such as SDSS/SEGUE). Nevertheless, these first stars are also expected to have
left distinct chemical imprints on the second generation of stars, a population
which can indeed be observed (the so-called metal-poor stars). Careful analysis of
the spectra of second generation stars have revealed a large star-to-star abundance
scatter which is interpreted as a signature of the diverse properties of primordial
stars. However, the exact interpretation of the progenitor properties challenges
state-of-the-art stellar evolution and nucleosynthesis predictions and models for
galactic chemical evolution. The properties of the first stars can also be probed
through Damped Lyman alpha systems (DLAs), the spectra of which provide in-
formation on the composition of the intergalactic medium at high redshift.

The aim of this essay is to review the current picture we have of the first stars.
Your essay should cover the following points.

(1) What are the various strategies and surveys employed to attempt to discover
the first stars?

(2) A large majority of the observational constrains rely heavily on our ability
to properly model stellar spectra. To what extent is our interpretation of such
spectra limited by our understanding of atomic and molecular physics, and by our
ability to model the hydrodynamics of stellar atmospheres?



(3) According to star formation simulations, more massive stars are expected
to form in the early stages of galaxy evolution. This would imply the initial
mass function (IMF) at these early stages would have been peaked towards higher
masses than that observed today. While primordial massive stars are also expected
to produce a large amount of carbon, it is striking that one of the most-metal
poor stars discovered has no evidence for carbon. Furthermore, while the large
majority of low metallicity stars do show evidence for carbon enhancement, it is
rarely observed in DLAs. What are the different scenarios that could explain these
observations?

(4) Since the first observations of Spite & Spite (1982), it has been recognised that
there is a discrepancy between the Big Bang Nucleosynthesis prediction for lithium
abundances and those observed in metal-poor stars. The discrepancy remains
despite the significant effort which has been devoted to resolving it, for example
by revising cosmological models, improving stellar observations and challenging
fundamental nuclear physics. Review the problem and the possibilities which have
been explored to explain it.

Suggested References :

Beers T. C., Christlieb N. 2005, The Discovery and Analysis of Very Metal-Poor
Stars in the Galaxy, ARAA, 43, 531

Bromm V. 2014, Metal production and dispersal from the first stars, Mem. S. A.
It., 85, 202

Caffau E., Bonifacio P., Francois P., et al. 2011, An extremely primitive star in
the Galactic halo, Nature, 477, 67

Collet R., Asplund M., Trampedach R. 2007, Three-dimensional hydrodynamical
simulations of surface convection in red giant stars. Impact on spectral line for-
mation and abundance analysis, A&A, 469, 687

Cooke R., Pettini M., Steidel C. C., Rudie G. C., Jorgenson R. A. 2011, A carbon-
enhanced metal-poor damped Lyalpha system: probing gas from Population III
nucleosynthesis?, MNRAS, 412, 1047

Keller S. C., Bessell M. S., Frebel A., et al. 2014, A single low-energy, iron-poor
supernova as the source of metals in the star SMSS J 031300.36-670839.3, Nature,
506, 463

Nomoto K., Kobayashi C., Tominaga N. 2013, Nucleosynthesis in Stars and the
Chemical Enrichment of Galaxies, ARAA, 51, 457

Spite M., Spite F. 1982, Lithium abundance at the formation of the Galaxy, Nature,
10, 483



Part II Astrophysics Essay 2015

Core-collapse supernovae and their massive stellar progenitors

Advisor: Morgan Fraser, Email: mf@ast.cam.ac.uk, Room: H25

Once a massive star has exhausted its nuclear fuel, it may explode as a core-collapse
supernova. The resulting gravitationally powered explosion would destroy the star,
and can cause it to outshine a galaxy (for a few weeks). Core-collapse supernovae
are important as one of the main producers of metals such as O and Ca. They
also serve as a key test for models of stellar evolution, and as laboratories for some
of the most extreme conditions in the Universe.

Core-collapse supernovae are classified (e.g. Type II, Type Ib, Type Ic) according
to the presence or absence of specific elements in their spectra, and their luminosity
evolution over time. The range of supernova types results from the diversity in
mass, structure and composition of the progenitor star at the moment of core-
collapse. For example, H-rich supernovae which show strong Balmer emission in
their spectra are believed to come from red supergiants which have extended H
envelopes.

In a handful of cases it has been possible to identify the progenitors of nearby
core-collapse supernovae in archival pre-explosion imaging. This has led to some
surprising results, including that no red supergiant more massive than ∼ 15 Solar
masses has yet been seen to explode. Explanations for this range from the progen-
itors being obscured by dust, to these stars collapsing back down to a black hole
without a bright optical display.

Other puzzling results include the absence of any detected Type Ib/c supernova
from a Wolf-Rayet star progenitor (these are massive stars which have lost their
envelopes through strong stellar winds). This may provide evidence that most
Type Ib/c supernovae come from lower mass stars in binaries.

In your essay, you should discuss the core-collapse supernovae classification scheme,
and the current understanding of their progenitors. Your essay should cover the
following points.

(1) Given the typical absolute magnitude of a supernova (MV ≈ −16 to −19),
why does this suggest that core-collapse supernovae are associated with the death
of a star, and what are the caveats on such a conclusion?

(2) Describe the core-collapse supernova classification scheme, and discuss what
type of stellar progenitor is expected to give rise to each SN type.

(3) Discuss attempts to identify the progenitors of core-collapse supernovae in
archival imaging. Provide an overview of the technique used, and present the
results found to date.



(4) What are the possible explanations for any of the results from progenitor
searches which do not match the predictions of stellar evolutionary theory? In
particular, you should describe and evaluate the proposed explanations for the
absence of high mass red supergiant progenitors (the so-called red supergiant prob-
lem) and the absence of Wolf-Rayet progenitors for Type Ib/c supernovae.
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