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Preface to Proceedings
A large number of the presenters at the conference later submitted written academic papers which
form the basis of the conference proceedings.
All papers published in these proceedings, have been subject to a peer review process whereby a
scholarly judgement by two or more individuals endorsed by the Program Committee determined if
the paper was suitable to be published. In some cases, papers not initially accepted were revised until
deemed suitable.
The editors would like to give special thanks to the Program Committee and those scholars who
participated in the peer review process:
Jeremy Bailey, Russell Boyce, Jochen Brooks, Michael Burton, Andrew Glikson, Greg Meholic,
Franklin Mills, Tim McIntyre, Sean O’Byrne, Monica Pondrelli, Nick Ward, Malcolm Walter, Mark
Wardle.
Finally we would like to thank our sponsors for their support and the Organising Committee
for giving generously of their time and efforts. We trust that you will find the 2008 Conference
Proceedings enjoyable and informative.
Responsibility for the content of each paper lies with its author(s). The publisher(s) retain copyright
over the text. Papers appear in the Conference proceedings with permission of the authors.

Wayne Short and Iver Cairns
Editors, 8ASSC Conference Proceedings
March 2009
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Conference Background
The Australian Space Science Conference (ASSC) is the focus of scientific cooperation and discussion
in Australia on research relating to space. It is a peer reviewed forum for space scientists, engineers,
educators, and workers in Industry and Government.
The conference is of relevance to a very broad cross section of the space community, and therefore
generates an enlightening and timely exchange of ideas and perspectives. The 2008 conference was set
against the backdrop of the National Committee for Space Science (NCSS) developing Australia’s first
Decadel Plan for Space Science. The scope of the conference covers fundamental and applied research
that applies to space technologies, and includes the following:
•
•
•
•
•

Space science, including space and atmospheric physics, remote sensing from space, planetary
sciences, astrobiology and life sciences, and space-based astronomy and astrophysics
Space engineering, including communications, navigation, space operations, propulsion and
spacecraft design, testing, and implmentation
Space industry
Government, International relations and law
Education and outreach

The 8th ASSC was held in Canberra at the Australian National University from September 29
to October 1, 2008 . It consisted of a series of presentations on various researchers on topics that
underline the diversity of endeavours and disciplines that encompass Space Science research in
Australia. Appendix A has a copy of all abstracts submitted for presentation at the conference.
A call for papers was issued in March 2008 and researchers were invited to submit abstracts for
presentation at the conference. Following the conference itself, a call for written papers was issued
in October 2008: this invited presenters to submit a formal written paper for this Proceedings that
covered their abstracts.
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Welcome to the 8th Australian Space Science Conference
This was the second ASSC jointly sponsored and organized by the National Committee for Space
Science and the National Space Society of Australia. It was the first following the release in February
2008 of the Draft Decadal Plan for Australian Space Science, the Senate Inquiry in space science and
industry, and the review of the National Innovation System.
The ASSC is intended to be the primary annual meeting for Australian research relating to space
science. It welcomes space scientists, engineers, educators, industry and government. The focus this
year was on on attracting and bringing together the professional Australian space community, so as to
make ASSC the annual conference for Australian space science, while retaining the strengths of earlier
meetings.
This year’s ASSC was run in conjunction with the NCSS’s second workshop on the Decadal Plan,
currently being refined. This one-day workshop described the current status of the Plan and placed
it in context, better linked the scientific community and associated stakeholders in Government and
Industry, and discussed the next steps.
A special welcome was extended to the delegation from the Ukranian Space Agency.
Iver Cairns						
Co Chair ASSC 2008					
Chair, NCSS						

Anntonette Joseph
Co Chair ASSC 2008
President, NSSA (2006-2008)
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The National Space Society of Australia is the coming together of like-minded space enthusiasts who
share a vision for the future in which there is an ambitious and vigorous space program leading to
eventual space settlement.
To this end the National Space Society (worldwide) promotes interest in space exploration, research,
development and habitation through events such as science and business conferences, speaking to the
press, public outreach events, speaking engagements with community groups and schools, and other
pro-active events. We do this to stimulate the advancement and development of space and related
applications and technologies, by bringing together people from government, industry and all walks of
life for the free exchange of information.
As a non-profit organisation, the National Space Society of Australia draws its strength from an
enthusiastic membership who contributes their time and effort to assist the Society in pursuit of its
goals.
For more information, and to become a member:
http://www.nssa.com.au

Ad Astra!
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The National Committee for Space Science (NCSS) is chartered by the Australian Academy of Science
to foster space science, to link Australian space scientists together and to their international colleagues,
and to advise the Academy’s Council on policy for science in general and space science in particular.
The associated web page can be reached at http://www.science.org.au/natcoms/index.htm . Accessible
resources include the 2004-2006 Report on Australian Space Research.
NCSS believes that ASSC meetings provide a natural venue to link Australian space scientists and
foster the associated science, two of its core goals. As well as ASSC, it is also sponsoring the VSSEC
– NASA Australian Space Prize.
NCSS is the primary driver of the Decadal Plan for Australian Space Science. Still under development,
this ASSC has a Workshop on the Plan. NCSS encourages all those interested in space science to help
develop and support the Plan.
Charles Barton (ANU), Iver Cairns (U. Sydney, Chair), David Cole (formerly IPS Radio and Space
Services), Peter Dyson (La Trobe U.), Brian Fraser (U. Newcastle), Alex Held (CSIRO, COSSA),
Andrew Parfitt (U. South Australia), Malcolm Walter (University of NSW).
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Decadal Plan Workshop - October 1, 2008
This Workshop addressed the first Decadal Plan for Australian Space Science, released in draft form
in Febrary 2008 and still being developed. The Draft Plan can be viewed at http://www.physics.
usyd.edu.au/~ncss/DraftPlan_Release.pdf . The primary goals of the Workshop were to:
1.
2.
.

4.
5.

describe and place in context the Draft Plan and subsequent developments
obtain expert advice from various Government and industry experts,
expand, bring together and educate the space science community (including a video/phone
conference with Earth observations experts in Darwin) and associated stakeholders in
Government and industry,
discuss revisions to the Plan and future steps,
and obtain approval for the proposed plan.

Accordingly, the first part of the Workshop involved context and education, with presentations by
three Government and industry experts:
•
•
•

Dr Michael Green, who chairs the Australian Government Space Forum, and is responsible
for Space witihin the Department of Innovation, Industry, Science and Research (DIISR),
Dr Mike Sargent, Chair of the National Collaborative Research Infrastructure Strategy
(NCRIS) committee, and
Mr Kirby Ikin, Chair of the Australian Space Industry Chamber of Commerce,

followed by an overview of the Draft Decadal Plan (Prof. Iver Cairns).
The second part of the Workshop was a video conference with Earth observation experts at the
Australasian Remote Sensing and Photogrammetry Conference in Darwin.
The final part covered the science projects, co-ordination group ACCSS, priorities, and strategy
proposed to complete and release the Draft plan, as well asdetailed advice and revisions to the Draft
Plan.
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Public Lecture at the 2008 ASSC
Life on Mars: Phoenix & Beyond
Speaker: Professor Malcolm Walter
Australian Centre for Astrobiology
Wednesday October 1, 2008
6:30 pm
Manning Clarke Centre Lecture Theatre 1,
Australian National University

About the Lecture:
NASA’s Phoenix lander has ‘tasted’ water on Mars. On Earth, where there is water below about 150
degrees centigrade, there is life. There have long been observations suggesting the presence of water
on Mars, but now we have a direct analysis. Phoenix has also given us new information about the
“soil” on Mars. There are oxidising compounds, but the soil has nutrients that could sustain life. It is
comparable to the soils of the Atacama Desert in Chile, and there is certainly life there. The Phoenix
lander discoveries provide further clues that microbial life could have existed on Mars. If it was once
there, almost certainly it still is. If such proof could be uncovered then it would be possible to say
something about the extent of life elsewhere in the universe. Does that mean we may, one day, find
intelligence elsewhere among the stars? Australia has a unique role to play in the quest for life beyond
Earth. This presentation explores what we are learning from Australia’s clues to the origin of life on
Earth, and the connection to the latest results from Mars.
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2008 ASSC Program Committee
Bill Barrett (Asia Pacific Aerospace Consultants)
Iver Cairns (Chair, University of Sydney)
Jon Clarke (Mars Society of Australia)
Roger Franzen (Earthspace)
Trevor Harris (DSTO)
Alex Held (CSIRO)
Trevor Ireland (ANU)
Carol Oliver (University of NSW)
Dave Neudegg (IPS Space & Radio Services, BoM)
Gordon Pike (OPTUS)

Organising Committee
Iver Cairns
Co Chair ASSC 2008
Chair, ASSC Program Committee
Hildegunn Gaustad
Program Committee Support
Anntonette Joseph
Co Chair ASSC 2008
Project Manager, Operations
Paul Leopardi
Support & Local Expertise
Wayne Short
IT and Website
Special thanks ...
Australian National University, both in terms of assistance with the public lecture by Professor
Malcolm Walter and in subsidising the rental of facilities, and to the Blackhole Society for providing
volunteers to staff the 2008 ASSC.
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The State of Planetary Science in Australia
Graziella Caprarelli 1
1

Department of Environmental Sciences, University of Technology, Sydney, PO Box 123,
Broadway, NSW 2007, Australia

Summary: A head-count of Australia-based scientists doing research in planetary science was
performed in the context of the drafting of the Decadal Plan for Space Sciences [1]. This paper
builds on those findings. A search of papers published by Australia-based scientists in the
period 2005-2008 was performed. The search returned 91 papers published in international
journals by scientists distributed in 7 groups, of which 6 are identified by the affiliations of the
researchers, and one, termed “Others”, is composed of individuals working independently.
Correspondence analysis performed on the data returned distinctive associations of the ANU,
UNSW and “Others” groups with the subdisciplines of cosmochemistry, astrobiology and
mission data analysis, respectively. These associations are interpreted as indicating clusters of
activity that are, or have the potential to grow into, areas of high productivity. A minimalist
model to support and organise activity in the potential cluster represented by the “Others” is
presented here.
Keywords: Planetary Science, Planetary Surfaces, Cosmochemistry, Astrobiology, Australia,
Decadal Plan, Research Output, Publications.

Introduction
The work associated to the first Australian Decadal Plan for Space Sciences [2] has spawned a
significant number of ancillary outcomes. Among these, the identification of the strands of
planetary science research currently undertaken by Australian scientists often in collaboration
with international teams [1].
The field of planetary science straddles a broad range of disciplines, including astronomy,
astrophysics, geophysics and geology, geochemistry and cosmochemistry, astrobiology,
meteorology and atmospheric sciences, plasma physics. The objects of planetary science
studies are the planets of the solar system, as well as extra-solar planets, in regard to their
formation, composition, evolution, and the possibility of hosting life as we know it on Earth.
The field of planetary science is thus strongly grounded in the methodological and theoretical
underpinnings of geology, physics, chemistry, biology. This makes for powerful and exciting
science that addresses the core issues of what we are, where we came from, and where we are
going.
The Australian scientific community already comprises all the relevant expertise that
could generate a significant international “foot-print” in planetary sciences [1]. The aim of this
paper is to examine the activities and accomplishments of the Australian planetary science
community beyond anecdotal evidence by providing: (1) a method to collect and interpret hard
evidence on the output of Australia-based planetary scientists; (2) a clear identification of
concentrations of existing and emerging strengths. The results of the study make it possible to
envisage models for consolidation of the community in a way that takes full advantage of the
existing expertise while setting the ground for development of the emerging areas.
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Definition and Scope of Planetary Science
The complex multi-disciplinary character of planetary science is reflected in its scope. Space
science classically studies the solar system, but planetary science goes beyond, being concerned
with the study and origin of all planetary systems. This focus is epitomised by the search for
extrasolar planets, the study of the origin and evolution of planets in the solar system, and the
research into the origin and evolution of life on Earth and, possibly, on other terrestrial
planetary objects in our solar system and elsewhere in the universe. This involves a temporal
dimension to the task of planetary science investigations, with studied processes stretching
from 7 Ga – statistical age of high metallicity stars capable of developing planetary systems [3],
to 4.56 Ga – age of the Earth and other solar system planets, to 3.5 Ga – age of the first
fossilised traces of life on Earth, to the present, with all evolutionary steps in between. This
temporal focus straddles the disciplines of astronomy and geology (intended as the “study of
Earth” as a planetary object), which makes it difficult to define planetary science as a specific
field. Rather, the theoretical underpinnings of planetary science are broad, including physics,
chemistry, mathematics, geology and biology. When considering the technology required for
research into such a broad field of study, computer technology and engineering also fall into
the scope of planetary science.
Two consequences arise from such a broad field of study: (1) the nature of the scientific
problems that can be investigated is as diverse and vast as the size and age of the universe;
(2) addressing the most fundamental scientific problems in planetary science is best done as
collaborative enterprises across disciplinary areas. The first aspect provides natural ground for
scientists in many disciplines to carry out research within focused disciplinary areas. The
second aspect, however, requires the freedom and resources to step outside of one's narrow
area of expertise to seek and develop large scale projects. The two approaches to research in
planetary science need not be mutually exclusive. However, research institutions are usually
organised along tightly defined structures that do not easily allow individuals or groups the
flexibility to branch out and actively pursue collaborations across disciplines and institution.
The reasons for such structuring of research institutions have complex historical, cultural and
financial roots, and are beyond the scope of this paper. Nevertheless, the organisation of
science in Australia has a substantial impact on the quality and quantity of research that can be
pursued in planetary science. Therefore, within the framework of the Decadal Plan for Space
Science, it is important to provide some suggestions as to a possible way forward to maximise
expertise and output.

Planetary Science Research in Australia
Australian scientists are at the forefront of all the disciplinary fields encompassed by the broad
scope of planetary science research. It is therefore not surprising that there is also a substantial
research output in planetary science from individuals and groups residing in Australia. This
output is demonstrably of high quality and international impact, as also testified by the many
international collaborations established by Australian based researchers who often are also
involved in research funded by major international space agencies, such as the European Space
Agency (ESA) and NASA. That this involvement is generally of a personal collaborative nature
(possibly with few exceptions, such as the Australian Centre for Astrobiology’s formal
agreement with NASA) is illustrated with factual data and examples in the Decadal Plan for
Space Sciences [2], and will thus not be dealt with in this paper. However, the personal nature
Page 
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of such international collaborations demonstrates how significant the reputation of Australian –
based individual researchers and groups is at an international level.
The uniformly excellent quality of Australian planetary science research, though, is
unevenly matched by the “quantity” of the research done in this field, and consequently, its
output. In this paper I propose that this reflects not the level of productivity inherent to
individuals and groups, but rather a consequence of the opportunities allowed by the
organisation of research in Australia.
Groups and subfields
Cosmochemical studies of the composition of the Sun, the solar nebula, meteorites, asteroids,
and the Moon are conducted at the Australian National University [ANU; e.g., 4-5].
Geochemical investigations on early planetary compositions and evolution (including of Earth
and Moon) are conducted at ANU [e.g., 6-10], and at Curtin University [e.g., 11-13]. At
Macquarie University core-mantle segregation studies are carried out by experimental
petrology methods [e.g., 14-15]. Geophysical models of early planetary evolution are
investigated at Macquarie University and Monash University [e.g., 16-19].
Australian astronomers and planetary scientists are involved in a number of international
projects aimed at the exploration of the outer objects of the solar system, and contributing to
the search for extra-solar planets [20], in the Anglo-Australian Planet Search network and the
PlaNET consortium, the latter being a large international project that utilises a microlensing
technique to detect exoplanets. The bulk of this activity is concentrated at the UNSW, with
collaborations involving the University of Southern Queensland, the University of Western
Australia (Perth Observatory), and the University of Tasmania (Canopus Observatory). In the
future development of the UNSW Automated Patrol Telescope (APT) is also expected.
Observation and exploration of planetary surfaces and atmospheres is conducted by
individuals with expertises ranging from geology to geophysics to astronomy to astrophysics,
mostly collaborating internationally, spread in a variety of host institutions, across NSW, the
ACT, and SA. The common element in this branch of research is represented by the use of
orbiter data sets and the computing and modeling techniques needed to process the data and
interpret them [e.g., 21-27].
Research in impact craters is very fertile in Australia, where at least 26 confirmed impact
craters and a number of probable impact structures, in addition to geological units of impact
origin (impact ejecta) as well as meteorites, are found [28-29].
Terrestrial analogue of Martian environment studies are also very important in Australia
[30] where they focus on the semi-arid regions of the Australian landscape, traces of ancient
hydrothermal systems [31-33], and investigations into modern and ancient microbial organisms
[e.g., 34-35], the latter in the research sub-field of astrobiology, represented in Australia by the
Australian Centre for Astrobiology (ACA), presently at UNSW.
There is also involvement at the mission planning level, by participation of individuals as
members of scientific teams [e.g., 36]. Participation in this type of activity generates big returns
in terms of cutting edge high impact output. In Australia, however, planetary scientists are
usually prevented from participating as members of mission science teams in the planning
phases of missions, because of the lack of international agreements [2].
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A (semi-)quantitative analysis of Australian planetary science research output
The principal form of scientific output is via the communication of results and discoveries by
publication. The number of publications in peer-reviewed journals therefore represents an
objective indicator of contribution to a scientific field by individuals and groups. Other and
more sophisticated performance indicators used in benchmark analyses aimed at the refinement
and implementation of research and development policies [e.g., 37] are not considered here, as
these have mostly a social and political connotation that is not the object of this analysis.
Publication numbers in high impact factor journals can be considered to have “currency” value,
in as publication outputs should in principle include the effects of all other indicators (e.g.,
levels of funding, number of patents, number of research students, collaboration network,
etc…). Therefore, while relatively crude, publication numbers could be considered to be a
reliable first order parameter of research output. Given its simplicity it also lends itself to
modeling and predictive interpretation.
Data collection
To collect data on planetary science publications simple search criteria were employed:
1. Publication dates from 2005 to 2008. This timeframe was purely arbitrary, but it
seemed appropriate in coinciding with the time of preparation of the Decadal Plan for
Space Sciences, and also providing a time span suitable for obtaining outcomes from
the development of projects and collaborations.
2. Only publications in journals acknowledged by the Australian researchers and by the
international scientific community to be the reference high impact journals in their
specific fields were considered (without concern for the Excellence for Research in
Australia – ERA’s rating schemes, that are intended to measure the overall quality of
the journal in relation to its relevance to the Australian case).
3. Attribution of authorship of papers only to the first author, to avoid duplicating entries
for groups that produced multiauthored papers.
Source of data
A database comprising a list of publications meeting the criteria outlined above was obtained
from 3 sources: (1) from researchers who provided a list of the publications they deemed
relevant; (2) from the published articles lists in the web-pages of the journals selected; (3) from
Google Scholar. All sources were cross-referenced to avoid duplications and to ensure that
there were no missing items that should be included in the database. It is not possible to
quantify the error introduced in the method used to source the data. However any error would
be uniformly distributed across journals and researchers, thus rendering interpretations of the
data valid on a relative basis.
Results
A total of 91 papers was collected. The distribution by journal and by institution (in no
particular order) is shown in Fig. 1. The records relate to 6 Australian universities where
planetary science research is carried out as part of specific programs (e.g., ANU’s
cosmochemistry programs) or as by-product or “side-product” of more general research in
earth science (e.g., Macquarie University’s GEMOC) or astronomy. The record title “Others”
indicates 4 individuals who work in various institutions, whose brief is not planetary science,
but who, in addition to performing in their “regular” jobs, use their own time, personal
resources and international connections to actively lead research in planetary sciences. The
group of geochemists and cosmochemists at ANU leads the number of publications (total =
49), which is understandable considering that research is the main activity pursued by the
Page 

Proceedings from 8th Australian Space Science Conference, 2008

group. After Macquarie University (total = 14) where GEMOC has a similar strong brief in
basic planetary (mostly Earth) research, the other records are reasonably close.
60
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Fig. 1: Distribution of papers published in the years 2005 to 2008 by Australia-based
planetary scientists. The papers are subdivided by journal and institution (in no particular
order). Details in text.
Each journal focuses on a specific topic, thus the distribution of publications in Fig. 1 is
representative of the research focus of the various groups as stated in the sub-section “Groups
and subfields” of this paper. For example, papers in the journal Geochimica et Cosmochimica
Acta are mostly published by scientists at ANU, Macquarie or Curtin, papers in the journal
Astrobiology are published by scientists affiliated with the ACA (presently) at UNSW, papers
in the journal Icarus are principally published by the group of the “Others”. The very strong
performance of the ANU cosmochemistry group, as demonstrated by the focus of publications
in journals specialised in geochemistry and cosmochemistry, suggests that concentration of
resources – including people and laboratories – into a well defined cluster dedicated to
research in a specific subfield generates excellency in quality and quantity of output. For
historical reasons ANU is an established cluster of research activity, which is logical to support
for further development in the specific subfield of cosmochemistry. This is consistent also with
inclusion of a cosmochemistry laboratory among the mid-term projects in the Decadal Plan for
Space Sciences [2].
It is important, from a planning viewpoint, to identify also other areas where clusters
already exist or are emerging, or whose emergence, by encouraging, structuring, and
supporting that research, could translate into future areas of international strength.
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Data analysis
The data collected in this work represent an example of count-data dataset, in which data are
tallied in categories. This type of data is common in many disciplines, from social sciences, to
psychology, to palaeontology and sedimentology, to geography, to name just a few. The data
can be organised in the form of contingency tables, which are essentially data summaries. An
analysis of associations that relies on tallied data is obtained by the method of correspondence
analysis, broadly used in all the fields that collect count-data. This type of analysis is an
exploratory data analytic technique used to identify systematic relations between variables
when there are no or incomplete a priori hypotheses on the nature of those relations [38].
Correspondence analysis is operated on a matrix derived from a contingency table transformed
by scaling so as to regard the table elements as conditional probabilities. The tallies matrix
comprises n rows, representing observations, and m columns of variables. In this work the
observations are represented by the research institutions, and the variables are represented by
the number of counted publications in each journal. The total number N is the sum of all tallied
values. The sum of the ith row is the total number of publications (in all journals) from institute
i; the sum of the jth column is the total number of publications in journal j from the total of all
Australian institutional entries. By dividing each individual value (xij) by the grand total N, a
“joint probability” value pij that a specific paper in a specific journal will be published by a
specific institution is obtained. The row totals divided by N give the “marginal probability” (pi.)
that a specific institution will publish papers (in any journal). The column totals divided by N
give the “marginal probability” (p.j) that a specific paper will be published regardless of the
institutions. “Conditional probabilities” are obtained by dividing the joint probabilities by their
respective marginal probabilities. When comparing data in two columns (for example, papers in
journals j and k) a measure of the degree of similarity is obtained by computing the correlation
coefficient ˮjk as:

