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Part II Astrophysics Essay 2018

The Hubble Constant: Cosmologists vs Astronomers

Advisor: G. Efstathiou, Email: gpe@ast.cam.ac.uk, Room: K15

Ever since Hubble’s discovery of the expanding Universe in 1929, astronomers have been trying to
measure the constant, H0, that bears his name. Hubble’s own determination produced a value of
about 500 kms−1Mpc−1. According to the then relatively new General Theory of Relativity, the
age of the Universe is t0 ∼ 1/H0 (the exact relation depends on the matter content of the Universe).
Hubble’s high value, based on the Cepheid period luminosity relation, implied a Universe which
was younger than the age of the Earth – clearly a problem. This problem was solved by Baade in
1952 who showed that there were two types of Cepheids. Hubble had been confusing population I
Cepheids with population II W Virginis stars. Disentangling the two populations led to a reduction
in the Hubble constant and a resolution of the age problem. One-nil to the cosmologists.

Decades of research suggested that the Hubble constant was around 75 kms−1Mpc−1 (for a review
see Rowan-Robinson, 1985). This led to a new age problem: if the Hubble constant was as high as
75 kms−1Mpc−1 (confirmed by the results of the Hubble Space Telescope Key Project, Freedman
etal 2001), a dark matter dominated Universe would be younger than the ages of globular clusters.
Most cosmologists (including the author) didn’t take this problem seriously, but it was resolved
with the discovery of dark energy (Riess etal 1998, Permutter etal 1999). The new age problem was
real and required new fundamental physics to solve it. The astronomers had got their equaliser:
cosmologists one, astronomers one.

Since then, new measurements of the Hubble constant by Riess etal (2011, 2016) give a value
of 73.24 ± 1.74 kms−1Mpc−1, which is discrepant from the value determined from the cosmic
microwave background 67.8 ± 0.9 kms−1Mpc−1 (Planck Collaboration 2016). Is this discrepancy
a result of problems in the Riess etal measurements (1) or with the cosmology assumed in (2)?

The aim of this essay is to review the steps used in the Riess et al measurement and identify
any weaknesses in the analysis. Are you convinced by the result (1)? Have we really missed
fundamental new physics when interpreting the cosmic microwave background radiation? Use your
best judgement to assess the final score in this epic battle between astronomers and cosmologists.
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Part II Astrophysics Essay 2018

Stellar distances: a fundamental building block of astrophysics

Advisors: Clare Worley, Email: ccworley@ast.cam.ac.uk, Room: H34
Gerry Gilmore, Email: gil@ast.cam.ac.uk, Room: H47

For centuries, astronomy was essentially limited to cataloguing and measuring the position of ob-
jects as they appear on the celestial plane, mostly stars and Solar System planets. However, during
the first part of the 20th century significant 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. How-
ever, 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 boasts 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 to observe several times the position and distribution
of objects in the sky. 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 distances in astro-
physics 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 tech-
niques. 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 unprece-
dented 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.

Suggested References :

[1] Perryman M. A. C., et al. 1997, The HIPPARCOS Catalogue, A&A, 323, L49

[2] Sarri G., Prusti T., Schnorhk A. 2013, The Gaia mission: ESA’s Billion-Star Surveyor: Gaia
Ready for Launch Campaign, ESA Bulletin 155

[3] Feast M. W., Walker A. R. 1987, Cepheids as Distance Indicators, ARA&A, 25, 345

[4] Palmer M., et al. 2014, An updated maximum likelihood approach to open cluster distance
determination, A&A, 564, 49

[5] Goobar A., Leibundgut B. 2011, Supernova Cosmology: Legacy and Future, ARNPS, 61, 251

[6] Jofre, P. et al. 2015, Climbing the cosmic ladder with stellar twins, MNRAS, 453, 1428

[7] Sozzetti A., et al. 2014, Astrometric detection of giant planets around nearby M dwarfs: the
Gaia potential, MNRAS, 437, 497

[8] Feldmann R., Spolyar D. 2015, Detecting dark matter substructures around the Milky Way
with Gaia, MNRAS, 446, 1000

[9] Ulrich R. K. 1986, Determination of stellar ages from asteroseismology, ApJ, 306, L37

[10] Brown R. H. 1968, Measurement of Stellar Diameters, ARA&A, 6, 13



Part II Astrophysics Essay 2018

Small bodies tracing the dynamical history of the Solar System

Advisor: Mark Wyatt, Email: wyatt@ast.cam.ac.uk, Room: H38

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), and make differing predictions
as to where and what kinds of planets should form in the primordial protoplanetary disk around
a star. However, 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 planetary 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 influenced by the gravity of the migrating planets. For example,
[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]), and the most distant small bodies have even
been used to infer an additional planet in the outer Solar System ([9]). 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 [10] and [11]). The problem remains
an area of active research (e.g., [12] , [13] , [14] , [15]).

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 measurements (e.g., [16] , [17]) 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 [18] for a review).

(4) Current and future astronomical observations and planetary exploration missions that could
allow us to better constrain the dynamical history of planets in the Solar system (e.g., [19] , [20]).
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[12] Nesvorný D. 2015, AJ, 150, 68
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