ˮjk = ː^[(pij – pi. p.j)/(pi. p.j)1/2] [(pik – pi. p.k)/(pi. p.k)1/2]}
where pij and pik are the “observed” probabilities, and pi. p.j and pi. p.k are the “expected”
probabilities, computed as the products of the marginal probabilities. When computing ˮ for all
pairs of columns, a square m x m matrix is obtained, whose eigenvalues and eigenvectors can
be calculated. The first eigenvector is defined a “nuisance”, and is excluded since it simply
reflects the magnitude of the total frequency. The second and third eigenvectors, multiplied by
the squared values of their respective eigenvalues, give the “correspondence loadings” (defined
“R-mode loadings” in matrix notation), that are then plotted in a binary space. An n x n matrix
computed for all pairs of rows gives eigenvalues, eigenvectors, and correspondence loadings
(“Q-mode loadings”) for the institutes. To plot loadings for journals and institutions together in
the same correspondence analysis space the loadings are scaled. All operations related to
correspondence analysis are done starting from the data matrix, and transforming it into the m
x m and n x n matrices. A Mathematica notebook was scripted specifically to execute the
sequence of required matrix operations for this paper.
The results of the correspondence analysis are shown in the diagram in Fig. 2.
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Fig. 2. Plot of Correspondence loading 3 vs. Correspondence loading 2 of R-mode (journals)
and Q-mode (institutions) matrices. Details on calculation procedure and interpretation in
the text. Journal acronyms and abbreviations: GCA – Geochimica et Cosmochimica Acta;
EPSL – Earth and Planetary Science Letters; GRL – Geophysical Research Letters; JGR –
Journal of Geophysical Research; PSS – Planetary and Space Science; APJ – Astrophysical
Journal; Meteoritics – Meteoritics and Planetary Science.
The plot is subdivided into 4 quadrants by the abscissa and ordinate axes intersecting at
their origin {0;0}. Most of the data points of journals and institutions are grouped near the
origin of the axes, suggesting a weak correspondence between research subfield and research
group. This indicates a qualitative lack of focus in a single planetary science research subfield
(as defined in this paper). Five data points stand out by plotting far from the origin of the axes
(coordinate values >|1|). This appears significant and lends itself to interpretation in the sense
of discriminating journals with a strong disciplinary focus, or Australian institutions / research
groups that are clearly distinct and hence are or could generate for the future a well defined
cluster in a research subfield. The points correspond to: the ANU cosmochemistry research
cluster; the UNSW astrobiology and astronomy groups; the group represented by the “Others”,
which is positioned near the point representative of the journal Icarus; the position of the
journal Geochimica et Cosmochimica Acta. In addition, the clearly isolated positions of
Macquarie University and of Monash University, and of the journal Earth and Planetary
Science Letters, plotting near the latter, are deserving of interpretation as well.
Interpretation
The position of the ANU cluster in relation to the journal Geochemistry and Cosmochemistry
is consistent with “polarisation” of the cosmochemistry subfield with the ANU research group,
as already observed in the Results section of this paper.
The UNSW “pole” in the bottom right quadrant concentrates expertise in astronomy /
astrophysics and astrobiology, consistently with the positions of the journals Astrobiology and
Astrophysical Journal along the Correspondence loading 3 negative semiaxis. The UNSW
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“pole” may appear heterogeneous, but examination of journal papers indicates that the final
aim of almost all published studies relates to the identification of extrasolar planets, the
physical and chemical conditions of atmospheres (Venus) and planetary surfaces, with the
ultimate purpose of studying the possibility of extraterrestrial life. There is therefore a general
commonality of intent expressed by different methodologies that in the future might also be
integrated to generate transdisciplinary research in the subfield of astrobiology (sensu lato).
The group of the “Others” represents a very clearly defined “pole”. It appears significant
that researchers who do not have any collaboration with each other and are spread across
Australia, have independently recognised and are working in a subfield that can be identified by
many papers related to the investigation and interpretation of remote observations of the
surfaces of planets preferentially published in the journal Icarus. This suggests the emergence
of a “pole” of expertise and research in Australia, in which capabilities in processing and
interpretation of planetary mission data already exist and could logically be boosted if
organised around a physical or virtual centre, to create a formal cluster. Such cluster could also
attract students and young researchers for training, and lead to the formalisation of
international collaborations in planetary missions.
The universities of Macquarie and Monash have researchers that explore the interior of
planets – including Earth. The position of Monash close to the point representative of the
journal Earth and Planetary Science Letters and the topics of the published papers indicate a
geophysical focus, while the position of Macquarie University in the cosmochemistry quadrant
is consistent with the geochemistry focus of the research group (GEMOC). At present a “pole”
in the study of planetary interiors is not evident from the analysis carried out in this paper, but
the germs of this “pole” already exist in a combination of expertise and methodologies
distributed between Macquarie and Monash. Collaborations might develop also in this subfield
important transdisciplinary research.

Consolidation of expertise and capitalisation of emerging strengths: A
“minimalist” model for Australia
The growth and consolidation of planetary sciences in Australia must be planned taking stock
of the forces “on the ground”. The organised development of the field must be engineered
“bottom-up”, in order to utilise and not to waste resources and expertise that have been built
over many years. In this paper a simple technique of data analysis performed on prima facie
data has been presented. More complex data analyses could be performed on other types of
data, but the simple analysis performed in this paper has already identified “poles” of activity
based on facts. A preliminary approach to planning can be started from these.
The international “scene”
Scientific communities in the United States and in the European Union have carried out
analyses on the nature and availability of expertise in planetary sciences, with the purpose of
providing indications for future developments. These efforts are similar to the grassroot effort
that has led to the drafting of the Decadal Plan for Space Science in Australia. While this
analysis has only just started in Australia, knowledge of the longer term American and
European experiences may provide valuable suggestions on the organisation of the Australian
resources identified (the “poles” of this paper) and on the areas of acknowledged development
that it is important to encourage and support. In particular, it is emphasised here that the
Australian scientific community can present to society or policy makers a model of
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organisation to create a support network and to optimise resources to capitalise and maximise
productivity.
The Division for Planetary Sciences (DPS) of the American Astronomical Society carried
out two surveys of the planetary science community, in 1995 and in 2005. In 1995 a census of
the professional qualifications of the scientists working in planetary sciences [39] showed that
70% of professionals in this field are astronomers, atmospheric scientists, and geologists,
distributed mostly in universities (~50%), with minor but significant representations in
government laboratories, national observatories and in the Department of Defence (totalling ~
32%). The large government laboratories percentage (28.4%) reflected employment of
researchers at NASA, which hosts a large number of planetary scientists as NASA employees
(staff), research fellows (on soft money sensu lato), or as contractors, in addition also to
funding projects and positions in collaboration with universities. In Australia no such large
government laboratory with a brief for space and planetary science exists so a direct
comparison is not accurate. However it appears significant that also in America the larger
portion of planetary scientists reside in universities, where also teaching and research programs
are made available to future generations of scientists (thus adding value to the research output,
in a form of natural “capitalisation”). This parallels the – smaller scale - Australian experience.
The statistical analysis in the 2005 survey [40] is not significantly different from that in
the 1995 survey, although it is particularly impressive that the record of employment of
planetary scientists at NASA has collapsed to 16% in 10 years. The statistics represent a
photograph of the modern situation, and should not be directly compared to the 1995 statistics
(people who participated in the 1995 survey may have not participated in the 2005 survey; new
people may have responded, etc…). The most interesting section of the 2005 report is its
Appendix B, reporting detailed responses to individual questions. These provide insights as to
the real state of affairs, by dwelling directly on the experiences of planetary scientists.
Particularly relevant to this paper are comments on pages 53-55 and 70-71 of the 2005 DPS
survey, specifically:
‘[In America] Most of the money for planetary science is spent for missions. The
remaining money for data analysis, interpretation, modeling, ground-based observations etc. is
smaller…’
‘Not enough bodies to analyze the data / do the work…’
‘To work with the funding agencies to establish stable funding for individual / small
group grants…’
‘… Increasing the percentage of funding for analysis of data from past and on-going
missions.’
These statements synthesise a picture in which: (1) there is an abundance of data
available from planetary missions that is not being examined because of shortage of people
working in the field; (2) more small grants are needed.
Interpreting these comments in the light of the Australian experience and of supply and
demand, it is evident that the existing “pole” of the “Others”, i.e., mission data analysis and
interpretation, has the potential to grow very fast because it responds to the shortage of
interpretative expertise noted by planetary scientists in the USA. There is a surplus of data
already available, that need not be produced, but only processed and interpreted, which is
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already in the possibilities of the Australian “Others”. It is also a relatively inexpensive
enterprise, because interpretation of available mission data involves no expenditure for data
production (i.e., mission participation), but only the relatively minor operational costs
associated to software, maintenance and technical support. It is a subfield that could be
boosted from grants of small magnitude. Regrettably, a competitive small grant scheme
dedicated to funding individuals, small groups or small projects, no longer exists in Australia.
On March 1, 2008, the new NASA Lunar Science Institute opened at Moffett Field, in
California [41]. Also in the specific case of lunar data there are not enough people analysing
existing data and those expected to be collected from future missions. The aim of the new
institute is to become a centre of data analysis, and a nexus for lunar research teams from all
over the world. Interestingly, this project has been initiated and promoted by the lunar
scientific community itself, another example of grassroot movement generated by a real need
felt by the people directly working in the field. The open network nature of the institute would
also guarantee participation of US-based scientists in the analysis and interpretation of lunar
data, even in the case that NASA did not directly participate in missions to the Moon.
European planetary scientists organised themselves in the European Planetology
Network (EuroPlaNet). EuroPlaNet is not affiliated to ESA or to any other European space
agency, although ESA and other centres of research and space agencies are members of the
network, which counts 60 institutions and organisations spread across 17 countries. Funding
for the minuscule amount of €2,000,000 was obtained from the Coordination Action funding
scheme of the European Union for a 4 years period, spanning from Jan 1, 2005, to Dec 31,
2008 [42]. This corresponds to €500,000 / year, that translates to a fraction of a cent / year per
European citizen. During this time the network was managed and organised by scientists, and
the funds were used to facilitate exchange of personnel across member countries and
institutions, coordinate observation activities, propose scientific missions, organise meetings,
prepare the structure of a future European Virtual Planetary Observatory by developing an
Integrated and Distributed Information Service (IDIS). The overall aim of the network is to
maximise the scientific output from planetary missions by a concerted exchange of data and
expertise.
A model for Australia
Networking and coordination across institutions have been shown by the American and
European experiences to be a relatively inexpensive way to maximise the scientific output of
mission data, while also encouraging collaborations and exchange of expertise. This is clearly
regarded by the American and European scientific communities as a bottom-up way to support
the field and foster its growth. This type of nexus is also intended to provide a fertile
environment in which future planetary missions are proposed and planned. Some general
lessons can be extracted from the European and American experiences:
1. Planetary science requires open collaboration across institutions and countries.
2. This collaboration needs not be expensive.
Can such experience be successfully exported and adapted to the Australian
environment? There are no data to answer this question in this paper. It cannot be doubted
though that collaborations can only happen when the scientific community behaves openly and
agrees to share data, facilities, expertise, and to be united and supportive of research in affine
subdisciplines. Neither conditions are in any way a given (in Australia or elsewhere).
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A “minimalist” model of collaboration and support starting from the seed of a nexus
similar to the American lunar network, and using some elements of cooperation taken from the
European experience, is proposed here (Fig. 3).

Planetary Surfaces - HQ
EU

Atmospheres

H/S

DB
EU

Astrobiology

R

T

A

EU

Fig. 3. A “minimalist” model of a hub of planetary activity, centred around the mission
dataset analysis expertise existing in the group of the “Others”, termed here “Planetary
Surfaces – Headquarters”. The main element is represented by the large central square
containing a small centre of activity including a database (red: DB), hardware and software
(red: H/S), and run by one or two researchers (blue: R), supported by one or two IT officers
(including one programmer; blue: T), and some part time or full time administrative assistant
(blue: A). The subfields of planetary atmospheres and astrobiology are natural areas for data
sharing and analysis with the planetary surfaces headquarters. Many external users (small
rectangles: EU) can either virtually or in person access the scientific and technical expertise
and / or the hardware, database, software and scripts.
The model is centred on a hub of mission data collection, storage, analysis and
interpretation, reflecting the capabilities existing in the “pole” of the “Others”. One or two of
the individuals in the “pole”, or other scientists, would act as the main reference point for
science, not only carrying out their projects within the structure, but also fostering
collaborations with external users and making available their expertise to people in Australia
(and possibly elsewhere in the southern Pacific area), via formal or informal training. Technical
assistance would comprise programming, database maintenance and server maintenance
capabilities. Minimal administrative assistance would be part of the human component of the
hub. The relatively minor costs of the hardware / software and database will be minimised by
an increasing number of external users. The human resource expenses need not be specific to
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the centre, as a portion of the work of technical and administrative staff already employed in
institutions could be partly redirected to the work of the centre. The subfields of astrobiology
and planetary atmospheres would be natural partners of the hub, since these subfields also rely
on mission data, and because they study spheres that interact, by exchange of matter or energy,
with the surface of planets. There is no limit to the scope of the database and the softwares that
could be “deposited” in the centre, including geochemical / cosmochemical data (often also
collected in planetary missions) and scripts for modeling planetary processes, thus broadening
the usefulness of such a hub of activity to other planetary science subfields.
The Decadal Plan for Space Sciences [2] has the establishment of a planetary data
analysis node as one mid-term project to be achieved by the usual means of grants. The
“minimalist” model proposed here should be implemented prior to that, to generate an initial
formal hub from which grants could be applied for in the present Australian funding schemes.

Conclusions
This is a discussion paper on the need for the Australian planetary science community to
cohesively search a way forward to build on existing capabilities and to encourage and support
emerging areas that could be objectively boosted with minimal dedicated funding. These are
areas of high “capital gain”, being tied to a subfield in which there is a recognised international
shortage of supply (people) relative to demand (data). Research for this paper started from the
work and information collected by the Working Group in Planetary Science for the Decadal
Plan for Space Sciences [1]. New data were collected from the published literature. A model
data analysis was performed on the data, and an interpretation driven by the analysis was
presented. A model for the establishment and development of a planetary data analysis hub,
consistent with one of the recommended mid-term projects in the Decadal Plan for Space
Sciences (the other intended to support a new cosmochemistry laboratory within the ANU
cosmochemistry “pole”) was presented. Much could be achieved by spontaneous grassroot
action by the scientific community itself. The successes achieved in this way will eventually
stimulate significant investment of national resources in planetary science.
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Summary: In this paper we present a preliminary analysis of 2.3 Pm band spectroscopic
scans of the night-side of Venus made, in 2005 and 2007, with the Anglo-Australian
Telescope’s IRIS2 instrument. The 2.3 Pm band returns information about the section of the
atmosphere just below the sulfuric acid clouds – around 35 km altitude. We have used this
data, along with information from VSTAR modelling software [1] to develop a map of the
distribution of atmospheric carbon monoxide (CO). Because CO has a lifetime in the
atmosphere of just weeks to months [2] it is particularly important to studies of Venusian
atmospheric dynamics [3]. Our preliminary analysis supports the work of Marcq et al. [4]
showing an increase in CO concentration toward the polar collars; it also suggests a possible
drop-off in CO concentration at the anti-solar position and an asymmetry between
concentrations in the North and South Venusian polar latitudes.
Keywords: Venus, carbon monoxide, CO, atmosphere, infrared, IR, IRIS2, VSTAR.

Introduction
Why Study Venusian Atmospheric Dynamics?
Being an inferior planet, Venus exhibits phases. The phases contain information – we can
study the light and dark side of the planet [5]. Since extra-solar planets also exhibit phases,
studying Venus teaches us about studying extra-solar planets.
Being able to determine the difference between an extra-solar Earth and an extra-solar Venus
is desirable. As the Sun heats up over the next billion years we expect the Earth to undergo
the same greenhouse effect evident on Venus, and so studying Venus tells us about the future
evolution of the Earth [6]. Additionally, the development of the greenhouse effect on Earth
means its study is a current imperative [7]. The study of a developed greenhouse effect on
Venus may provide insights into the present events on Earth.
Venus is a potential colony world right now. Just above the cloud deck the temperature and
pressure are the same as at the surface of the Earth [8]. The Earth's atmosphere is a lifting gas
on Venus, and so this has led NASA engineer Geoffrey Landis to suggest that bubbles built of
sufficiently light materials could be used to enclose and float cities [9].
Landis’ NASA team have also built a solar-powered glider designed to be deployed on Venus
during future missions to the planet [10]. An advanced knowledge of the atmospheric
dynamics is, clearly, useful in determining how best to make use of such a probe.
Venus, its Atmosphere and Carbon Monoxide
Venus is the solar system planet most similar to Earth in terms of size, mass and distance from
the Sun and yet the atmospheric conditions of the two are vastly different [8]. Venus is the
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subject of a runaway greenhouse effect. The majority of the Venusian atmosphere is carbon
dioxide (CO2) (96.5 %) and nitrogen (3.5 %) [8]. The most abundant trace gas, sulfur dioxide,
is a major component of the highly acidic Venusian cloud decks [11]. The surface is
particularly inhospitable being 92 atmospheres in pressure and having a temperature of 730
Kelvin [8]. Venus has a sidereal day 243 Earth-days long which is slightly longer than its 225
Earth-day year but, thanks to its backward rotation, a solar day that is about half as long, at
about 117 Earth-days [8]. However the Venusian atmosphere super-rotates in the same
direction as the planet with a period of only about 5 to 7 Earth-days, as measured by the
tracking of cloud features in the near infrared [12].
Superimposed on the Super-rotation are other dynamic atmospheric processes. For instance,
the Sun heats up the day side of the planet at the equator, causing hot air to rise, whence it
flows toward polar latitudes, down-welling at cold polar collars [3]. The Venusian poles
feature planetary scale double cyclones [3]. Venusian atmospheric chemistry is complicated
with, it is believed, more than eighty different reactions taking place [13]. One of the most
important atmospheric constituents is carbon monoxide (CO). CO is formed in the upper
atmosphere by photo-dissociation of CO2, descending in the atmosphere, it is lost through
chemical processes, which may include a conversion into carbonyl sulfide (OCS) through
atmospheric sulfur sinks, and also a conversion back into CO2 [13, 14]. As CO has a lifetime
in the atmosphere of just 106s to 107s [2], it is particularly important to studies of Venusian
atmospheric dynamics [3, 14], in the lower atmosphere providing particular insight into the
Venusian Hadley cell [14].
Variation in latitudinal CO abundances was first inferred by Collard et al in 1993 [15]. They
showed an increase in CO abundance north of 47 ºN of (35 ± 15) % by analysing NearInfrared Mapping Spectrometer (NIMS) data from the Galileo flyby of the planet in 1990
[15]. Marcq et al in 2005 published results that used ground based observations calibrated
with atmospheric modelling to determine the latitudinal CO mixing ratio across four nightside north-south chords; these showed an increase in CO mixing ratio toward the cold polar
collars [4]. In the present paper we build on this work by qualitatively mapping the relative
CO concentration across the whole of the night-side disc of the planet.
2.3Pm
K-band

Fig. 1: Features of Venusian atmospheric Fig. 2: Infrared windows on Venus – the
dynamics. Image source: wikipedia.org. A similar middle window shown is known as the 2.3
figure may be found in [3].
Pm window in the K-band – from Allen
and Crawford [16].
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Infrared Windows
Generally the surface and lower atmosphere of the planet Venus is hidden from observation
by vast sulfuric acid clouds that encircle the planet. However, by observing the Venusian
night-side through infrared “windows”, information regarding the composition of the lower
atmosphere may be gleaned [5]. First discovered by Australian researchers working at the
Anglo-Australian Observatory in the 1980s [16] these windows are important to determining
the composition of the Venusian atmosphere and gaining an understanding of its dynamics.
Of the available windows, only the 2.3 Pm window in the K-band (shown in Fig. 2) features
an absorption from carbon monoxide at ~2.325 Pm [4, 5, 16]. The 2.3 Pm band is most
sensitive to the section of the atmosphere just below the sulfuric acid clouds at 35 km altitude
[4, 5, 14].

x103

S

Fig. 3: VIRTIS-M makes observations of the
lower atmosphere only around the apocentre
(green). Image modified from Titov et al.
[17]

Fig. 4: The projection of a sphere –
representing the planet Venus – in 2D. The
best spatial resolution is achieved at
equatorial-latitiudes yet both sets of polarlatitudes and the mid-latitudes are also
visible simultaneously. The bright crescent is
represented by the white region; the red
region within the cresceant represents less
reliable data, owing to the difficulty in
removing scattered light.

Venus Express
The European Space Agency’s (ESA) current Venus Express mission, the first probe designed
to use the infrared windows, has returned a wealth of information about the planet’s
atmospheric composition [8]. The instrument observing infrared emissions from the night-side
of the planet is VIRTIS. VIRTIS has a mapping mode (VIRTIS-M) – with a spectral resolving
power (O/'O) R ~200 in the range 0.95 Pm to 5.0 Pm – and a high resolution spectroscopic
mode (VIRTIS-H) – R ~1200 in the range 2.0 Pm to 5.0 Pm [18]. Most recently Tsang et al.
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have used VIRTIS-M to map the CO abundances at 35 km altitude on the night-side of the
Venusian southern hemisphere, finding CO concentration to increase from equatorial latitudes
toward the polar latitudes, peaking at a latitude of approximately 60 ºS, with a mean value of
32 ± 2 ppm [14]. There is also some evidence for longitudinal variation along some lines of
latitude [14].
Yet there is still a need for complementary ground based studies. The VIRTIS field of view is
not broad enough to fully cover the Venus disc even at the apocentre. With the help of several
(9–12) spacecraft re-pointings VIRTIS creates a global spectral mosaic of the southern
hemisphere over the course of 2 hours [17]. As such VIRTIS only provides images of the
Venusian southern hemisphere [17]; Earth-based instruments can observe both polar regions
and the equatorial- and mid-latitudes simultaneously [5].

Experimental Details
Observations
We used the Anglo-Australian Telescope at Siding Springs Observatory fitted with the IRIS2
instrument to observe Venus. Details of instrumental set-up and observing method are
described by Bailey et al. [19, 20]. Observing is limited to times either side of inferior
conjunction since this gives the most complete view of the night-side of the planet. Results
from two observing sessions will be presented here: December 2005 and July 2007. Our setup involves scanning the slit across the disk to build up a spectral cube and has a superior
spectral resolution to VIRTIS at R ~2400. Yet the main advantage of ground observing over
Venus Express is the ability to observe both polar regions and the equatorial- and midlatitudes simultaneously. The view of the disc obtained is presented in Fig. 4.
By taking the ratio of two wavelength ranges in the K-band, one associated with CO
absorption (2.32 Pm to 2.33 Pm) and one associated with CO2 absorption (2.28 Pm to 2.29
Pm) we define a CO Index – a relative measure of CO concentration – for each spatial point in
the cube. By observing just the CO2 window we can obtain a measure of the cloud cover from
the signal intensity, gaining an indicator for the reliability of data for any given part of the
planetary disc.
First though, the data was processed to remove a number of extraneous effects. First a
correction is applied for the effects of unsigned integer encoding causing spurious large pixel
values which are actually small negative values. An image taken of a Xenon arc lamp is used
to calibrate the wavelength response of the CCD. The known frequencies of characteristic
lines in the Xenon spectrum are useful for this purpose. Then comes division by a flat field
image of a quartz lamp. The flat field is just the subtraction of a lamp-off image from a lampon image: this allows us to take account of the full range of the differing pixel sensitivities.
We also need to subtract a dark image which is obtained by having the detector blanked off
inside the Dewar. Damaged pixels, their locations obtained by inspection of the dark image,
are replaced with the averages of those around them.
More critically we need to remove the scattering and emitting effects of Earth’s atmosphere;
this is carried out in two steps referred to as a primary and secondary sky subtraction. The
primary sky subtraction uses the images at the start and end of the scan, regarding them as
blank sky frames, subtracting them from each frame in the cube. It allows for changing sky
levels during the scan (e.g. due to twilight) by making a scaled combination of the two sky
frames based on the brightness of a reference sky region near the edge of the frame, away
from the planetary disc. This usually leaves a little residual sky so this is removed by a further
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subtraction based on the spectra near the top and bottom of each frame, again away from the
planetary disc. These are extracted, added together and the resulting spectrum subtracted from
each row of the frame.
Although not critical in determining the CO Index, observation of a standard star allow us to
calibrate the response of the instrument as a function of wavelength, specifically we calibrate
the slope of the spectrum across the CCD. BS8477 was used for the December 2005 data and
BS4013 used for the July 2007 data.
Since the crescent of Venus is so bright compared to the night-side there is a lot of scattered
light from this region that contaminates the night-side spectra. Scattered light appears as a
background solar-like spectrum all across the disc. To remove it we derive a scattered
crescent spectrum from the rows just above/below the brightest part of the disc (but away
from the crescent). We subtract a scaled version of this from each spatial pixel in the cube,
with the scaling factor determined at the short-wavelength end of the spectrum where there is
no signal from Venus itself, just scattered light. This step is difficult to get right and because
of the sensitivity of the region inside the crescent, we consider this region to be less reliable
(Fig. 4), and consider only the region away from it in analysing the data. A pictorial summary
of the effects of the data processing steps are represented, by way of example, in Fig. 5.
(a)

0

(b)

(c)

Signal Intensity

(d)

90th %

Fig. 5: The total signal intensity (for a wavelength range between 2.285 Pm and 2.325 Pm)
for a scan from Jul 26th, 2007 after various processing steps: (a) After the correction for
unsigned 16 bit integers and the wavelength calibration. (b) The flat field and dark
corrections have now been applied, along with the removal of bad pixels. (c) After the
primary and secondary sky subtraction routines. (d) After all data processing steps, including
the standard star calibration and the removal of scattered light. Note howequatorial-latitudes
are obscured by Venusian cloud.
The data presented in this paper are the simple averages of scans collected over several nights:
in December 2005, one scan from the 6th, two from the 8th, four from the 9th, four from the
10th and four from the 11th. Two scans from the 7th and one from the 6th were not used
because of a high degree of telluric cloud cover. In July 2007 the scans used for averaging
were six from the 21st, two from the 22nd and five from the 26th. Two scans from the 24th
were not used because of a high degree of telluric cloud cover. For this preliminary analysis,
in both cases the small changes in the Doppler shift, sub-observer location on and apparent
size of the planet have been neglected. Consequently a precise latitude grid cannot yet be
overlayed. Though Fig. 4 is expected to be representative, an exact grid will be overlayed in
future work.
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Modelling
To relate the CO Index to the actual CO content of the atmosphere (in the form of a mixing
ratio) it is necessary to carry out some atmospheric modelling. To do this we use VSTAR, a
FORTRAN based atmospheric radiative transfer model [1]. It allows us to build up a layerby-layer 1D atmospheric model by inserting absorption and scattering properties associated
with molecules and gases, as well as clouds and haze known to be in the Venusian atmosphere
[1]. For this preliminary study we have used gas and molecular concentrations established by
Meadows and Crisp [21]. A comparison of a typical observational spectrum extracted from a
data cube with a VSTAR produced model spectrum is shown in Fig. 6.
The results of two modelling experiments are reported here. In the first instance, we have
varied the CO concentration and observed the change to the CO Index. Meadows and Crisp
report the CO mixing ratio at different altitudes [21]. We have maintained the relative vertical
(altitude) profile of the mixing ratio and multiplied it by a consistent factor; we then describe
the CO mixing ratio as a percentage of the ‘standard’ ratio (for reference the vertical profile is
displayed in Fig. 7, at 35 km the mixing ratio is 23.5 ppm by volume). In this instance the
model signal received at Earth has not yet been calibrated to properly reflect absolute
intensities and so cannot be compared directly with observation. However it will still be
instructive to see qualitatively how the CO Index changes with CO mixing ratio.
The second modelling experiment is concerned with the effect cloud cover has on the CO
Index. Venus’ sulfuric acid clouds are well known for their ability to obscure optical
observations of the deep atmosphere, and they can even have an effect on measurements made
using the infrared windows. Venusian cloud cover is variable [5], just as cloud cover is on
Earth, because of this it is necessary to determine what impact changing cloud conditions are
likely to have on the measured CO Index. The sulfuric acid clouds are modelled by various
sized particles at different altitudes (Fig. 8). From smallest to largest they are m1, m2, m2p
and m3. The m2 sized particles are expected to be the greatest attenuators of radiation in the
K-band due to Mie scattering [21]. To simulate the effects of thickened clouds we have
gradually increased the mixing ratio of the m2 sized particles, but kept their original vertical
profile intact, by using a multiplicative factor – up to ten times the standard mixing ratio – and
plotted this against the associated CO Index change. We also examine the effects of doubling
the concentrations of the other size cloud particles.

Fig. 6: A comparison of a typical observational spectrum extracted from a data cube (a) with
a VSTAR produced model spectrum (b). Note the simularity of features apart from where a
filter fitted to the telescope attends spectrum characteristics at the red end of the observation.
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Fig. 7: The 'standard' CO mixing ratio
from [21].

Fig. 8: The standard optical depth associated
with different sized sulfuric acid cloud
particles.

Results and Discussion
Modelling
Fig. 9 illustrates the expected inverse relationship between CO mixing ratio and the CO
Index, as would be measured using the IRIS2 fitted AAT – as the atmospheric CO
concentration increases the CO Index is reduced. The relationship is non-linear, and so this
must be considered when examining the CO Index maps below in this paper.
Fig. 10(a) shows that as the concentration of m2 sized cloud particles is increased the CO
Index is reduced. Yet, closer inspection of Fig. 10(a), reveals that even for a ten-fold increase
in m2 optical depth the CO Index is only reduced by less than 0.02. In Fig. 10 (b) we see that
the effect is likely to be similar for any of the different sizes of sulfuric acid particles.
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CO Index
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Fig. 9: Model result for how CO Index varies with CO mixing ratio.
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Fig. 10: The effects of increased cloud optical depth on the CO Index. (a) Even a ten times
increase in m2 optical depth at 0.6 Pm has little influence. (b) Doubling any of the optical
depths associated with different sized cloud particles results only in very minor changes to the
CO Index.
We note that the CO Index appears most sensitive to the larger m3 sized particles, the
majority of which are located between 40 km and 60 km altitude, but that none of the different
sized sulfuric acid cloud particles is likely to have a large intrinsic effect on the measured CO
Index. The main deleterious effect of the clouds on our analysis therefore, is going to be in
reducing the signal-to-noise ratio. To this end we should take care to ignore those regions of
scans with especially high cloud cover but otherwise no consideration need be given.
Observations
Fig. 11 and Fig. 12 are the averages of scans taken from December 2005 and July 2007,
respectively; the left hand panels are the CO Index, the right hand panels are representative of
the intensity dampening effects of clouds. In addition to the area inside the crescent, areas
where there is significant cloud cover should also be considered less reliable because of a low
signal-to-noise ratio. What constitutes low signal intensity is somewhat subjective, however
through examination of a number of scans, it seems reasonable to regard those areas having an
average signal intensity less than ~7000 (cyan and bluer in Fig. 11 and Fig. 12) as unreliable.
It should also be noted that due to latitudinal temperature differences, the CO Index will be 6
% lower at 75 º (and further poleward), 3 % lower at 60 º and 0.5 % lower at 45 º than it will
be at 30 º or closer to the equator, for the same CO concentrations [22].
Considering only the portions of the CO Index map where the data is considered reliable a
number of features are prominent. Examining first Fig. 11 where there is substantially more
reliable data in the equatorial-latitudes, the first thing to notice is that as we move toward the
polar collars from the equatorial-latitudes, even taking into account the expected effects of
latitudinal temperature changes, we see an increase in the carbon monoxide content of the
atmosphere, in agreement with Marcq et al. [4]. If the equatorial-latitudes are ignored, where
the data is less reliable, then Fig. 12 shows a similar trend from the mid-latitudes poleward.
So this observation is further evidence for the literature description of the down-welling of
gas at these collars.
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Fig. 11: Results of the December 2005 averages. Left: the CO Index map. Care should be
taken to ignore the data inside the crescent and where the average signal intensity is below
7000. The figure at right gives the average signal intensity for a wavelength range centred on
2.325 Pm.

Fig. 12: Results of the July 2007 averages. Left: the CO Index map. Care should be taken to
ignore the data inside the crescent and where the average signal intensity is below 7000. The
figure at right gives the average signal intensity for a wavelength range centred on 2.325 Pm.
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The next thing to see, is that there appears a dearth of CO at the anti-solar position on the disc.
The uncertainty in Marcq et al's analysis prevents comparison. There is some support for this
observation, in the form of recent Venus Express data, where a dwindling of CO content away
from the day-side may be seen along some lines of latitude [14]. However, more work needs
to be done to be confident our observation isn't an artefact of the analysis. Because Fig. 11
and Fig. 12 are both simple averages, and the apparent size of the planet is not consistent
between scans, small mismatches in overlaying each scan will especially affect data near the
circumference of the disc. If the left limb of the planet is ignored, however, there is still subtle
evidence for a gradual reduction in CO away from the day-side.

Fig. 13: Topography map: Rappaport et al.’s 360x360 topography model [23] (reproduced
by permission). The zero level correspond to the Venus mean radius Rt=6051.881 km. The
topography contours are at intervals of 1 km. Note the disproportionate fraction of tall
features present around 65 ºN.
Lastly, although no latitude grid has yet been overlayed on the data, initial impressions are
that there are larger CO concentrations at northern polar latitudes compared to southern. The
impression is strongest in Fig. 12. This is an observation that can not be easily made by Venus
Express. If this is indeed the case then the result is particularly interesting, since no clue to its
origin is to be derived purely from the planet's motion. Venus does not have seasons, having a
tilt of only 3 degrees. So if indeed an asymmetry has been detected then it is most likely due
to the planet's orography (that is, the spatial distribution of its mountains). Observations of
CO in the K-band are sensitive at an altitude of 35 km, yet the tallest features are around only
12 km. This suggests that planetary scale waves modulated by the distinctly dissimilar
orographies of the North and South [23] may be responsible. This would be surprising though,
in light of the recent Venus Express data of the South pole revealing similar atmospheric
features to those in the North revealed by Pioneer Venus [24]. If orography is responsible then
the asymmetry may reveal significant information regarding the dynamics of atmospheric
waves.
Another possibility for the North-South asymmetry might be volcanic activity. Previously an
active Maat Mons (2.1 ºN, 194.3 ºE) has been invoked as an explanation for anomalous sulfur
dioxide (SO2) concentrations detected by Pioneer Venus [25]. It seems plausible that extra
sulfur species in the atmosphere may provide additional sinks for CO. However, we detect an
elevated CO concentration in the North, this hypothesis requires greater volcanic activity in
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the southern hemisphere and to date Venus Express has not been able to identify any such
activity [26]. Without supporting evidence, particularly any noted volcanic activity in the
southern polar regions, this hypothesis seems unlikely.

Conclusions and Further Work
Our preliminary analysis has identified three distinct features in CO maps of the disc of Venus
that need to be confirmed by more thorough analyses. There is seen an increase in CO
concentration toward the polar collars, in agreement with others [4, 14]. A decrease in CO
concentration across the night-side from dusk toward dawn is indicated. Scrutiny of Tsang et
al.’s data [14] reveals a similar result for some lines of latitude. Finally, there is an apparent
asymmetry in the CO concentration between the northern and southern polar regions; the
northern pole has a greater concentration of CO. The lack of seasons on Venus makes this
observation surprising; it may be related to Venusian orography.
Further work needs to be done to align changes in our CO Index with CO mixing ratios. An
improved method of gridding individual scans and combining the data is also sought to place
the observations of asymmetry and longitudinal variation on a firmer footing.
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Abstract—We review the results of Robles et al. [1] in which a
simultaneous multi-parameter comparison of solar and stellar
properties and environments is presented. This 11-parameter
analysis quantifies the (a)typicality of the Sun: we obtain a
reduced solar χ2 /11 = 0.76 ± 0.09 and a probability of
29% ± 11% that a star selected at random has a lower χ2
value than solar. These two values are consistent with the idea
that the Sun is a star selected at random rather than a special
star. We also discuss the dependence of the results on different
parameter and dataset selection criteria.

I. I NTRODUCTION
Whether the Sun is a star selected at random from the bag of
all stars or the Sun is a special star, may be connected with the
evolution of life on Earth. If there is a life-enhancing, special
stellar property, we could expect two things: i) the Sun has it
because it hosts a life-bearing planet; ii) if such a property is
special, a large fraction of the stars will not have it, and the
Sun will stand out when compared to its peers ([2], [3]).
The (a)typicality of the Sun has been previously investigated
by various studies (e.g. [4], [5], [6], [7]). Gustafsson’s analysis
concluded that the Sun is a normal star although it departs in
properties like mass and amplitude of micro-variability ([4],
[7]). Gonzalez’s analysis on the other hand, suggests that the
apparently anomalous solar parameters are clues about the
habitability of the Earth ([5], [6]). These previous analyses
have a similar methodology — an individual comparison of the
Sun and the stars for a number of stellar properties, then each
individual comparison is discussed and a qualitative overall
result is proposed.
In 1998, Gustafsson [4] discussed the atypically large solar
mass, and proposed an anthropic explanation — the Sun’s high
mass is probably related to our own existence. He suggested
that the solar mass could hardly have been greater than ∼
1.3 M since the main sequence lifetime of a 1.3 M star is
∼ 5 billion years ([8]). He also discussed how the dependence
of the width of the circumstellar habitable zone on the host
star’s mass probably favours host stars within the mass range
0.8–1.3 M .
In 2008, Gustafsson [7] addressed the question of the Sun’s
uniqueness in his paper entitled “Is the Sun unique as a
star — and if so, why?” After discussing the Sun’s mass,
chemical composition, activity, variability and the fact that
the Sun is not a member of a binary system, he concludes
that in answer to the question in his title, a reasonably
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simple working hypothesis is that “The Sun is odd in certain
respects since a habitable planetary system has to be there
too.” This working hypothesis assumes without support that
habitable planetary systems are odd. Current exoplanet data
are not of sufficient quality to address this question with
much confidence. The exoplanet data are beginning to address
the question of whether Jupiter-like planets are common ([9],
[10]), but it is still the case that if the Sun were amongst the
nearby Doppler target stars, Jupiter would be at the limits of
detectability.
Gustafson’s working hypothesis is not supported by our
more quantitative result that the properties of the Sun are
consistent with the Sun being a random star. Gustafson mentions that Robles et al. ([1], henceforth referred as R08) do
not explicitly include micro-variability and binarity in our
analysis. However, we did include binarity in one version of
our analysis and found it to have no significant effect on our
main conclusions (R08, p. 702). Similarly, the preliminary data
on micro-variability ([11], [12]) indicate that the Sun’s “low
microvariability” is quantitatively ∼ 1 sigma low — a result
which would not affect our joint χ2 analysis and our main
result that the Sun appears to be a random star.
In order to quantify the degree of (a)typicality of the Sun,
all the individual comparisons must be evaluated together in
a multi-parameter analysis. Here we expand on the statistical
analysis presented in R08.
The paper is organised as follows: Section II briefly discuses
the parameters and samples to which the solar values are
compared. Section III presents the calculation of the solar
χ2 . Section IV presents the simulation of stellar χ2 values
and the estimated probability of selecting a star with lower χ2
than solar. Section V describes the advantages of our statistical
analysis as well as our selection criteria for parameters that are
correlated. Section VI discusses the dependence of the results
on the selection of different parameters and different datasets
for a given parameter.
II. PARAMETERS AND S AMPLES
The first part of the analysis is to compare the sun to other
stars for a number of properties. Ideally, we would compare the
Sun to a large, unbiased sample of stars for as many properties
as desired. However, the construction of such a sample is
impeded by observational limitations. Different surveys focus
on different parameters and a survey’s selection criteria can
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introduce significant biases in the properties of their sample.
We have accounted for these biases in our analysis, which involves several stellar samples from the literature. Our selected
samples are:
• Representative: for each property, the stellar distribution
compared to the Sun is the least-biased possible with
respect to that property.
• Independent: the selected properties must be largely independent of each other. Because correlations between
stellar properties exist, we select maximally independent
sets of data or subsets of data.
• Connected to habitability: The selected properties for the
comparison are properties with a plausible connection to
habitability.
The following are the 11 stellar (or environmental) properties we compare the Sun to: (1) mass, (2) age, (3) metallicity1
[Fe/H], (4) carbon-to-oxygen ratio [C/O], (5) magnesium-tosilicon ratio [Mg/Si], (6) rotational velocity (spin, not orbital),
(7) eccentricity of the star’s galactic orbit e, (8) maximum
height to which the star rises above the galactic plane Zmax ,
(9) mean galactocentric radius RGal , (10) the mass of the star’s
host galaxy Mgal , (11) the mass of the star’s host group of
galaxies Mgroup . Table I contains the distribution ranges and
medians for every parameter considered in the analysis as well
as the adopted solar values.
TABLE I

P ROPERTIES OF PARAMETERS ’ D ISTRIBUTIONS
Property

Range

Mass [M ]
Age [Gyr]
[Fe/H]
[C/O]
[Mg/Si]
v sin i [km s−1 ]
e
Zmax [kpc]
RGal [kpc]
Mgal [M ]
Mgroup [M ]

0.08 – 2
0 – 15
−1.20 – +0.46
−0.22 – +0.32
−0.18 – +0.14
0 – 36
0–1
0 – 9.60
0 – 30
107 – 1012
109 – 1013

Median
µ1/2
0.33
5.4
−0.08
0.07
0.01
2.51
0.10
0.14
4.9
1010.2
1011.1

Solar
Value
≡1
4.9+3.1
−2.7
≡0
≡0
≡0
1.28
0.036 ± 0.002
0.104 ± 0.006
7.62 ± 0.32
1010.55±0.16
1010.91±0.07

The details of the parameter selection as well as the construction of each
individual stellar sample can be found in Section 2 and Table 1 of R08.

III. S OLAR χ2 E STIMATES

A. Simple Solar χ2 -analysis

Figure 1 shows the comparison of the Sun to the 11
properties’ distributions. The Sun, indicated by the yellow “”
symbols, scatters around the distributions medians (black filled
circles). The dark and light green shades around the medians
represent the 68% and 95% zones of each distribution (adapted
from [13]). We would like to know if these solar properties,
taken as a group, are consistent with noise, i.e., is the pattern
of the Sun in Figure 1 consistent with the values of a star
selected at random from the stellar distributions? We take a
1 Metallicity: [Fe/H] is the fractional abundance of Fe relative to hydrogen,
compared to the same ratio in the Sun: [Fe/H]≡ log(Fe/H) −log(Fe/H) .

Fig. 1. Solar values of 11 properties compared to the distribution for each
property (adapted from [13]). Each distribution’s median value is indicated
by a small filled black circle. The dark and light green shades around the
medians represent the 68% and 95% zones respectively. The Sun is indicated
by the yellow “” symbols.

χ2 approach to answering this question. First we estimate
the solar χ2 by adding contributions from each of the 11
properties. We find:
χ2 =

N
=11
i=1

(x,i − µ1/2,i )2
= 7.88+0.08
−0.30
2
σ68,i

(1)

where i is the property index, N = 11 is the number of
properties we are considering, µ1/2,i is the median of the
ith stellar distribution and σ68,i is the difference between
the median and the upper or lower 68% zone, depending on
whether the solar value x,i is above or below the median.
The uncertainty on χ2 is obtained using the uncertainties of
x,i .
With 11 degrees of freedom , the reduced χ2 is χ2 / 11 =
2
0.72+0.01
−0.03 . Since χ / 11 < 1, the Sun’s properties are
consistent with the Sun being a randomly selected star. We
find the probability of finding a star with a χ2 value lower
than the solar χ2 , for N = 11 degrees of freedom in the
standard way [14] and obtain:
+0.01
P (< χ2 = 7.88+0.08
−0.30 |11) = 0.28−0.03

(2)

If this value were close to 1, almost all other stars would have
lower χ2 values and we would have good reason to suspect
that the Sun is not a typical star. However, this preliminary
low value of 0.28 indicates that if a star is chosen at random,
the probability that it will be more typical (∼ have a lower
χ2 value) than the Sun (with respect to the eleven properties
analysed here), is only 28+1
−3 %. We conclude that the Sun is a
typical star. In the following, we improve on this preliminary
analysis but come to a similar conclusion.
B. Improved Estimate of χ2
Equation (1) can be improved upon by taking into account:
a) the non-Gaussian shapes of the stellar distributions and b)
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the larger uncertainties of the medians of smaller samples (our
smallest sample is ∼ 100 stars). These two improvements, as
well as the independence between properties are discussed in
Section V.
We employ a bootstrap analysis [15] to randomly resample
data (with replacement) and derive a more accurate estimate
of χ2 .
For every iteration, each parameter’s stellar distribution
is randomly resampled and a χ2 value is calculated using
Eq. (1). The uncertainties σ,i of the solar values x,i are
also included in the bootstrap method: for every iteration,
the solar value for each parameter is replaced in Eq. (1)
by a randomly selected value from a normal distribution
with median µ1/2,i = x,i and standard deviation σ,i . The
process was iterated 100,000 times, although the resulting
distribution varies very little once the number of iterations
reaches ∼ 10, 000. The median of this distribution and the
error on the median yields our improved value for the reduced
χ2 (Fig. 2).
We obtain χ2 = 8.39 ± 0.96. Figure 2 shows the resulting
solar χ2 distribution. The median of this distribution is our
adopted solar χ2 value. Dividing our adopted solar χ2 by the
number of degrees of freedom (N = 11) gives our adopted
reduced solar χ2 value:
χ2 /11 = 0.76 ± 0.09

(3)

The standard conversion of this into a probability of finding
a star with a lower χ2 value than χ2 (assuming normally
distributed independent variables) yields:
P (< χ2 = 8.39|N = 11) = 0.32 ± 0.09.

Fig. 3. Stellar χ2 distribution from our Monte Carlo simulation. PMC (≤
χ2 = 8.39) = 0.29 ± 0.11 (represented by the orange shade) is calculated
integrating from χ2 = 0 to χ2 = χ2 . For comparison, three χ2 distributioncurves are over-plotted with 10, 11, and 12 degrees of freedom. The standard
probability from the N = 11 curve yields: P (< χ2 = 8.39|N = 11) =
0.32 ± 0.09. The longer tail of the Monte Carlo distribution is produced by
the longer super-Gaussian tails of the stellar distributions.

(4)

IV. S TELLAR χ2 P ROBABILITY E STIMATES
To quantify how typical the Sun is with respect to our
11 properties, we compare the solar χ2 (= 8.39) to the
distribution of χ2 values obtained from the other stars in the
samples.
We perform a Monte Carlo simulation [16] to calculate an
estimate of each star’s χ2 value (“χ2 ”). For every iteration,
we randomly select a star from each stellar distribution. We
then calculate its χ2 value by replacing the solar value x,i
with that star’s value x,i in Eq. (1). This process was repeated
100,000 times to create our Monte Carlo stellar χ2 distribution.
The histogram shown in Figure 3 is the resulting montecarlo stellar χ2 distribution. Three standard χ2 distributions
have been over-plotted for comparison (N = 10, 11, 12). The
probability of finding a star with χ2 lower than or equal to
solar is:
PMC (≤ χ2 = 8.39|N = 11) = 0.29 ± 0.11

(5)

The Monte Carlo χ2 distribution has a similar shape to the
standard χ2 distribution function for N = 11, and thus both
yield similar probabilities: PMC (≤ χ2 ) = 0.29 ∼ P (≤ χ2 ) =
0.32 (Eqs. 4 and 5).
Fig. 2. Bootstrapped solar χ2 distribution. The median of the distribution
(yellow “”) is χ2 = 8.39 ± 0.96. This should be compared to the solar
χ2 value from Eq. 1: 7.88+0.08
−0.30 which is over-plotted (grey “” on dotted
line). The dark and light green shades around the median represent the 68%
and 95% zones respectively.
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V. B OOTSTRAP A DVANTAGES AND PARAMETER
C ORRELATIONS
In Section III-B and Section IV we performed two different
bootstrap analyses to improve our estimates of χ2 and PMC (≤
χ2 . The bootstrap analysis addresses two issues overlooked by
a simple χ2 analysis and probability estimate (Eqs. 1 & 2):
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Fig. 4.
Correlation between e and Rmin for 13240 A5–K2 stars from
Nordström et al. [17].

The (non-)Gaussianity of the individual property distributions
and, the errors associated with small-number statistics.
a) non-Gaussianity: Because the bootstrap is a nonparametric method, the distributions need not be Gaussian:
the longer tails in the simulated distributions in Figures 2
and 3 account for the non-Gaussianity of the properties’
distributions.
b) small-number statistics: The larger error contributed
by distributions with a small number of stars is accounted for
by the random resampling of the original distributions, i.e.,
the median values are less certain for smaller samples and this
uncertainty is included in our improved estimate of χ2 and its
uncertainty. The uncertainty of the median of each re-sampled
distribution varies inversely proportionally to the square
 root
of the number of stars in the distribution: ∆µ1/2,i ∝ 1/ N,i .
Special attention should be given to an effect not accounted
for by our solar χ2 bootstrap analysis: correlations between
parameters. Correlations between parameters reduce the effective number of degrees of freedom (i.e. Neﬀective < 11).
Without correction, this results in an underestimation of the
reduced χ2 value, thus, making the Sun appear more typical
than it is.

To minimise this correlations effect, we selected maximally
independent parameters. For example, Figures 4 and 5 show
the correlation plots between the Galactic eccentricity e, the
minimum galactocentric radius Rmin and the height above the
Galactic plane Zmax . Rmin is highly correlated with e (Fig. 4),
so only one of those properties should be included in the
analysis. When comparing the correlations of Zmax with Rmin
and Zmax with e (top and bottom panels in Fig. 5 respectively),
it can be seen that e is less correlated with Zmax than Rmin .
Thus, e and Zmax were included in the analysis.

Fig. 5. Top: Zmax versus Rmin . Bottom: e versus Zmax , the contour lines
in decreasing thickness encompass: 38%, 68%, 87% and 95% of the stars. e
is less correlated with Zmax than Rmin . Data same as Figure 4.

VI. W HAT I F YOU C HOOSE D IFFERENT PARAMETERS ?
In Section III and IV we made improved estimates of the
χ2 and P (≤ χ2 ) for the selected 11 properties distributions.
But how robust is this result? The probability of finding a star
with χ2 lower than or equal to χ2 , depends on the properties
selected for the analysis. For example, what if we choose
only mass and eccentricity? In that case the analysis yields
a reduced χ2 /2 = 2.47 ± 0.49 per degree of freedom, and a
probability PMC (χ2 ≤ χ2 ) = 0.92 ± 0.05. The top panel in
Figure 6 shows the selection of stellar Mass and stellar galactic
eccentricity. The bottom panel shows the simulated stellar χ2
distribution obtained with two degrees of freedom. In this case
the Sun would appear mildly (∼ 2σ) anomalous. However, the
selection of only these two parameters is not random — we
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Fig. 6. Top: solar values of stellar mass and stellar galactic eccentricity.
Bottom: Stellar χ2 distribution from our Monte Carlo simulation. If only
mass and eccentricity are selected, the obtained PMC (≤ χ2 ) = 0.92±0.05.
For comparison, three χ2 distribution-curves are over-plotted with 1, 2 and 3
degrees of freedom.

know a priori that these are the most anomalous parameters
available.
If on the other hand, we chose to remove mass and
eccentricity from the analysis, the analysis yields a reduced
χ2 /9 = 0.39 ± 0.09 per degree of freedom, and a probability
PMC (χ2 ≤ χ2 ) = 0.07 ± 0.04, which is anomalously low,
i.e., the Sun’s values are improbably close to the distributions’
medians. Mass and eccentricity need to be included to prevent
the Sun from being improbably typical (Fig. 7).
The presented results are robust to the use of different
datasets (by different studies) for any given parameter. e.g.
replacing the stellar metallicity dataset compiled by Grether
& Lineweaver [18] with the metallicity dataset compiled
by Favata et al. [19]. This independence is valid for the 8
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Fig. 7.
Top: solar values excluding stellar mass and stellar galactic
eccentricity from the analysis. Bottom: Stellar χ2 distribution from our
Monte Carlo simulation. If mass and eccentricity are excluded, the obtained
PMC (≤ χ2 ) = 0.07 ± 0.04. For comparison, three χ2 distribution-curves
are over-plotted with 8, 9 and 10 degrees of freedom.

parameters for which we have more than one set of data:
when using these different sets of data, the obtained χ2 and
PM C (≤ χ2 ) values are consistent with the values obtained
with our final sets selection (χ2 /11 = 0.76 ± 0.09 and
PM C (≤ χ2 ) = 0.29 ± 0.11).
VII. R ESULTS
Our simple
= 7.88 estimate increased to 8.39 and the
uncertainty increased by a factor of ∼ 3 after non-Gaussian
and small-number-statistics effects were included as additional
sources of uncertainty. Our improved analysis yields PMC (≤
χ2 ), with a longer tail and brings the probability down from
0.32 ± 0.09 to 0.29 ± 0.11.
Our analysis for the solar χ2 values and the probabilities
P (< χ2 ) can be summarised as follows:
χ2
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1) A simple solar χ2 analysis (Eq. 1) increases from
2
χ2 = 7.88+0.08
−0.30 to χ = 8.39 ± 0.96 with our solar
2
χ bootstrap.
2) Accordingly, the reduced simple solar χ2 for 11 degrees
2
of freedom, varies from χ2 /11 = 0.72+0.01
−0.03 to χ /11 =
2
0.76 ± 0.09 (Eq. 3) with our solar χ bootstrap.
3) Using the simple and improved χ2 values, the probabilities P that in a χ2 distribution with 11 degrees of
freedom, a random star has a χ2 ≤ χ2 are P (χ2 ≤
2
7.88|11) = 0.28+0.01
−0.03 (Eq. 2) and P (χ ≤ 8.39|11) =
0.32 ± 0.09 (Eq. 4).
4) Using our Monte Carlo stellar χ2 simulation, we estimate a PMC (≤ 8.39|11) = 0.29 ± 0.11. This probability
is 3% smaller than the one obtained from Eq. 4.
VIII. C ONCLUSION
When the Sun is compared to other stars, simultaneously in
mass, age, metallicity, carbon-to-oxygen ratio, magnesium-tosilicon ratio, rotational velocity, galactic eccentricity, height
above the Galactic plane, galactocentric radius, host galaxy
mass and host group mass, we find that it is very typical. Our
bootstrap analysis yields a reduced solar χ2 /11 = 0.76±0.09
and a probability of just 29% ± 11% that a star selected at
random has a lower χ2 value than the Sun — somewhat closer
to the distribution medians than random values are expected
to be. Comparable figures are obtained by a simplistic χ2 and
probability analysis.
The 11 parameters chosen represent the set of largely independent well-observed properties that are plausibly related to
habitability. There is no indication that the Sun has any special
stellar properties that were required for the development of life
in the solar system.
When particular subsets of our 11 parameters are considered, e.g. only mass and eccentricity, the Sun appears
anomalous. However, the posterior selection of such subsets precludes any conclusions that may follow, about the
(a)typicality of the Sun or the importance of such properties
for life.
For 8 parameters, more than one dataset was available and
our results were consistent when the analysis was performed
using these different datasets for a given parameter(s).
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Abstract—Life on Earth probably evolved between the Moonforming impact ∼ 4.5 billion years ago and the earliest evidence
for life on Earth ∼ 3.8 billion years ago. Whether the heavy
bombardment of the Earth during this period frustrated or
promoted the origin of life is uncertain. However, estimates of
the extent and importance of the role of bombardment could
be improved if we had better contraints on the time-dependence
of the bombardment, and specifically on whether there was a
spike in the bombardment rate ∼ 3.85 billion years ago. We
review the evidence in the on-going debate about the existence
and extent of such a spike, or late heavy bombardment (LHB). We
briefly summarize our analysis of the crater counts in the oldest
lunar basins and explain why our analysis does not support the
LHB hypothesis. We also describe how corrections for saturation
effects, undetected old basins and the assumption of constant
impact rates made in our analysis, all have the effect of making
the case against the LHB more robust.

I. P LANETARY ACCRETION → E ARLY B OMBARDMENT →
L ATE B OMBARDMENT ? → L IFE
The Sun, like other stars, formed during the collapse of
an over-dense clump in a molecular cloud in the plane of
the Galaxy. This collapse and the concomittant formation of
an accretion disk took about 105 − 106 years as the Sun
went through the earliest T-Tauri stages of star formation:
FU-Orionis, strong-lined T-Tauri, classical T-Tauri, then weak
lined T-Tauri stage (e.g. Hartmann 2000, Gaidos 2005, Zahnle
et al 2007).
Cosmochemists date the origin of the Solar System by the
age of the oldest, most refractory solids found in meteorites:
calcium-aluminium rich inclusions to = 4.56745+/−0.00035
billion years ago, “Ga” (Amelin et al 2009). In the early stages
of star formation, dissipation due to magnetic turbulence and
viscosity in the mid-plane of the dusty proto-planetary disk,
leads to gravitational clumping and the formation of planetesimals. A few tens of Moon-to-Mars-sized planetesimals, or
planetary embryos, form within the interval 105 − 106 From
107 − 108 years these planetary embryos scatter and collide as
the most massive begin to dominate the distribution during a
period of oligarchic growth (Kokubo & Ida 1998, Thommes,
Duncan & Levison, 2003, Chambers 2004, Raymond 2004,
Kokubo 2007, Armitage 2007). This picture is based on numerical simulations and is supported by the ∼ 3 Myr timescale
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Fig. 1. The density of craters on the surface of a body in the Solar System
is a proxy for the age of the surface. The heavily cratered highlands of the
Moon are older than the lunar mare which have a lower crater density. We use
the crater density within the largest lunar basins to obtain their relative ages.
When combined with the absolute ages of a few large basins, we reconstruct
an estimate of the integral of the bombardment rate as a function of time (Fig.
3). Image: NASA Apollo 16 metric camera frame AS16-M-3025.

for the disappearance of near-infrared excesses seen in the
spectra of young stars (Mamajek 2004, Hillenbrand 2006).
This disappearance of the near-IR excess traces the dissipation
of the inner gaseous and debris disk for the < 1.5 AU region
where terrestrial planets are thought to form around solar mass
stars. Cosmochemical evidence based on the composition of
the Earth and other bodies in the Solar System supports these
models and observations. Thus, current evidence suggests that
the Earth and the other rocky planets formed by accretion
from the dust, planetesimals and planetary embryos in a protoplanetary disk during a ∼ 90 million year period from ∼ 4.57
Ga to ∼ 4.48 Ga.
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The impact that formed the Moon 90 ± 20 Myr after to
or tM oon = 4.48 ± 0.02 Ga (Halliday 2008) is generally
recognized (somewhat arbitrarily) as either the end of the
accretion of the Earth, or the beginning of the early heavy
bombardment. This giant impact is widely considered to have
given rise to the ejection of enough mass into orbit to form
a ring of debris that subsequently accreted into the Moon
beyond the Roche limit (Cameron 1991, Canup & Asphaug
2001, Canup 2004, Armitage 2007).
The gravitational energy and heat of accretion resulted in a
magma ocean on the newly-formed Moon that cooled quickly
and crystallized to form the early lunar crust containing ferroan
noritic anorthosite dated at 4.46 ± 0.04 Ga (Norman et al
2003). With a crust in place, the Moon became a palimpsest
or bombardometer, capable of recording and, at least partially,
preserving large impacts for billions of years.
A. Earliest Life on Earth
Evidence for anything during the first billion years of
Earth’s history is sparse and controversial. Thus, the evidence
for the earliest life on Earth is, unsurprisingly, controversial.
Mojzsis et al (1996) and McKeegan et al (2007) interpret
isotopic fractionation of carbon 12 and 13 in rocks from
Akila Island, Greenland as evidence of life before ∼ 3.83
Ga. van Zuilun et al (2002), Lepland et al (2005) and Nutman
& Friend (2007) challenge this interpretation. Rosing (1999)
finds light carbon isotopic evidence for life before ∼ 3.7
Ga. The presence of 3.8 Ga banded iron formations in Isua,
Greenland, may be related to microbial oxidation of ferrous
iron (Konhauser et al 2002). Evidence for the oldest putative
microfossils at ∼ 3.46 Ga (Schopf and Packer 1987) has
also been challenged (Brazier et al 2004), while the biogenic
interpretation of ∼ 3.5 Ga old stromatilites (Walter et al 1980,
Allwood et al 2006) seems fairly secure.
It is important to realize that terrestrial life got started before
these dates. How much earlier is uncertain, but since the record
is sparse, life could have originated substantially earlier, possibly not long after the Moon-forming impact. Summarizing
these uncertainties Lineweaver & Davis (2005) estimate that
life has been on Earth for 4.0+0.4
−0.2 Ga. This time interval, from
4.4 to 3.8 Ga, was also a time of heavy and rapidly decreasing
(not necessarily monotonically decreasing) bombardment of
the Earth. This temporal overlap has led to speculations about
possible links between meteoritic bombardment, early earth
environments, and the origin of life (Brack 2008, Furukawa
2009, Pasek 2007, 2008). What role, if any, did large impacts
play in frustrating or promoting the origin of life?
4.4 Ga the Moon was ∼ 10 times closer. Therefore tides
were ∼ 1000 times larger. Instead of 2 meter tides every 12
hours, there were 2 kilometer tides every 6 hours. There was
no oxygen in the atmosphere and no UV-absorbing ozone.
The consensus seems to be that the moon-forming impact was
large enough to sterilize the Earth. Whether subsequent smaller
impacts had that ability is more controversial (Sleep et al 1989,
Ryder 2002, 2003, Abramov and Mojzsis 2008a, 2008b).

Fig. 2. After the sterilizing impact that formed the Moon about 90 ± 20 Myr
after the formation of the solar system (Halliday 2008), a heavy but decreasing
and stochastic bombardment lasted for a few hundred million years probably
frustrated the origin of life on Earth. Eventually, the molecular evolution that
led to life as we know it, was able to squeeze through the thermal bottlenecks
produced by impacts (however see Abraomov & Mojzsis 2008a,b). Figure
from Davies & Lineweaver 2005.

Because of the larger gravitational focusing of the Earth
as well as the resultant increased velocity of Earth impactors
Hartmann et al (2000) estimated that the Earth experienced
∼ 10 impacts by objects more massive than any that struck
the Moon. Byrne (2007) sees evidence for an early lunar
near-side megabasin (D ∼ 6000 km) from an impactor large
enough to sterilize the Earth (Sleep et al 1989, Sleep & Zahnle
1998). Putting these results together implies that ∼ 10 impacts
could have frustrated biogenesis on the early Earth. Maher &
Stevenson (1988), Sleep et al (1989), Zahnle & Sleep (1997)
Sleep and Zahnle (1998) and Davies & Lineweaver (2005)
have explored the impact frustration of life and conclude that
life could have originated, been wiped out, originated again
and been wiped out repeatedly (∼ 10 times?) during the ∼ 600
Myr period after the Moon-forming impact (see Fig. 2).
As an added possible complication Arrhenius & Lepland
(2000) suggest that the bombardment history of the Moon was
so local that it does not necessarily represent the bombardment
history of the Earth. However, evidence linking the lunar and
terrestrial bombardment rates may be forthcoming (e.g. Trail
et al 2007).
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II. T HE L ATE H EAVY B OMBARDMENT H YPOTHESIS
A. Impact breccias
Absolute age determinations of the largest lunar basins by
dating impact breccias returned by Apollo missions in the late
60’s and early 70’s found dates that clustered around 3.7-3.9
billion years ago. These dates led to the hypothesis of the
late heavy bombardment – a spike in the lunar bombardment
mass flux during this period (Tera et al 1974). Subsequent
work has confirmed this clustering (e.g. Dalrymple & Ryder
1993, Norman et al 2006). However, impact breccias may be
biased by their collection on the near-side equatorial regions
which may be unrepresentative of the entire Moon in being
dominated by a small number of the largest, most recent nearside impact basins.
B. Glass spherules

not sample very efficiently deeply buried (5 or 10 kms) older
surfaces. The thickness of the lunar megaregolith may be 10’s
of kilometers (Wilhelms 1987, Heiken et al 2001). Gardening
implies hoeing or plowing which brings buried material to
the surface. It suggests a level of upheaval that might not
allow burial to remove all traces of an old surface. Chapman
et al (2007) point to this issue as the most important one
in trying to explain the dearth of early evidence. Although
impact “gardening” keeps some fraction of older material near
the lunar surface, the average age of material is older as you
go deeper. More work needs to be done to quantify ejecta
blanket burial, and the incomplete impact “gardening” of the
lunar surface. If burial is important enough, it would explain
the dearth of evidence from the current surface, for a heavy,
pre-4 Ga bombardment (however see Norman et al 2007 for
impact breccia dated at 4.2 Ga ).

Instead of dating macroscopic rocks (impact breccias) one
can also date microscopic glass spherules in the lunar soil. ArAr dating of Apollo 12 and 14 regolith glass spherules shows
no pronounced clustering between 3.7 − 4.0 Ga (Culler et al
2000, Levine et al 2005). Rather, Culler et al (2000) Fig. 2
indicates a broad peak near 3 Ga and both papers show peaks
during the most recent 0.4 Ga. The disagreement between the
impact breccia dates and the glass spherule dates is difficult to
explain. Perhaps glass spherule dates trace the flux of smaller
impactors while impact breccia dates trace the flux of larger
impactors. Or perhaps glass spherule dates are less biased by
astronaut rock selection. In either case, the glass spherule dates
do not confirm or provide support for the LHB hypothesis.
C. Lunar meteorites
Lunar meteorites that have fallen on the Earth probably
come from all over the lunar surface and therefore, as a
group, should not be biased geographically. The dates of lunar
meteorite impact-melt clasts (Cohen et al 2000) are distributed
in age quite broadly and show little pronounced clustering
between 3.7 − 4.0 Ga. Few are older than ∼ 4 Ga. Cohen
et al (2000) interprets this as support for the LHB. Kring
(2008) writes: “The dearth of impact ages > 4 Ga among lunar
meteorites and within the Apollo and Luna collections implies
that all of the basins including those in the Pre-Nectarian
Period were produced in the same narrow window of time
3.84-4.05 Ga.”
However, an alternative interpretation of the lunar meteorite
dates is that 1) their most important feature is the absence of a
pronounced peak between 3.7 − 4.0 Ga (consistent with glass
spherule dates), and therefore they do not support the LHB.
2) the relative dearth of lunar meteorite ages older than ∼ 4
Ga can also be explained by a selection effect associated with
the preferential burial of the oldest surfaces (Chapman et al
2007). That is, just as on Earth where the oldest surfaces have
been largely buried, incompletely “gardened” or obliterated,
the oldest surfaces on the Moon may also be largely buried.
Evidence for a heavier bombardment earlier than 4 Ga would
then be largely buried. The lunar meteorites were preferentially
flung off from the top 1 or 2 km’s of the lunar surface and do
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Fig. 3. Cumulative diameter of lunar basins. Crater densities within the
basins are used to assign relative ages to the basins. The ages of Orientale
and Imbrium are used to give an absolute calibration to the relative ages
of the youngest basins. The plausible range of the absolute ages of South
Pole Aitken (SPA) and Nectaris are expressed by the three assumptions that
produce the three different curves plotted. The y-axis is the cumulative basin
diameter of the largest lunar basins (D > 300 km) as a function of their age.
Cumulative crater diameter is a proxy for accreted mass (Cintala & Grieve
1998). As shown in Fig. 4, these curves are the integral of the impact rate or
the mass accretion rate. Thus, the steepest positive slopes of these cumulative
curves tell us where the impact rate is the highest. If there were a spike in
the impact rate at ∼ 3.85 ± 0.1 Ga (see boxed area), these curves would
be steepest in that time frame. If we accept the Imbrium and Orientale dates
(also used to argue for the LHB hypothesis) then the slope from 3.85 to 3.75
Ga is the flattest (and most reliable) part of this plot, and excludes any spike
at that time. The steepest part of the plot is the earliest part. Young ages for
Nectaris and SPA can steepen the entire plot but do not change the relative
steepness (which is a measure of the relative impact rate). If Nectaris and
Keeler-Heaviside are young and SPA is very old (a scenario not shown here)
then this plot would not significantly undermine the LHB hypothesis.

III. A NALYSIS OF C RATER D ENSITIES IN THE L ARGEST
L UNAR BASINS
We have described our analysis of crater densities in the
largest lunar basins in Norman & Lineweaver (2008) and
Lineweaver & Norman (2008). Following Wilhelms (1987)
we were able to use crater densities (D > 20 km) inside
the largest lunar basins (D > 300 km) to establish the
relative ages of lunar basins. We pinned the relative age
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Fig. 4. Decreasing bombardment rates and monotonically increasing cumulative mass. In these four plots, let the x-axis be time, from the origin of
the Moon, until today. Let the y-axis for the black curves be the impact rate
(either diameter of impacts per unit time dD/dt, or mass accreted per unit
time, dM/dt). Let the monotonically increasing blue curves be the cumulative
diameter of the basins on the Moon, D(t) which is a proxy for thecumulative
t
t
dD
dM
mass deposited M (t). That is D(t) =
dt or M (t) =
dt
dt
dt
dD(t)

dM (t)

t=0

t=0

where dt ∝ dt . Consider the exponentially falling impact rate in the
upper left (black curve). The resulting cumulative mass (blue curve) increases
rapidly in the beginning and then levels off because the bombardment rate is
so low at late times. Since the largest impacts are the rarest (and the largest
contributors to the total mass) small number statistics for these largest objects
will produce the largest variability – producing spikes and troughs in the
impact rate around some overall average that is declining. Consider the case of
a late heavy bombardment hypothesized to be a ∼ 100 Myr spike in the impact
rate centred about 3.85 billion years ago (shown in the lower left panel). Such
a spike would increase the slope of the blue cumulative mass curve and lead to
a higher normalization. The dashed line shows the cumulative curve without a
spike. For context, the upper right panel shows a gaussian impact rate and the
blue shows the cumulative mass (i.e. the integral of a gaussian). If the spike
has a very sudden onset (lower right panel), the cumulative curve is very steep.
These curves provide the context for understanding the cumulative diameters
of lunar basins as a function of time, shown in Fig. 3

scale to absolute ages using the ages of Orientale, Imbrium
(tOrientale = 3.75 Ga, tImbrium = 3.85 Ga) and plausible age ranges for Nectaris and South Pole Aitken (SPA)
(tSP A , tN ec ) = (4.4, 4.1), (4.2, 3.95) or (4.0, 3.9) Ga. Our
main result is shown in Fig. 3. Figure 4 provides a conceptual
context for interpreting Fig. 3.
A. Corrections
Wilhelms (1987, p 157) discusses the incompleteness of the
number of oldest basins. He writes: “Procellarum, South Pole
Aitken, and at least 14 now-obliterated basins formed between
crustal solidification and the oldest of the 28 pre-Nectarian
basins”In Fig. 3, there are 16 basins between SPA and KeelerHeaviside. The oldest of the 28 pre-Nectarian basins is AlKhwarizmi/King and it is the second point from the left (the
leftmost point is SPA). Wilhelms’ estimate means that we
probably should add at least 14 basins between SPA and AlKhwarizmi/King. Adding 14 basins to this part of the plot
steepens the initial part of the curve substantially and creates
much stronger support for the idea that the steepest part of the
curve (and therefore the time of heaviest bombardment) occurs
before the hypothesized LHB whose time frame is indicated
by the box in the upper right (3.8 ± 0.1 Ga) of Fig. 3.
SPA is so obliterated that it is plausibly and probably the
case that many impacts half the size of SPA and of the same

Fig. 5. Crater densities inside the oldest basins are underestimates since, with
increasing basin age, saturation effects become more important. For example,
in this plot modified from Wilhelms 1987, we expect the cumulative crater
counts of the very old Al-Khwarizmi/King basin to increase along the nearly
vertical slope of the red line – as we compute the cumulative number of
craters within Al-Khwarizmi (starting with the largest ones with D ∼ 250
km and then including progressively smaller ones) the number goes up, but
instead of following the red line (which leads to a cumulative number of a
few times 10−3 as indicated by the upper red arrow) it bends over for crater
diameters less than about 80 km and leads to a cumulative number about
an order of magnitude smaller (horizontal red arrow).. This is because small
craters are more easily obliterated by subsequent impacts. For the old AlKhwarizmi/King crator, this saturation effect can lower the crater density (=
cumulative number of craters of D > 20 km) by a factor of approximately
ten (shown by the difference in the y-axis values indicated by the upper and
lower horizontal arrows). When a constant bombardment rate between SPA
and Nectaris is used to convert crater densities to absolute time, the effect of
not correcting for this saturation is to make the earliest part of Fig. 3 less
steep. Thus, if we had corrected for this effect, (while conditioning on one
of the three SPA ages considered here) the computed absolute ages of the
oldest basins would be closer to the age of SPA, which would produce an
even steeper curve between SPA and Keeler-Heaviside than we have already.

age would not have been detected. It is uncertain whether
Wilhelms (1987) is including these in his “at least 14 now
obliterated basins”.
Another improvement to Fig. 3 can be made by iterating
between the initial average bombardment rates used in our
analysis (see Norman & Lineweaver 2008), the associated
absolute ages (which determine how steep the curve is) and
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then back to a new estimate of the bombardment rates,
which then would yield new absolute ages. Although such an
analysis is beyond the scope of this paper, it is straight-forward
to estimate that the steepest parts of the curves in Fig. 3
would produce the highest new estimates of the bombardment
rates, which would shorten the time interval between KeelerHeaviside and SPA, which would then steepen the curve in
this time interval, and thus be in conflict with the relatively
low bombardment rate at tSP A in Fig. 6.
IV. F IGURE 3 AND RYDER ’ S LHB MODEL
Ryder (2002, 2003) was a leading advocate of the LHB.
His preferred model is shown in Fig. 6. There are minor differences between our analysis and his. He assumes
(tOrientale , tImbrium ) = (3.82.3.85) Ga while we use
(3.75, 3.85) Ga. Even if we accept a young age of 3.90 Ga for
Nectaris, there is 80 Myrs and 12 basins between tOrientale
and tN ectaris . There are at least 30 (+ 14) pre-Nectarian
basins. Thus, the 80 Myr time interval between 3.90 and 3.82
Ga contains 1/4 − 1/5 of the impacts (12/56 ∼ 1/4 − 1/5)
in the time interval between tOrientale and tSP A . Thus, using
the average impact rate between tOrientale and tSP A , the preNectarian impacts would occupy 240 or 320 Myr before 3.90
Ga, which would then extend the beginning of the spike of
the LHB to 4.14 − 4.21 Ga. When a “spike” lasts ∼ 400 Myr,
it looses its spikiness.
According to Ryder (2002) there are several other pieces of
evidence in favor of the LHB. One is that with a lunar crust
“fairly intact” by 4.46 (based on ferroan noritic anorthosite
dates of Norman et al 2003) and assuming SPA of 4.0 Ga,
there do not seem to be any more impact melt rocks older than
3.92. This is strange since we know from Fig. 3 that there were
more large impacts before Nectaris than afterwards. Burial
(or not complete gardening) is probably the answer. Although
the vertical structure of the lunar regolith and megareolith
is poorly known, studies of the geological cross-sections of
the Apollo landing sites suggest (Heiken et al 2001) that a
thick layer (many hundreds of meters? or several kilometers?)
of pre-Nectarian debris has buried (and early impacts have
obliterated) many or most of the earliest basins. Burial also
solves the problems that Ryder raises regarding the lack of
meteoritic material from a 4.4 to 3.8 Ga heavy bombardment
and the lack of pre-Nectarian impact melts. Chapman et al
(2007) suggest that more work needs to be done to model
burial to be more confident in this scenario.
Although an age of 4.46 Ga is obtained for the oldest
ferroan anorthosites /crustal formation (Norman et al 2003),
this does not necessarily imply that the Moon became an allimpact-preserving bombardometer after 4.46 Ga. It is plausible
that for much of the surface of the Moon, an on-going
bombardment broke through the crust, was a source of local
heating that prevented the crust from maintaining the structural
features required to hold a recognizable impact crater for 4
Ga. Ferroan anorthosite (early lunar crust) is found in scattered
fragments, not as an intact sheet at the surface over large areas
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Fig. 6. Ryder’s (2002) preferred model of the LHB, adapted from his Fig.
4d which he described as a “cataclysmic impact episode that includes all the
observed basins, preceded by a long period of relative impact quiescence.
The curve does not have to be so extremely low in the period 4.4 - 4.0 Ga...”
Ryder’s cataclysm occurs at tLHB = 3.9 ± 0.1. Three vertical red lines in
the lower left indicate the 4.2 ± 0.2 Ga estimate of the age of SPA used
in the three models in Figure 3. Ryder has assumed that the age of SPA is
4.0. Even if we assume Ryder’s tSP A = 4.0 Ga, Fig. 3 indicates that there
is no increase in the impact rate after tSP A (as postulated by Ryder) since
the slope of the cumulative curve is steepest at tSP A and does not steepen
appreciably after tSP A , which is required by Ryder’s model. This is true
independent of the value of tSP A . In the tSP A = 4.0 Ga model, Fig. 3
suggests that if we accept the decrease in the impact rate from 3.9 to 3.7,
then the data suggests that the earlier impact rate is even higher shown by
the diagonal red line....which is strongly inconsistent with the pre-Nectarian
part of Ryder’s model.

of the Moon that would necessarily hold recognizable basin
walls (Hawke et al 2003).
Ryder raises the question, where is the impact melt from the
many pre-Nectarian basins? A possible solution is that these
basins haven’t been sampled by near-side equatorial Apollo
missions and/or they have been buried by subsequent impact
ejecta.
Ryder (2002, 2003) has argued that the impact rate responsible for the basins in the 100 Myr interval 3.85 ± 0.05, is too
high to be extrapolated back to the origin of the Moon without
exceeding the total mass of the Moon. Any bombardment rate
must pass beneath the asterisk labeled “3” in Fig. 6. This mass
flux argument may be flawed if, for the largest impacts (which
are supposed to contribute most of the mass) an increasingly
large portion of the impactor mass is not accreted.
Ryder favors a young age for SPA, 4 Ga and suggests that
the pre-Nectarian 28 (+ 14 Wilhelms 1987) are all part of
the LHB. However, his excess mass flux estimate depends
strongly on a young age for SPA. Even if we accept an age
of 4.0 Ga for SPA, the steepest part of the curve in Fig. 3
is between 4.0 and 3.95 Ga which pre-dates the age range
usually given for the LHB. Ryder’s preferred model for the
LHB (Fig. 6) depends on an early (∼ 4 Ga) date for SPA.
However, the fact that the steepest part of the curve in Fig. 3 is
the earliest part, suggests that, within the timeframe sampled
by pre-Nectarian basins, the impact rate kept getting higher
into the past. In other words, Fig. 3, even in the tSP A = 4
Ga case, supports the diagonal red line superimposed on Fig.
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6. In order to have a “spike” or a “cataclysm” one must have
some evidence of a decrease in the impact rate before tSP A .
We do not see evidence for this in our analysis. If we do not
accept Ryder’s preferred age for SPA of ∼ 4 Ga, then the
LHB “spike” begins to look much less like an outlier (after
a relatively quiescent period) and more like a spikey general
decrease in the accretion/impact rate between 4.4 and 3.8 Ga.
A single important observation that will have the most
impact in constraining the early bombardment history of the
Moon and Earth will be the dating of SPA.
V. C ONCLUSION
Our preliminary analysis of the ages (given current uncertainties) and cumulative impact diameter of lunar basins (Fig.
3) does not support the late heavy bombardment. Our analysis
does not indicate a pronounced spike in the bombardment rate
at 3.85 ± 0.10 Ga. Corrections to our analysis to compensate
for saturation effects in the oldest craters, the inclusion of
an estimated ∼ 14 pre-Al Khwarizmi/King obliterated basins
to the analysis and an iterative approach to determining the
impact rate, all support the idea that the highest impact
rate pre-dates the LHB date of 3.85 ± 0.1. The decrease in
the number of lunar meteorites with ages older than ∼ 4
Ga is probably best explained as a selection effect of lunar
meteorites (and glass spherules) sampling the current surface
of the Moon, not the largely buried, older than 4 Ga surface.
The evidence for a pre-SPA or pre-4 Ga heavy bombardment
has been buried by its own, and subsequent impact blankets.
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Abstract—Star formation is thought to be triggered by the
gravitational collapse of the dense cores of molecular clouds.
Angular momentum conservation during the collapse results in
the progressive increase of the centrifugal force, which eventually
halts the inflow of material and leads to the development of a
central mass surrounded by a disc. In the presence of an angular
momentum transport mechanism, mass accretion onto the central
object proceeds through this disc, and it is believed that this
is how stars typically gain most of their mass. However, the
mechanisms responsible for this transport of angular momentum
are not well understood. The most promising are turbulence
viscosity driven by the magnetorotational instability (MRI), and
outflows accelerated centrifugally from the surfaces of the disc.
Both processes are powered by the action of magnetic fields and
are, in turn, likely to strongly affect the structure, dynamics,
evolutionary path and planet-forming capabilities of their host
discs. The weak ionization of protostellar discs, however, may
prevent the magnetic field from effectively coupling to the gas and
drive these processes. Here I examine the viability and properties
of these magnetically driven processes in protostellar discs. The
results indicate that, despite the weak ionization, the field is able
to couple to the gas and shear for fluid conditions thought to be
satisfied over a wide range of radii in these discs.

I. I NTRODUCTION
The current paradigm for star formation, framed originally
by Kant and Laplace in the 18th century, suggests that stars are
born via gravitational collapse of the dense cores of molecular clouds, in turn condensed out of the diffuse interstellar
medium. During this phase of the star formation process,
conservation of angular momentum results in the progressive
increase of the centrifugal force, which eventually halts the
infalling gas and leads to the development of a central mass
(i.e. a ‘protostar’) surrounded by a flattened disc of material
(an ‘accretion disc’). The difficulty in progressing past this
stage is clear when we recall that this disc is dynamically
stable. We are forced then to address the following question:
How does nature overcome this orbital stability, if stars are to
form?
A number mechanisms have been invoked over the years to
explain this process (e.g. see the review by Stone et al. 2000
[1]), but have all proved to be either extremely inefficient
(i.e. molecular viscosity), not general enough (i.e. the presence
of a companion star) or not to work at all (i.e. convection). In
recent times it has been realised that the complex interaction of

gas and magnetic fields present in the disc may be the missing
piece in this puzzle (e.g. Shakura & Sunyaev 1973 [2], Balbus
& Hawley 1998 [3]). Most analytical and numerical studies
conducted so far have adopted a number of simplifications to
treat the fluid, but they are poor approximations to the gas in
the cold, dense ‘protostellar discs’ that surround the forming
stars. Angular momentum lies at the core of disc dynamics
and to understand how it is transported it is crucial to treat
adequately the slippage between the magnetic field and the
gas (e.g. the magnetic diffusivity) in these environments.
II. M AGNETIC ACTIVITY OF PROTOSTELLAR DISCS
Magnetic fields are thought to play key roles in the dynamics and evolution of protostellar discs. They redistribute
angular momentum via magnetohydrodynamic (MHD) turbulence (Stone et al. 2000 [1]) and by magnetocentrifugal
winds accelerated from the disc surfaces (and also possibly
from the star/disc magnetosphere; e.g. see the reviews by
Königl and Pudritz [4] and Pudritz et al. [5]). Additionally,
magnetically driven mixing strongly influences the chemistry
of the disc (e.g. Semenov et al. 2006 [6], Ilgner & Nelson
2006 [7]) and critically affects the dynamics, aggregation
and overall evolution of dust particles (Turner et al. 2006
[8], Ciesla 2007 [9]), the assembly blocks of planetesimals
according to the ‘core accretion’ model of planet formation
(Pollack et al. 1996 [10]). Furthermore, magnetic fields can
also modify the response of the disc to the gravitational
perturbations introduced by forming planets and therefore,
their rate and direction of migration through the disc (Terquem
2003 [11], Fromang et al. 2005 [12], Muto et al. 2008
[13], Johnson et al. 2006 [14]). Jets accelerated via magnetic
stresses may be the sites of chondrule formation (primitive,
thermally processed pieces of rock found in meteorite samples;
see e.g. [15]) and magnetically-driven activity near the disc
surface can produce a hot, tenuous corona (e.g. Fleming &
Stone 2003 [16]) and influence the observational signatures of
these objects. In protoplanetary discs, however, the magnetic
diffusivity can be severe enough to limit – or even suppress
– these processes. The particular role magnetic fields are able
to play in these environments is, therefore, largely determined
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denoted by subscripts i and e, respectively), with the neutrals.
This parameter measures the relative importance of the Lorentz
and drag forces on the motion of the charged species. In these
conditions, the relative drifts of different charged species with
respect to the neutrals delineate three different conductivity
regimes:
•

•

Fig. 1: Magnetic diffusivity regimes – ambipolar, Hall and
Ohmic – in a log nH [cm−3 ] – log B [G] plane for T = 280
K. The different regions are delineated by the values of the
ion (subscript i) and electron (subscript e) Hall parameters βi
and βe . The βj measure the ratio of the gyrofrequency and
the collision frequency of charged species j with the neutrals
(in turn a measure of the relative importance of the Lorentz
and drag forces on the motion of the charged species). Note
that in a minimum–mass solar nebula disc (Weidenschilling
1977 [30], Hayashi 1981 [17]), the midplane number density
at R = 1 AU would be ∼ 6×1014 cm−3 . This implies that the
gas at this location would be in the Ohmic diffusivity regime
for field strengths  2.5 G and in the Hall limit for stronger
fields.
by the degree of coupling between the field and the neutral
gas. This important topic is discussed next.
A. Magnetic diffusivity
The electrical conductivity of a fluid is determined by
the abundance and drifts of the charged species (in general
ions, electrons and charged dust grains) embedded in it. The
abundance of the charged species (measured by the ionisation
fraction) results, in turn, from the balance of ionisation and
recombination processes acting in the disc. In protostellar
systems, in particular, ionising agents outside the central 0.1
AU around the protostar are non-thermal (mainly driven by
stellar X-ray and UV radiation and interstellar cosmic rays; see
e.g. Hayashi 1981 [17], Semenov et al. 2004 [18], Glassgold
et al. 2005 [19]). As a result, in the dense, cold inner regions
of discs (perhaps with the exception of the surface layers)
the fractional ionisation may not be enough to provide good
coupling between the charged and neutral components of the
fluid. The degree of coupling between the charged species and
the neutral gas is typically measured by the Hall parameter
βj , the ratio of the gyrofrequency and the collision frequency
of species j (taken here to be either ions or electrons and
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•

Ambipolar diffusion limit. In this regime, which is important at relatively low densities, most charged species
are primarily tied to the magnetic field through electromagnetic stresses (or βe  βi  1). This implies that
the magnetic field is effectively frozen into the ionised
component of the fluid and drifts with it through the
neutrals. In protostellar disks, this regime is expected to
be dominant at radial distances beyond ∼ 10 AU and
near the surface closer in.
Resistive (Ohmic) limit, in which the ionised species are
mainly tied to the neutrals via collisions (1  βe 
βi ). This regime is predominant in high density regions,
typically close to the midplane in protostellar discs, where
the collision frequency of the charged species with the
neutrals is high enough to suppress the drift of the former
through the bulk of the gas.
Hall limit, characterised by a varying degree of coupling
of different charged species with the neutrals. This regime
is important at intermediate densities, in-between those
at which the ambipolar diffusion and resistive limits are
dominant. In this limit, some charged species (typically
electrons) are still tied to the magnetic field whereas more
massive particles (such as ions and charged dust grains)
have already decoupled to it and are collisionally tied
to the neutral gas (βe  1  βi ). When this regime
dominates, the magnetic response of the disc is no longer
invariant under a global reversal of the magnetic field
polarity (e.g. Wardle & Ng 1999 [20]). The Hall regime
is expected to dominate over fluid conditions satisfied
in large regions in protostellar discs (e.g. Sano & Stone
2002a,b [21])

In the collisionally-dominated resistive limit, the resulting
electrical conductivity is a scalar, the familiar Ohmic resistivity. This is simply because collisions occur in all directions,
and the impulse they communicate to the charges is randomly
oriented. In the other limits, however, where at least some
charged species are well tied to the magnetic field, the conductivity is a tensor (Cowling 1976 [22], Norman & Heyvaerts
1985 [23], Nakano & Umebayashi 1986 [24], Wardle 1999
[25])1 . This is expected, and reflects the anisotropy that the
field is able to impart on the drift of the charges when at least
some of them are well coupled to it.
Previous work on the magnetic activity of discs (e.g. Wardle
1999 [25], Sano & Stone 2002a,b [21], [26], Salmeron &
Wardle 2003 [27], 2005 [28] and 2008 [29]) have highlighted
the importance of incorporating in these studies all the three
1 Specifically, the conductivity is a tensor whenever the gyrofrequency of
some charge carriers is larger than their frequency of collisional exchange of
momentum with the neutrals.
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field-matter diffusion mechanisms described above, as their
relative importance is a strong function of location in the disc.
This is illustrated in Fig. 1, which shows the regions where the
ambipolar, Hall and Ohmic diffusivity terms dominate in a Log
B – Log nH plane. Note that ambipolar diffusion is dominant
at low densities and strong fields whereas the opposite is
true for the Ohmic regime. The vast, intermediate region in
parameter space between these two limits is dominated by
the Hall diffusivity. For example, for R = 1 AU, the number
density at the disc midplane, according to the minimum–mass
solar nebula model2 (Weidenschilling 1977 [30], Hayashi 1981
[17]) is ∼ 6 × 1014 cm−3 . This implies that the gas at this
location would be in the Ohmic diffusivity regime for field
strengths  2.5 G and in the Hall limit for stronger fields.
It is also clear that the degree of field – matter coupling is
strongly dependent on the abundance, and size distribution, of
dust particles mixed with the gas. They reduce the fractional
ionization as charged particles recombine on their surfaces
and can also become an important species in high density
regions (e.g. Umebayashi & Nakano 1990 [31], Nishi et al.
[32]). As dust grains generally have large cross sections, they
typically become decoupled from the magnetic field at lower
densities than other –smaller– species do. As a result of these
processes, the conductivity of the fluid diminishes when dust
particles (particularly when they are small) are well mixed
with the gas (for example in early stages of accretion, or when
turbulent motions prevent them from settling towards the disc
midplane). Recent diffusivity calculations by Wardle 2007 [33]
for a minimum-mass solar nebula disc at 1 AU, have shown
that the magnetic coupling can in fact be adequate over the
entire disc cross-section, once dust grains have settled.
III. A NGULAR MOMENTUM TRANSPORT
The mechanisms responsible for angular momentum transport in protostellar discs remain poorly understood. It is, however, increasingly clear that the two most promising processes
are the following.
1) Vertical transport via winds and outflows accelerated
centrifugally from the disc surfaces (‘disc winds’; e.g.
see the reviews by Königl & Pudritz 2000 [4] and
Pudritz et al. 2007 [5]), a notion strengthened by their
ubiquity in star forming regions.
2) Radial transport through turbulent viscosity induced
by the magnetorotational instability (MRI; Balbus &
Hawley 1991 [34] and 1998 [3]). The MRI, essentially,
taps into the free energy contributed by the differential
rotation of the disc and converts it into turbulent motions
that transfer angular momentum radially outwards.
In the next two sections, we describe in more detail the
operation of these two forms of transport in protostellar discs.
We then briefly consider the possibility that they operate at
2 The surface density of a minimum-mass solar nebula disc is estimated by
incorporating sufficient hydrogen and helium to the solid bodies of the solar
system to recover solar abundances, and then smoothing the resulting material
in a disc-like shape. This model, therefore, expresses the minimum amount
of matter required to build the solar system.

the same radial location, but at different heights above the
disc midplane.
A. Vertical transport via magnetocentrifugal outflows
Fast, collimated winds are commonly observed in accreting
astrophysical systems. Furthermore, accretion and outflow
signatures in these objects seem to be correlated3 (Hartigan
et al. 1995 [36]. These features suggest that there may be
a physical mechanism linking the outflow and accretion processes in these systems (Königl 1989 [37]). Furthermore, it is
thought that these winds are magnetocentrifugally accelerated
from the disc via the mechanism first expounded by Blandford
& Payne 1982 [38]. In the scenario proposed by these authors,
matter is accelerated along the magnetic field lines if they are
sufficiently inclined (i.e. by more than 30◦ ) with respect to the
angular velocity vector of the disc. This ejection initiates an
outflow that can, potentially, reach super Alfvénic speeds.
Fig. 2 shows a typical disc-wind solution, plotted as a
function of hT (the scale height associated with tidal gravitational compression). This solution has been computed using
the procedure detailed in Salmeron, Königl & Wardle 2007
[39], in turn based on the formulation by [35]. The model
parameters are:
1) a0 = vA0 /cs , the midplane (subscript 0) ratio of the
Alfvén speed to the sound speed. This parameter measures the magnetic field strength;
2) η, the ratio of the Keplerian rotation time to the neutral–
ion momentum-exchange time, which determines the degree of coupling between the neutrals and the magnetic
field (with η  1 and  1 corresponding to strong and
weak coupling, respectively);
3)  ≡ −vr0 /cs , the normalized inward radial speed at the
midplane (subscript 0). This parameter is evaluated by
imposing the Alfvén critical-point constraint on the wind
solution;
4) cs /vK = hT /r, the ratio of the disc tidal scale height to
the radius (e.g. the disc geometric thickness); and
5) B ≡ −cEφ /cs Bz , the normalized azimuthal component
of the electric field, which is nonzero if the magnetic
field lines are allowed to drift radially (WK93).4
The left panel of the figure displays the density (normalised
by its value at the midplane) and the radial and azimuthal
components of the magnetic field, normalized by the vertical
field (which is assumed not to vary with height). The right
panel shows all velocity components, measured with respect
to the Keplerian velocity vK and normalised by the isothermal
sound speed cs . This solution illustrates the main features of
winds accelerated centrifugally from strongly magnetised discs
(Wardle & Königl 1993 [35]). Three distinct layers can be
identified, as detailed below (see [35] and Fig. 3)
3 Typically, accreting objects show excesses in the UV, infrared and millimeter emission; whereas outflow activity is associated with P-Cygni profiles,
forbidden line emission and the presence of molecular lobes.
4 Setting 
B = 0 effectively fixes the value of Br at the disc surface
(subscript ‘b’). In a global formulation Br would be determined by the radial
distribution of Bz (e.g. Ogilvie & Livio 2001 [40]; Krasnopolsky & Königl
2002 [41]).
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Fig. 2: Vertical structure of a strongly magnetised, wind–driving disc solution, as a function of height, under the assumption
of pure ambipolar diffusivity. The model parameters are a0 = 0.95, η = 10,  = 0.7, cs /vK = 20 and B = 0 (see text). Left:
Normalised density (ρ/ρ0 ) and magnetic field components (radial and azimuthal, Br /Bz and |Bφ |/Bz , respectively, normalised
by the vertical field Bz , which is constant with height). Right: Velocity components, with respect to the Keplerian velocity
vK and normalized by the isothermal sound speed cs . Within the disc (to the left of the red vertical line) the radial velocity
is negative, the azimuthal velocity is sub-Keplerian and the vertical velocity is small. In the outflow region, all three velocity
components are positive.

Fig. 3: Vertical structure of a wind-driving disc (Wardle & Königl 1993 [35]). Three distinct layers can be identified. (1) The
quasi-hydrostatic region next to the midplane where most of the accreting matter is located; (2) a transition layer, where the
inflow diminishes; and (3) an outflow region, which constitutes the base of the wind. Note that in the first two layers (i.e. within
the disc) the radial velocity is negative, the azimuthal velocity is sub-Keplerian and the vertical velocity is small. In the outflow
layer all these velocities are positive. Figure adapted from Wardle & Königl (1993) [35].
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The quasi–hydrostatic layer, next to the midplane, which
is matter dominated. In this layer, the topology of the
magnetic field is consistent with the field lines being
radially bent and azimuthally sheared. The field removes
angular momentum from the gas, as a result of the ionneutral drag, and matter moves radially inwards. Note
that a higher radial inflow corresponds to a stronger drag,
since the field remains pinned at the midplane under the
assumption that B = 0, and results in a stronger bending
of the lines. In a generalization to a global treatment, the
surface value of Br would be determined by the radial
distribution of Bz along the disc (see also footnote 4).
• The transition region, above the hydrostatic layer, where
magnetic energy dominates and the magnetic field lines
are locally straight (note that they are still inclined
outwards). In this zone (as in the quasi-hydrostatic layer
below), the fluid azimuthal velocity is sub-Keplerian,
as magnetic tension helps support the fluid against the
gravitational pull of the central protostar.
• As the azimuthal velocity of the field lines increases with
height, eventually they overtake the fluid in which they
are embedded. This is the upper wind region, the base of
the outflow, where the field transfers angular momentum
back to the matter and accelerates it centrifugally. In this
region all velocity components are positive.
Solutions such as the one shown in Fig. 2 are found for
strong fields (such that the ratio a of the Alfvén speed to
the isothermal sound speed is  1). In these conditions,
the MRI is suppressed because the wavelength of the fastest
growing mode exceeds the magnetically compressed scale
height. The particular solution in the figure also assumes that
the magnetic field is strongly coupled to matter (η  1,
note also that it is constant with height) and that ambipolar
diffusion dominates over the entire section of the disc. Under
these approximations it is self-consistent to find relatively high
values of the parameter  (of the order of 0.3 – 1). In a more
real configuration it would be necessary to incorporate the
vertical stratification of the diffusivity, with different regimes
dominating at different vertical locations (see section II-A),
and possibly a magnetically weakly coupled region in the disc
interior. In the latter case, in particular, more moderate values
of the inward flow speed at the midplane are expected (see Li
1996 [42] and Wardle 1997 [43]).
•

B. Radial transport via MRI-induced turbulence
The MRI (Balbus & Hawley 1991 [34], see also the review
by these authors [3]), transfers angular momentum radially
outwards through the field lines that connect fluid elements
at different radii. Under ideal-MHD conditions (negligible
magnetic diffusivity), MRI-unstable modes grow in weakly
magnetised discs (meaning here that the magnetic energy is
small compared with the thermal energy density; or a  1),
provided that the angular velocity increases radially outwards.
Because of the general conditions under which it operates,
the MRI is a promising mechanism for the redistribution of
angular momentum in astrophysical accreting systems.

Full case

Ambipolar Diffusion

Hall Diffusion

Fig. 4: Vertical structure and linear growth rate of the most
unstable MRI modes for a minimum–mass solar nebula disc
at R = 1 AU as a function of the magnetic field strength
and for different diffusivity limits. In each panel, the solid
(dashed) lines denote the radial (azimuthal) perturbations of
the magnetic field, which is initially vertical. The middle and
right columns show solutions obtained under the ambipolar
and Hall diffusion approximations, respectively. The left column depicts solutions incorporating both diffusivity terms. The
growth rate (in units of the Keplerian frequency) is indicated
in the lower right corner of each panel. These results show
that MRI perturbations grow faster, and are active closer to
the midplane, when both diffusion mechanisms are considered.
The velocity perturbations (not shown) are similarly affected
(see also Fig. 2 and discussion in Salmeron, Königl & Wardle
2007 [39]).

Ideal-MHD conditions, however, are not likely to be satisfied in the deep, dense interiors of protostellar discs. In these
environments, therefore, it is essential to consider how the low
conductivity of the fluid affects the properties of the instability.
Fig. 4 illustrates this point. It shows the vertical structure and
linear growth rate of the fastest growing MRI perturbations
(νmax , measured in units of the Keplerian frequency) for a
minimum–mass solar nebula disc at R = 1 AU as a function
of the magnetic field strength and for different diffusivity
limits. In each panel, the solid (dashed) lines denote the
radial (azimuthal) perturbations of the magnetic field, which
is initially vertical. These solutions incorporate a realistic
ionization profile and assume charges are carried by ions and
electrons only (e.g. dust grains have settled out of the gas
phase). They were obtained using the procedure detailed in
Salmeron & Wardle 2003 [27] and 2005 [28], to which I
refer the reader for additional details. Note that Hall diffusion
strongly modifies the structure and growth of the modes,
particularly when the magnetic field is weak. It is interesting
that when Hall diffusion is included in the calculations, the
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vertical extension of the magnetically inactive zone next to
the midplane is reduced.

Log(Maximum growth rate νmax)

Fig. 5 compares the growth rate of the most unstable modes
at different radii as a function of the magnetic field strength.
Note that in all cases the growth rate initially increases with
B, then levels at νmax ∼ 0.75 (the growth rate associated
with ideal–MHD perturbations in a Keplerian disc) and, finally,
drops abruptly at the field strength for which the wavelength
of the perturbations is of the order of the tidal scaleheight.
These results indicate that the MRI grows over a wide range
of magnetic field strengths, even in the inner regions of weakly
ionised discs. Note also that the maximum field strength for
which perturbations grow is weaker at larger radii. This is
expected, as the MRI is generally suppressed when the local
ratio of the magnetic pressure to gas pressure (i.e. when the
parameter a) is of order unity (Balbus & Hawley 1991 [34]).
As both the gas density and the sound speed decrease with
radius, the value of a associated with a particular B increases
with R, causing the perturbations to be damped at a weaker
field for larger radii.
Log(B)

Salmeron & Wardle 2005

Log(Maximum growth rate νmax)

Fig. 5: Linear growth of the most unstable MRI modes for a
minimum–mass solar nebula model at R = 1, 5 and 10 AU
as a function of the strength of the magnetic field.

Log(B)

Fig. 6: As per Fig. 5 for R = 5 AU and different assumptions
regarding the presence, and size distribution, of dust particles
suspended in the gas.
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Finally, the growth rate of the fastest growing MRI perturbations at R = 5 AU for different assumptions regarding the
presence and size of dust grains mixed with the gas is shown
in Fig. 6. Note that the range of field strengths over which
the MRI operates is smaller as the grain size diminishes, as
expected. However, the stabilizing effect of dust grains is not
enough to completely damp the perturbations even when small
particles (0.1µm in size) are present.
The results discussed above were obtained assuming that
the surface density profile of the disc is that of the minimum−3/2
mass solar nebula model, Σ(r) = 1700 rAU g cm−2 , where
rAU is the radial distance from the central object, measured
in astronomical units. This yields a surface density of ∼ 150
g cm−2 at 5 AU and ∼ 50 g cm−2 at 10 AU. The surface
density profile in real discs may well be different from these
inferred values. In fact, recent observations by Kitamura et
al. 2002 [44] and Andrews & Williams 2007 [45], seem to
imply a more gradual decline in surface density than what
is expected from this model. In particular, the actual surface
densities in the disc inner regions may be smaller than those
of a minimum-mass solar nebula disc. This would facilitate a
deeper penetration of the ionizing sources into the disc and
would result in an increased ionization fraction closer to the
midplane. This effect could modify the properties of MRI
unstable modes in this region and, more generally, the presence
and configuration of the magnetically dead zone assumed to
exist in the disc interior (Gammie 1996 [46]). On the other
hand, protostellar discs may have surface densities roughly
up to ∼ 50 times the values implied by the minimum-mass
solar nebula model without becoming gravitationally unstable.
An increased surface density will result in a more extended
section of the disc interior being shielded from the ionizing
effect of X-rays and cosmic rays, but the magnetically active
regions closer to the surface are not likely to be substantially
modified.
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C. Combined radial and vertical angular momentum transport
The redistribution of angular momentum in real accretion
discs is likely to involve both the radial and vertical transport
mechanisms described above. Salmeron, Königl and Wardle
(2007 [39]) have developed a novel methodology to investigate
the possibility that radial and vertical angular momentum
transport occur at the same radial location (but at different
heights) in real protostellar discs. Since the local value of
a increases with height on account of the strong decline
in density (hence, gas pressure) away from the midplane,
it is – in principle – possible for both forms of transport
to operate at the same radius, with the MRI transporting
angular momentum radially outwards over a section of the
disc close to the midplane (where a  1) and vertical transport
operating at higher z (satisfying a  1). Preliminary results,
computed in the limit where ambipolar diffusion dominates
over the entire cross section of the disc, suggest that these two
mechanisms may be radially segregated, an important finding
with implications for the evolutionary paths of these discs by
regulating the way matter is accreted (see details in Salmeron,
Königl and Wardle (2007 [39]).
IV. C ONCLUSION
We have examined the magnetic activity of protostellar
accretion discs, focussing on the two leading mechanisms
thought to be responsible for angular momentum transport
in these objects: MRI–driven magnetic diffusivity and winds
launched centrifugally from the disc surfaces.The first process redistributes angular momentum radially outwards via
Maxwell stresses associated with small-scale (weak), disordered, magnetic fields. The second transfers it from the disc
material to the wind through the action of a large scale
(strong), ordered, field. In both cases, the low conductivity
of the gas, particularly in the inner regions of the disc, has to
be carefully accounted for when studying these processes. The
results indicate that, despite the weak ionization, the field is
able to couple to the gas and shear for fluid conditions thought
to be satisfied over a wide range of radii in these discs.
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Abstract—As we begin to understand the origin and evolution
of life on Earth and investigate the possibility of extraterrestrial
life, the need to scientiﬁcally approach fundamental questions
such as ‘What is Life ?’ increases. In beginning to answer such
questions we can look at the ingredients of life on Earth. Here
we present an overview of our understanding of the composition
of life on Earth. At the level of chemical elements, the major
ingredients are carbon, hydrogen, oxygen, nitrogen, sulphur and
phosphorus along with trace amounts of elements like sodium,
potassium, iron and copper.
Here we present the correlation between the elemental
composition of life (humans and bacteria), the Sun and sea
water. Some elements like carbon, nitrogen and phosphorus
are more abundant in life than in sea water, while others like
chlorine and sodium are more abundant in sea water than in
life. We quantify differences in elemental abundances in life,
relative to sea water and attempt to interpret them in terms
of chemical constraints on metabolic activities and harnessing
energy. We discuss how future investigations could further our
understanding of the origins and evolution of life on Earth.

While natural philosophers1 believed all matter to be made
of four elements: ﬁre, air, water and earth, we now recognise
that all matter in the universe is made of atoms of chemical
elements.2
The ﬁrst chapter of De Courcey’s 1857 book [1] is titled:
“A chemical analysis of the elements which are found to
exist in the human frame - thus showing the natural origin
of man.” It is perhaps one of the earliest records where one
has examined the composition of life in terms of chemical
elements. De Courcey mentions that vegetable and animal
matter are essentially composed of carbon, hydrogen, oxygen
and nitrogen in addition to sulphur, phosphorus, iron and
small quantities of “saline matter” (for example sodium and
potassium).
He goes on to give us relative proportions of these elements
in “ﬁbrin - the lean part of animals, which is composed of
18 parts of carbon, 14 of hydrogen, 5 of oxygen and 3 of
nitrogen.”
1 Empedocles proposed circa 450 BC that the four classical “roots” known
to pre-Socratic philosophers, made all the structures in the world. The term
“elements (stoicheia)” was ﬁrst used by Plato circa 360 BC in his dialogue
Timaeus.
2 Excluding the case of dark matter, whose nature and composition is still
in question.

Upon examining the elements that make up the environment of the vegetables and animals, he concludes that the
atmosphere, water and vegetables are composed of the “same
elementary principles” and that “the Earth and the animal
organization of the human frame is composed of the same
agencies.”
Today we have a much better knowledge of the composition of life and its environment, primarily due to the suite
of analytical techniques available to accurately measure the
concentrations of elements in a sample.
The ‘bulk’ elements oxygen, carbon, hydrogen and nitrogen
make up 96.8 ± 0.1 % of the mass of living matter3 and
phosphorus and sulphur make up 1.0 ± 0.3 %. 2.2 ± 0.2 % is
dominated by potassium, sodium, calcium, magnesium and
chlorine, while the remaining mass (0.03 ± 0.01 %) is attributed
to ‘trace’ elements like iron, copper and cobalt.
Many of these trace elements are known to play a variety
of biological roles as electrolytes and as enzyme cofactors
and often the amounts and proportions of these elements are
important in achieving successful functioning of the metabolic
pathways in an organism. Davies and Koch [4] have noted that
“of the 90 kinetically stable elements that occur in nature,
about 36 are essential to some form of life.”
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Fig. 1. The distribution of elements considered ‘essential’ for life in the
periodic table. Adapted from [5].
3 Values were derived from averaged elemental abundances in humans and
bacteria, as presented in [2] and [3] respectively. The uncertainties largely
reﬂect the range of abundances among humans and among bacterial species
rather than instrumental uncertainties.
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Fig. 2. Life vs. Sea water - The positive correlation between elemental abundances (by number of atoms) in humans and bacteria relative to ‘boiled’ sea
water, which contains the same percentage of water (by number of H and O atoms in water) as in the life form. ‘Essentiality’ of elements for mammals and
bacteria are colour coded as suggested in [6] and the appropriateness of the criteria to establish ‘essentiality’ is discussed later.

A number of authors including Davies and Koch [4] and
Bowen [6] have presented the relative proportions of the
chemical elements in organisms like humans4 and bacteria5
and noted the similarity in their compositions. Bowen [6] has
also noted that the elemental abundances in these species show
strong correlation with the elemental abundances of sea water6 .
We have graphically illustrated the tabulated data from [6] in
Fig. 2.

Life forms show many commonalities but also differ in their
composition and usage of elements because of the different
environments they live in. It is clear that any life form can only
be made of the elements available to it from its environment.
If element X is non-existent in an environment then any life
in that environment will not be composed of element X.
It is interesting to examine to what extent the ingredients
of life reﬂect the relative proportions of the elements in its
environment.
Although humans do not currently live in the oceans or
drink sea water, the composition of our diet is much more
similar to sea water than it is to the Earth’s crust which
is mainly composed of aluminium and magnesium silicates.
The ﬁrst 90 % of our evolution, approximately 4 billion years
ago to 400 million years ago, took place in sea water and
our metabolic process have evolved around nutrition that was
available in sea water.
4 Human

abundances are from [2]. The study involved about 150 individuals.
abundances are from [3] and the values are representative of 7 - 40
species depending on the element.
6 Sea water abundances are from [7] and are based on empirical models
that estimate the composition of normal surface sea water with a chlorinity
of 19 which corresponds to approximately 34.5g of salt per litre of solution.
5 Bacteria
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Our bodies are made of the diet we eat. If we take sea water
as an approximation to our diet then from Fig. 2 we can infer
that ‘we are what we eat’ but also that ‘we are not exactly
what we eat.’ That is, although the data points are positively
correlated to the y = x line, there are some interesting outliers.
The relatively high abundance of hydrogen and oxygen in
life is primarily due to the water (H2 O) that makes up about
65.9 % (by number of H and O atoms) of humans7 and about
83.6 % (by number of H and O atoms) for bacteria such as
Escherichia coli [3]. The lower number of data points for
bacteria (25 elements) than for humans (58 elements) in Fig. 2
and Fig. 4, relates to the fact that bacteria have not been
analysed to the same extent as humans have been for their
elemental composition.
The uncertainties in the elemental abundances quoted in
Fig. 2 have not been quantiﬁed by the authors who compiled
the data that we have used here. Since measurements were
made before the availability of high precision analyses offered
by analytical techniques today, it is possible that the errors
associated with elements with low abundances are large, even
in the range of a few orders of magnitude.
Further, the nature of the data set8 means that the abundances do not necessarily reﬂect the true composition of the
life form or the environment in general.
7 Oser [8] suggests that human body water content can range from 56 %
for obese individuals to 70 % for lean individuals and here we have used the
mid-point value of 63 % by mass.
8 A number of publications such as [6], [8]–[16] have presented data sets of
elemental abundances in a variety of life forms and environments. However,
these data sets are either based on the same primary source as the data sets
used here or focused on the elemental abundances of carbon, nitrogen and
phosphorus and speciﬁc elements such as magnesium and calcium that were
of use to ecological studies but inappropriate for our analysis where we desire
abundances of a large number of elements.
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For example, about 150 individuals were used for the human
body analysis and due to logistical constraints, the abundances
of some elements were determined from only a handful of
individuals. The abundances for bacteria are representative of
7 - 40 species depending on the element. The composition of
oceans changes with geographical location, temperature and
depth and the abundances quoted here are based on empirical
models that estimate the composition of normal surface sea
water with a chlorinity of 196 . Nevertheless, even with the
uncertainties that may be associated with the abundances, it is
unlikely that the strong qualitative correlations that have been
noted here will become signiﬁcantly weaker.
Unlike humans and bacteria, sea water is almost entirely
composed of hydrogen and oxygen (hydrogen and oxygen in
H2 O makes up 99.1 % of the atoms in normal surface sea
water) with relatively negligible amounts of other elements
that make up the ‘sea salts’. To allow valid comparisons of
the relative elemental abundances in life forms and the sea,
we have reduced the quantity of H2 O in sea water such that
the percentage of water (by number of H and O atoms) was
equivalent in the life form and sea water. The treatment is
analogous to ‘boiling’ sea water and concentrating the salts.
Due to the logarithmic axes used in Fig. 2, hydrogen and
oxygen appear to have a small deviation below the equilibrium value (as indicated by the y=x line) compared to other
elements. However, the absolute deviations of hydrogen and
oxygen below the line are much greater and account for the
apparently large deviations in the opposite direction exhibited
by the low concentration elements like cerium and lead.
It was surprising to ﬁnd that if we ‘boiled’ sea water to
the extent that no hydrogen and oxygen was present as H2 O,
and similarly ‘boiled’ the life form (humans or bacteria) by
reducing the water content to 0 %, we would still have a higher
proportion of hydrogen and oxygen in seawater than in the life
form. That is, there are more atoms of hydrogen and oxygen
present as salts (such as bicarbonates and sulphates) and gases
dissolved in sea water, than there are hydrogen and oxygen
atoms in the non-water component of humans and bacteria.
As expected, the most abundant elements in sea water after
hydrogen and oxygen are chlorine and sodium that upon
evaporation of sea water yield sodium chloride crystals that
constitute common salt. Sea water is not just a solution of
sodium chloride and water, but rather is a mixture of virtually
every element on Earth. Anything that can be washed downstream eventually ﬁnds its way to the seas, and is incorporated
into the solution of the oceans [17].
In Fig. 3, we have changed our reference environment for
life from the sea (as in Fig. 2) to the Sun. All atoms that are
or have been part of living matter on Earth have either been
produced during big bang nucleosynthesis [18] or in different
processes of the stellar nucleosynthetic pathways that take
place in stars [19]. Our Sun was formed out of a collapsing
molecular cloud that was polluted by earlier stellar processes
and the proto-planetary disk that was made of the remaining
dust eventually gave rise to terrestrial planets like the Earth.

The composition of solar system objects including other
planets and asteroids reﬂects to a large extent the composition
of the Sun, except that the Sun has a large excess of hydrogen
and helium. When the Sun formed from the solar nebula,
4.5672 (± 0.0006) billion years ago [20], the solar wind caused
the depletion of volatile elements such as hydrogen and helium
from the region of the solar nebula where terrestrial planets
formed. Rocky planets like Earth, accreted from the fractionated nebular condensate whose composition (particulary C1
chondrites) closely resembles the solar composition, except
for the abundances of volatile elements [21].

Fig. 3. Life vs. Sun - The elemental abundances in life, as represented by
humans, is positively correlated to devolatilised solar abundances and supports
the idea that ‘we are made of star dust’.

In order to make a valid comparison between life and the
Sun, it is necessary to account for the excess of hydrogen and
the noble elements in the sun and we have used devolatilised
solar abundances which reﬂect the elemental composition of
the Sun [22], which has lost all noble gases and has a reduced
hydrogen content.
We have reduced the abundance of hydrogen such that for
every atom of oxygen we have two atoms of hydrogen, in
effect assuming that all hydrogen and oxygen in the Sun is
bound as water (H2 O).
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Let us assume that humans represent all life on Earth and
take sea water as the reference environment for all life. The
alternative of using bacteria to represent all life may be more
appropriate as microbial prokaryotic life was the dominate life
form for most of life’s existence on the Earth9 . However,
the limited number of data points for bacterial elemental
abundances means that our conﬁdence in our interpretations
will be compromised. Nevertheless, we have performed similar
analyses for humans and bacteria and present both results here.
We note that our interpretations remain valid for both life
forms.
The relatively high abundance of ‘essential’ elements in
humans, bacteria and sea water in Fig. 2 suggests that life on
Earth does not have strong elemental preferences and is based
on the most abundant elements in the environment. Although
devolatilised solar abundances in Fig. 3 are different to sea
water abundances, given that the uncertainties in the solar
abundances are negligible on the scales we have used, our
conclusion that life is based on the most abundant elements
remains valid.
We observe that the composition of life is not exactly
the same as its environment. Some elements like carbon,
nitrogen and phosphorus are more abundant in life than in sea
water while other elements like chlorine and sodium are more
abundant in seawater than in life. An increased abundance
of an element in life, relative to its abundance in sea water
(for example carbon and phosphorus in Fig. 2), is a measure
of life’s concentration of the element from the environment.
Elements like tungsten or uranium, which are not regarded as
‘essential’ to life appear to have similar abundances in life and
in sea water and appear along the diagonal line in Fig. 2. It is
tempting to suggest that life concentrates ‘essential’ elements
from its environment while ‘non-essential’ elements occur in
equilibrium abundances in life and its environment. However, a
number of elements not regarded as ‘essential’ like aluminium,
germanium and cerium, are also in high abundance in life
relative to sea water.
We also observe that elements recognised as ‘essential’ are
not necessarily concentrated in life like sodium and magnesium which are more abundant in sea water. Some elements
may not be ‘essential’ for an organism but are concentrated
in the organism as a consequence of sequestration of another
element. For example, Pb2+ ions have similar binding preferences to Ca2+ and Zn2+ ions in the metal centres of proteins
as they all have similar effective ionic charge to radius ratios.
It is difﬁcult for metabolic pathways to distinguish between
ions of these elements and the toxic effects of lead poisoning
are attributed to displacement of Ca2+ and Zn2+ ions by Pb2+
ions in metalloenzymes [25], [26]. In humans, lead is found
incorporated into the mineral matrix of calcium rich bones.
9 Controversial isotopic evidence by Rosing [23] suggests the presence of
autotrophic organisms 3.7 billion years ago. Bacteria have existed for at least
3.4 billion years, as indicated by stromatolite fossils [24] and microbial life
was the only form of life until ∼2 billion years ago. Animals appeared ∼600
million years ago and the Homo genus that includes modern humans has
existed for ∼2.5 million years.
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The criteria to establish the essentiality of an element X for
an organism, are formulated by Bowen [6] as:
• The organism can not grow or survive without X.
• X is involved in a metabolic pathway.
Such a criteria has a selection bias such that only elements
in high enough concentrations in a life form and within the
detection capabilities of biochemists, will be candidates for determining their essentiality. It requires the invalid assumption
that elements in low concentration will not be involved in a
metabolic pathway. For example, until recently bromine, which
is in relatively low abundance in life and its environment and
requires specialised analytical techniques for analysis, was not
regarded as essential to life. It is now known that a wide variety
of brominated metabolites are produced by marine sponges for
defence strategies, many of which are being investigated for
their pharmaceutical activity [27].
The essentialities of elements to life have been deﬁned by
their essentiality in selected plant and animal species that were
popular in biological laboratories and so do not necessarily
represent their essentiality for life in general. Dioxygen which
was believed to be a universal requirement for respiration for
all life forms is now recognised as being toxic for many
anaerobic species. Similarly, iron was believed to be the
sole element capable of oxygen transport until the discovery
of copper performing the role in some marine species. The
metabolic roles of elements like nickel and vanadium in
animals were identiﬁed only in the 1970s [28].
We suggest an alternative view towards essentiality of an
element to life that could apply to life in general and be more
appropriate in terms of quantifying the extent of essentiality
of an element.
We plot the magnitude of deviation of each element’s
abundance in life from the equilibrium value relative to sea
water, which we deﬁne as ‘perpendicular distance’, multiplied
by the element’s absolute abundance in sea water (Fig. 4).
This is a measure of the distance of each element from the
diagonal line, as illustrated by the length of the dashed line
for phosphorus in Fig. 2. We observe that ‘essential’ elements
are associated with higher values and ‘non-essential, elements
are associated with lower values.
An interesting feature in Fig. 4 is the change in slope of
the dotted trend lines in the plot for humans and marks the
transition from ‘bulk’ elements (see Fig. 1) that are essential to
all mammals (like calcium, carbon, sodium and magnesium)
to the ‘trace’ essential elements (like iron, copper, vanadium
and cobalt).
Perhaps it is the chemical nature and/or the high abundance
of these elements that makes them suitable for use in the
fundamental or obligatory metabolic pathways of life.
Although, elements like iron and copper are classiﬁed as
essential to all mammals by Bowen [6], they have y-axis values
(in Fig. 4) less than - 6, suggesting that these elements are
suitable only for metabolic pathways that require low amounts
of these elements. Most elements not regarded as essential
by [6] have y-axis values less than - 8 and perhaps are only
involved in facultative metabolic reactions.
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Humans

Bacteria

Fig. 4. Magnitude of the deviation of each element’s abundance in life from the equilibrium value relative to ‘boiled’ sea water (see dashed lines in Fig. 2).
Essential elements are associated with higher values and non-essential elements are associated with lower values.
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Fig. 5. Life pulls in some elements like calcium, potassium and iron from
the environment while it pushes out elements like chlorine and sodium.

It will be important to increase the conﬁdence in these
trends through future analyses of the elemental composition
of more bacterial species but if these observations remain
valid for humans, bacteria and archea, representatives of each
of the domains of life on Earth, then the trends presented
here could be interpreted as being a universal correlation
in life on Earth and lend support to the idea that life is a
system which manipulates elemental abundances away from
their equilibrium abundances in its environment, to perform
its metabolic activities and harness energy.
Imagine that life begins as a bag containing the same elements in the same proportion as in the external environment.
Then life somehow learns to pull in some elements from the
outside world and concentrates them inside the bag and push
out other elements as illustrated in Fig. 5. We can now deﬁne
life as a chemical system away from equilibrium with its
environment. The disequilibrium established by the unequal
abundance of an element in life relative to its environment is
used by life to perform its metabolic activities.
We are not suggesting that organisms are bags of independent elements. Organisms are chemical entities and are
produced, maintained, and propagated by chemical reactions,
in the form of highly complex coupled networks, which are
the product of evolution over the past approximately 3.5 - 4
billion years.
Elements such as ﬂuorine and boron exhibit relatively large
deviations in their abundance in humans from the equilibrium
value relative to sea water. The ‘essentiality’ of these elements
in humans is not conﬁrmed as their metabolic roles have
not been identiﬁed. If our interpretation is correct then these
elements are likely to be involved in facilitating metabolic
processes in humans.
In the future, we plan to perform elemental analyses of
various species using analytical techniques that offer much
higher precision than ever before, and hope to remedy the
lack of quality data for other life forms (not just humans and
bacteria). Widespread studies looking at all forms of life on
Earth would be required to work towards our ultimate goal
of understanding the origins and evolution of life. However,
given that our approach is at an early stage, we must have a
modest realisable target that will eventually help us assemble
the big picture. This will be achieved by focusing on the root
of the phylogenetic ‘Tree of Life’ illustrated in Fig. 6.
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Fig. 6. The Phylogenetic Tree of Life based on comparisons of 16s rRNA
sequence of extant organisms. For clarity, only a few known lines of descent
are shown (www.astro.washington.edu).

We plan to study the elemental composition of archea and
bacteria that have been the dominant forms of life for most
of life’s existence on the Earth and are probably more closely
related to the Last Universal Common Ancestor (LUCA) than
are eucaryotes.
The elemental composition of an organism may be a highly
conserved feature of life on Earth, allowing us to relate deeply
branched extant species by their elemental composition and
in turn infer the composition of the Last Universal Common
Ancestor and its environment. Such knowledge will further
our understanding of the possible sites for the origin and early
evolution of life on Earth.
Using branch lengths as a proxy for time, analyses of the
elemental compositions of species with various branch lengths
across the phylogenetic tree will be used to determine if
there are any identiﬁable trends of life using a larger suite
of elements as a function of time.
This approach also lends itself to identifying evolutionary
steps linked to changes in the bioavailability of elements. For
example, oxygenation of the atmosphere approximately 2.34
billion years ago caused substantial decrease in the availability
of the biologically active form of iron in the oceans (from
soluble Fe2+ to Fe3+ which forms insoluble Fe(OH)3 ).
The oxygenation also oxidised another biologically active
metal, copper from its Cu+ to Cu2+ state [29]. Williams
and Fraústo da Silva [30] have suggested that this change
in the environment may have triggered the development of
new metabolic pathways which harnessed the electrochemical
potential of the higher oxidation state of copper, often in roles
previously performed by iron.
Advancements in molecular biology, bioinformatics and
elemental analysis over the last decade mean that we now
have the tools to perform our investigations successfully.

Proceedings from 8th Australian Space Science Conference, 2008

De Courcey [1] observed the similarities in the elements that
make up life and its environment and reasoned that “. . . man
was created from the dust of the Earth.” 150 years on, we
are examining both the similarities and the differences in
the elements that make up life and its environment and our
interpretations will allow us to better understand the origins
and the evolution of life on Earth and quite possibly elsewhere
in the universe.
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Spaceflight and Terrestrial Needs
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Summary: Propellant-less power and propulsion systems would be ideal for Earth’s future
green energy and transportation, and its eventual settlement of space. Such systems require
breakthroughs in power and propulsion science and technology. The possibility of such
breakthroughs have been explored in some degree for the National Science Foundation (NSF);
Air Force Research Laboratory (AFRL); and National Aeronautics and Space Administration
(NASA). Breakthrough concepts explored were: Magneto-Hydro-Dynamic (MHD) power and
propulsion by air breathing engines (NASA and NSF); “clean” neutron-free and radioactivityfree nuclear fusion (NASA and AFRL); specially conditioned EM field generation for propulsion
(NASA); quantum zero-point extraction from the vacuum of space for power and propulsion
(AFRL and NASA); and polarization of the zero-point quantum vacuum for inertia reduction.
Shown are some aerospace vehicle concepts that embodied combinations of these breakthrough
concepts to achieve a 10 to 100-fold reduction in propellant consumption and takeoff mass and
a 10 to 100-fold reduction in vehicle space transportation life-cycle cost.
Keywords: MHD power, MHD propulsion, aneutronic fusion, vacuum zero-point energy,
dense plasma focus fusion, conditioned electromagnetic fields, SU(2) symmetry, A potential

Introduction
Significant space settlement of even the most nearby bodies is prevented by the very high cost
of space transportation which, in large part, is associated with the vast amounts of propellant
(fuel and oxidizer) that is carried and consumed in rocket ships. Unofficial cost estimates for
manned expeditions to Mars are hundreds of billions of dollars - about 100 times more than
that which would encourage commercial settlement. And past vehicle sizing and cost analyses,
such as [1, 2] indicate that this would require reusable vehicle systems that consume 1/10 to
1/15 of the propellant that current rocket systems consume. Also, reduction of global warming
rate from the green-house gases (emitted by ever more burning of expensive and diminishing
fossil fuels) is resulting in calls for less than half of today’s CO2 emissions by 2050 – when
worldwide energy consumption may be almost twice its consumption today. And, since CO2
is currently emitted during production of non-CO2 emitting fuels such as hydrogen, as much
as 10-fold reduction in consumption of CO2 emitting matter per unit of generated energy may
be needed. Thus, it appears that the Earth’s future energy and transportation and Earth’s future
settlement of space may require dramatic reduction in consumption and combustion of matter.
Dramatic reductions in consumption and combustion of matter within future energy and transport systems can only be achieved by power and propulsion systems that generate much of
their power and develop much of their thrust by actions and reactions of fields (rather than by
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combustion and expulsion of matter. Pure propellant-less field power and propulsion may be
impossible since fluids may always be needed for things such as component cooling, but this
paper describes work on systems that approach this ideal by consuming less and less propellent by developing more of their energetics and thrust by the actions and reactions of fields.

MHD Power and Propulsion at Hypersonic Air Breathing Speed
References such as [1,2] show that scramjet vehicles consume only about 1/3 the propellant
of rocket vehicles, and MHD air breathing research for NASA [3], and NSF examined the
possibility of even more reduction in scramjet propellant consumption by burning less fuel in
scramjet combustors and adding more energy to airflow by almost mass-less joule heating in
scramjet nozzles by electron beams. Fig. 1 shows superconducting magnets, wrapped around
3 air breathing engines, to generate about magnetic fields of about 7 tesla. Electron beams (not
shown) in engine walls ionize airflow in engine diffuser sections to about 1013 electrons/cm3
and aft-mounted electron beams (also not shown) ionize exhaust flow in the engine nozzles.

Fig. 1: MHD air breathing power and propulsion system
MHD interactions causes sudden slowing of engine airflow before its combustion, increasing
combustion efficiency and extracting enormous electric currents from the high-speed airflow
by electrodes (not shown) on the engine walls. This current is conditioned and sent to electron
beam systems that ionize diffuser airflow and ionize and heats nozzle airflow. Estimates of
the magnet and ionization and electrode system weights were made with the assistance of
the extensive MHD and superconducting magnet hardware experience of Textron and General
Atomics. Much of the estimated engine thrust was from ohmic heating and MHD acceleration
of nozzle flow with modest mass addition. This, large propellant savings gained with MHD
hardware greatly exceeded the added air breathing engine weight that this hardware caused.
Somewhat less positive MHD air breathing engine results have been gained during more
recent work. MHD air breathing test facility development by Litchford and Lineberry [4] and
recent computational work in references such as [5] indicate that significant MHD power is
indeed achievable with MHD slowing of hypersonic airflow in diffusers, but significant MHD
acceleration of airflow in nozzles is difficult to achieve. Thus, more recent MHD work that
will be described later in this paper exploits the significant MHD power achievable by slowing
ionized flow in diffusers, but does not assume MHD acceleration of ionized flow in nozzles.
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“Aneutronic” Fusion Power and Propulsion
Nuclear fusion is less dangerous and generates less radioactive waste than nuclear fission, but
high energy neutrons emitted during most fusion reactions are difficult to shield, resulting in
material damage and residual radioactivity. But, there are “aneutronic” fusion reactions that
emit no neutrons or radioactivity at all. Fig. 2 shows one that involves high temperature fusion
of boron 11 and hydrogen nuclei and the creation of 3 helium ions (electricity) and 5.68 MeV
of energy from each fusion. This “clean” aneutronic fusion reaction is so desirable for power
and propulsion that ongoing research, some of which is described in [6], is examining its
challenging issues. The most formidable of which is reducing Bremsstrahlung radiation from
the excited electrons that exist within the very high temperature plasmas of aneutronic fusion.

Fig. 2: Neutron-free and radioactivity-free nuclear fusion reaction
Fig. 3 shows one of several promising aneutronic fusion systems. Called a “Dense Plasma
Focus” (DPF) device, it consists of a coaxial electrode configuration that in which a capacitor
bank is discharged across the electrodes, vaporizing and ionizing injected aneutronic nuclear
fuel charges into a gaseous plasma sheath. An azimuthal field from radial current flow between
the outer cathode and inner anode accelerates the plasma sheath down the length of the device
until the plasma sheath suddenly collapses toward the anode axis and forms a narrow “pinch”
region with strong magnetic fields (B) that are hundreds of teslas in strength . These very
strong fields cause plasma compression to the very high densities and temperatures needed
for aneutronic fusion of its hydrogen and boron 11 nuclei. This fusion cycle is repeated about
10 times per second as injected nuclear fuel charges are vaporized and ionized by about 500
kV electrical pulses that contain about 20 MJ of energy and about 200 MW of power. As a
consequence, fusion-generated engine thrust is in the 300 kN to 500 kN range and engine
specific impulse (thrust per propellant flow rate) is in the 1,500 second to 2,000 second range.
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Fig. 3: Typical Aneutronic Fusion Reactor for Power and Propulsion

Combining MHD Air Breathing and DPF Fusion Power and Propulsion
A study [7] for the AFRL by the Author and others identified future Air Force vehicles that
combined MHD air breathing and aneutronic DPF fusion power and propulsion, and advances
in materials state of the art. Fig. 4 shows one of these vehicles - a fully reusable single-stageto-orbit (SSTO) aerospace plane whose 2025-2030 development period was based upon the
estimated time for advancing science and technology of MHD air breathing and DPF fusion
to needed readiness levels. MHD air breathing integrated well with DPF fusion - with sharing
of flow paths, superconducting magnets and electron beams. The gigawatt-level air breathing
MHD power generated above Mach 10 is enough for fusion system ignition at high altitude.

Fig. 4: Aerospace plane powered and propelled by MHD air breathing and DPF fusion
MHD air breathing and DPF fusion enabled 4 to 5 times higher engine specific impulse than
chemical rockets during its powered flight. This enabled the vehicle’s 175 t takeoff mass to be
only 2/5 that of 2-stage reusable, scramjet-propelled vehicles and 1/5 that of 2-stage reusable,
all-rocket vehicles with the same 18 t payload and orbit. Here, actions of MHD fields and
the fusion reactions reduced vehicle propellant to less than 1/5 of propellant consumed by

Proceedings from 8th Australian Space Science Conference, 2008 		

Page 59

the 2-stage scramjet vehicle and less than 1/10 of propellant consumed by the 2-stage rocket
vehicle.

NASA Breakthrough Propulsion Physics (BPP) Program
From 1996 to 2002, the NASA Glenn Research Centre conducted the “Breakthrough Propulsion
Physics” (BPP) Program, which examined possibilities for nearly propellant-less field propulsion
and power and for faster-than-light interstellar travel within human lifetimes.

Investigation of BPP Propellant-Less Field Propulsion
The BPP program examined various ways to generate force or negate gravity/inertia. These
were: (1) force by electromagnetic (EM) coupling between emitted electric (E) and magnetic
(B) fields and the E and B fields of space; (2) force by gravity-perturbing mass fluctuations in
dielectric materials subjected to EM energy fluctuations; (3) less resistance by gravity/inertia
by use of exotic EM fields that couple favourably with those that underlie gravity and inertia.
Reducing needed thrust for axial and lateral acceleration by reducing the resistance of gravity
and inertia by actions of exotic fields was investigated by Author and colleagues during
the BPP program. In this respect, Barrett [8] has applied group and gauge theory to derive
specially-conditioned SU(2) EM fields that include additional “A” vector fields and additional
EM interactions that couple both A and B fields and A and E fields. We, therefore, examined
the possibility of such SU(2) fields coupling favourably with those that gave rise to gravity
and inertia. Fig. 5 shows an example of specially conditioned EM radiation, where a portion of
input EM energy is phase and polarisation modulated and combined with the remaining part of
the input energy to emit laser or microwave radiation whose electric and magnetic fields can
undergo many cycles of change in direction and amplitude during one wavelength (∆) of beam
travel. Fig. 6 shows such change for two different phase modulations of input wave energy.

Fig. 5: Phase and polarization modulation of a laser or microwave EM beam
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Fig. 6: Multiple cycles of electric field vector rotation during a wave length of beam travel
No experiments have yet been performed to explore gravity or inertia reducing capabilities
of phase and polarization-modulated EM fields. But a near-term application being studied is
their use to reduce the significant propagation losses suffered by laser and microwave beams
that traverse the atmosphere and ionosphere of Earth. Much of such losses are the scattering
and absorption of EM wave energy by the matter the beams excite and interact with. But much
of such scattering and absorption will not occur if interaction time is less than vibratory and
electronic relaxation time of interacting atmospheric and ionispheric matter that propagating
beams traverse. This should be possible by sufficiently swift change in direction-amplitude of
beam electric and magnetic field vector by sufficient phase and polarization modulation rates. A
comprehensive experiment to demonstrate this with existing laser systems has been defined.
Barrett [9] describes another way of emitting specially conditioned EM fields by toroidal coils
with appropriate: geometry; coil winding; and frequency of their alternating current flow. Here,
at resonant frequencies, the U(1) A vector potential patterns surrounding transmitting toroidal
coils become equal and opposite in strength and direction and create a single SU(2) A vector
field about the toroid that significantly increases range of its B field and the intensity of its
EM field at a given range or input power. Toroidal coils of various shape and configuration
were built and tested and potentially significant results are described in Ref. 10. Fig. 7 shows 2
unusual toroid configurations (caduceus windings and non-circular shapes) that were tested.
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Fig. 7: Non-circular, caduceus-wound coils for radiofrequency EM field generation

NASA BBP Investigations of Propellant less Power and Thrust from Space
Although space seems inert and “empty” to the senses, quantum theory reveals it as possessing
enormous vigour and vitality over sub-microscopic scales of distance throughout the entire
vastness of cosmic space. Contributing to such vigour and vitality are zero-point quantum
fluctuations in the electromagnetic vacuum state of space. Fig. 8 visualizes these energetics
at a given instant as innumerable EM energy pulsations of various wavelength and frequency
in a very small region of space and different pulsation frequencies are denoted by different
colours.

Fig. 8 : Zero-Point EM Energy Fluctuations within a Sub-Microscopic Region of Space

Page 62

Proceedings from 8th Australian Space Science Conference, 2008

Wheeler [11] shows that expectation values for EM zero-point energy fluctuations within a
region of quantum vacuum will, in accord with the Uncertainty Principle, be h/cL3 , where:
h is Planck’s constant, L is the scale of distance associated with a region of volume L3, and c
is the speed of light. Here, expectation zero-point energy density (J/cm3) over a 10-3 cm scale
of distance (a speck of space) is approximately 10-8 J/cm3, indiscernible to the human senses.
But zero-point energy density over a region 100 times shorter is significant: about 1.0 J/cm3.
And over regions 100 times shorter still (.01 nanometre) it is stupendous – about 100 MJ/cm3.
In this respect, Wheeler speculates that destructive wave interference diminishes zero-point
fluctuation energy distributions over macroscopic scales of distance to infinitesimal values
compared to the large values individual quantum zero-point fluctuations can actually achieve.
Despite the seeming impossibility of harvesting the elusive energies of zero-point quantum
fluctuations for power or propulsion, Casimir [12] and Forward [13] show the possibility of
developing force and extracting zero-point energy from the quantum vacuum. Casimir was
the first to propose that 2 conducting plates, in very close proximity to each other, should
exclude longer wave length zero-point fluctuations from the very narrow gap between them
– and thus cause less “outward-pushing” zero-point radiation pressures than “inward-pushing
ones to act upon the plates. Casimir calculated an attractive force of about 0.2 dynes on plates
0.5 microns apart, and his experiments proved that this force indeed occurred, and Forward
showed that closure of compressing foliated conducting plates by Casimir force would generate
electricity.
The NASA BPP program funded some Casimir Force research by Maclay [14] that included
the attempted fabrication of novel, thin-wall, honeycomb-like structures with cavities of about
100 nanometre width and wall thickness. This research was somewhat unsatisfactory in that
experimental structures with needed cavity geometry could not be satisfactorily made for test.
Despite some zero-point energy scepticism from the more orthodox scientific community and
somewhat negative results from their Casimir Cavity work, the NASA BPP zero-point energy
work stimulated much outside interest in the possibility of using vacuum fluctuation energies
of empty space as an ultimate source of unlimited power for Earth’s future spaceflight and
terrestrial needs. In this respect, many zero-point energy patent submittals were made to Patent
offices in the U.S., U.K., and Europe during and after the BPP program and a few of the submitted
Patents were awarded. Fig. 9 shows one Patent [Ref. 15] awarded in the U.S. for a device that
expends EM energy to couple-with and cohere-to some of the vacuum EM energy embedded
within the zero-point fluctuations occurring inside an RF cavity that contains two dielectric
spheres. This coupling and cohering with vacuum EM energy fluctuations includes a frequency
bifurcation process within the cavity and spheres which would accesses the higher frequencies
of the more energetic fluctuations of the quantum EM vacuum. Thus, electricity from the more
energetic fluctuations would be cohered; extracted and conditioned; into power.
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Fig. 9 : U.S. Patent for a device that would extract zero-point energy from empty space

NASA BPP Investigations of Faster-than-Light Flight
The BPP program funded only one faster-than-light study. But it stimulated much other work
that included computational fluid dynamic (CFD) research such as [16] which modelled field
propulsion processes by appropriate perturbing of zero-point vacuum of space – rather than by
warping of spacetime metric. Fig. 10 from [16] is a CFD estimation of the zero-point radiation
pressure gradients formed about an accelerating, field-propelled vehicle at 0.99 of light speed.

Fig. 10: Zero-point radiation pressures surrounding an accelerating vehicle at 0.99c
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Example of Almost Propellant-Less Field Power and Propulsion
A mass fluctuation field propulsion system by Woodward [17], involves the creation of mass
fluctuations within the dielectric material of capacitors that are subjected to applied EM field
energy of very high frequency and voltage that also gives rise to Lorentz Force. Unidirectional
thrust is generated by the Lorentz Force acting in the desired direction during the mass-reducing
phase of each fluctuation cycle. Thrust is proportional to: magnetic field and dielectric thickness
and mass; square of capacitor dielectric constant; and cube of applied voltage and operating
frequency. Fig. 11 from [18] shows a field propulsion thruster assembly. That weighs 292 kg;
generates 45 kN of thrust; and requires about 25 kW of electrical power.

Fig. 11: Thruster assembly of electromagnetic mass fluctuation field propulsion system
Fig. 12 shows a reusable lunar vehicle with a mass fluctuation field propulsion system. It takes
six people to the Moon - as do the Ares 1+Ares 5 vehicles of NASA’s “Constellation” System.
If this reusable vehicle carried the same people and cargo as Constellation vehicles, its liftoff
mass would be about 200 t, only about 1/25 of the current takeoff mass of the Ares 1 and Ares
5. And this vehicle’s propellant (oxygen and hydrogen fuel cells for electric power) would be
about 1/250 of the propellant that is consumed by the Ares 1 and Ares 5 vehicles.

Fig. 12 : Reusable, Earth-to-Moon vehicle that embodies mass fluctuation field propulsion
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Mass fluctuation field propulsion would also be applicable for smaller surface vehicles. As an
example, a 2.6 ton automobile would require less than 1/100 of the thrust of the 26 t Earth-toMoon vehicle of Fig. 12, while the total mass of the automobile’s propellant-less field power
+ field propulsion system would be less than 100 kg (with either Lithium-ion or LithiumPoly batteries). But formidable challenges face any propellant-less field power and propulsion
system. As an example, required thrusting efficiency of the thruster assembly in Fig.11 is of
the order of 1.0 newton per watt – about 4 orders of magnitude more than that demonstrated
in the laboratory. Reaching such an efficiency will require about a 3-fold increase in operating
frequency; in dielectric constant; in fatigue lifetime of low-loss capacitors as compared to the
state-of-the art of low cost capacitors that have been developed for current laboratory testing.

Summary and Conclusions
Energy from combustion of carbon emitting fuels must diminish, hopefully replaced by more
energy generation from sun, wind, tide and geothermal. But added sources of energy, which
might include “clean” nuclear or, even empty space itself, may also be needed. And just as
airflight was not revolutionized until propellers were replaced by jets, so spaceflight will not be
revolutionized until burning matter in rockets is replaced by mass-less actions within fields.
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Abstract—We present a ﬂow sensor design that uses tuneable
diode laser absorption spectroscopy to measure the Mach number
and angle of attack at the inlet of a supersonic combustion
ramjet engine, by propagating a laser beam with time-varying
wavelength through the inlet and measuring the absorption
over eight transitions in the oxygen A band. The absorption
is modelled numerically for Mach numbers between 4 and 12
and angles of attack between ± 6 ◦ . The sensitivity to both Mach
number and attack angle is determined for a Mach 8 condition
at 2 degrees angle of attack, both for the case of a perfect signal
and in the presence of Gaussian noise.

I. I NTRODUCTION AND BACKGROUND

The inlet is one of the critical components in a supersonic
combustion ramjet engine, and correct design of inlets that can
perform over a wide variety of Mach numbers and angles of
attack is a challenge facing the aeronautical engineers designing scramjet-based hypersonic ﬂight systems. Scramjet inlets
need to provide near-isentropic compression at efﬁciencies
in excess of 95 %, deﬁned in terms of the ratio of kinetic
energy at the inlet exit plane to the kinetic energy at the inlet
entrance, for the engines to realise their theoretical speciﬁc
impulse advantage over rockets [1]. It is therefore important
to know how the inlet conﬁguration inﬂuences the ﬂow in the
airbreathing engine.
The post-shock ﬂow conditions in a scramjet are also a
very sensitive function of the angle of attack, and this can
have a strong effect on the combustion processes within the
engine. At Mach 8 and a freestream temperature of 236 K,
for example, a 10-degree double-wedge inlet will have a
maximum post-shock temperature of 410 K at zero angle of
attack and 500 K at an angle of attack of 3 ◦ . Inlets with
more compression stages will have even larger temperature
increases.
A. Tuneable Diode Laser Spectrometers

As combustor performance is so sensitively dependent on
the inlet ﬂow conditions, it is important that measurements
in the inlet should be capable of measurement in the ﬂow
itself rather than at a surface and should also be non-intrusive.
Tuneable diode laser absorption spectroscopy (TDLAS) using
vertical-cavity surface emitting lasers (VCSELs) is a technique
that has these advantages, and a number of others that make it
very well suited to measurements in scramjet inlet ﬂows. The
VCSEL is a laser that was initially designed for use in the
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telecommunications industry [2], but has a number of advantages for sensing applications. Like most diode lasers, it has no
moving parts. It also has a high electrical efﬁciency compared
with most non-diode lasers. The VCSEL’s surface-emitting
characteristic means that the laser cavity can be formed using
traditional integrated-circuit fabrication techniques, making
the VCSEL small and potentially inexpensive. As the intention
is to use the laser for measurements in the physically conﬁned
environment in a model scramjet inlet, these advantages make
this type of laser a good choice of optical sensor for this
application.
VCSELs are very thin in comparison to other diode laser
conﬁgurations. Diode lasers modulate their frequency by
changing the cavity size with applied current, and a thinner
laser will have a proportionally larger cavity size variation
than thicker lasers. For this reason the VCSEL can scan
over a wavelength range more than 10 times wider than the
distributed feedback (DFB) lasers typically used for similar
sensing applications. This means that the VCSEL can potentially scan over many transitions, while the DFB laser
can usually tune over only one or two, and the VCSEL can
therefore provide more spectral information in a given scan.
The VCSEL can also tune very quickly, with scans at rates of
up to 5 MHz being recorded in the literature [3]. The thinness
of the lasing medium also ensures that the output radiation
has a single longitudinal mode and is therefore spectrally
narrow; a desirable property for high-resolution spectroscopy.
Finally, because the radiation emerges from the surface of the
gain medium the expansion angle of the beam is uniform,
removing the need for the aspheric collimating optics required
to minimise beam expansion nonuniformity in other lasers.
B. Absorption Measurements in High-Speed Flow

Although diode lasers have not yet been used in hypersonic
ﬂight tests, several tests have been performed in groundtest facilities, to determine the incoming ﬂow properties and
quantify the extent of combustion, particularly for new and
speculative engine designs such as pulsed detonation engines
[4] and scramjet engines. [5] [6] [7], although tests have also
been performed on model gas turbine engines [8]. All of
these TDLAS systems chosen for combustor ground-test measurements have used water vapour as the absorbing species,
because of the relatively large absorbances achieveable using
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Fig. 1. Computed temperature map for inlet ﬂow at Mach 8. Upper half: laminar viscous computation. Lower half: inviscid computation. Flow is from left
to right.

standard telecommunication diodes. These high absorbances,
in turn, allow measurements to be performed with acceptable
signal-to-noise ratios. This is quite reasonable for combustor
ﬂows, where the combustion generates signiﬁcant H2 O. At the
ﬂight altitudes at which scramjets operate, however, there is
very little water vapour in the air. For this reason, an inlet
sensor needs to use oxygen as the absorbing species. Oxygen
absorption lines exist in the A-band near 760 nm, a wavelength
region that is accessible to both distributed feedback lasers and
VCSELs. These lines are very weak because the transitions
are spin-forbidden. In the hot, vibrating, hostile environment
of a scramjet inlet in ﬂight, it can be challenging to make
measurements with a high signal-to-noise ratio given such low
absorbances. Thus any measurement technique used in this
environment must be relatively resistant to amplitude noise on
the absorption signal. For this reason, previous O2 absorption
studies have made measurements in relatively high-density
ﬂows, including an unburnt fuel sensor for a model pulsed
detonation engine [9] and a post-shock temperature sensor in
shock tube ﬂows [10]. In this paper we theoretically test a
potential TDLAS sensor for use in much lower-density ﬂows,
to determine whether it is capable of measuring freestream
Mach number and angle of attack.
II. D ISTRIBUTION -M EASURING T ECHNIQUE
Using any laser-based technique in a ﬂight test vehicle
places constraints on the experimental arrangement compared
with equivalent laboratory systems. Each additional component is a potential source of failure, while data bandwidth
and physical space restrictions make multiple beam paths
and additional wavelengths a luxury, the beneﬁts of which
need to be weighed carefully against the added complexity
and space. This poses a particular problem when line-ofsight variations in ﬂow properties need to be determined. The
usual method of measuring variations along a line of sight is

tomography [11], [12], but this technique requires absorption
spectra to be generated through several projections in different
directions, and these add complexity to the system. Instead,
we use a method for determining line-of-sight temperature
distributions in ﬂows with simple structures, ﬁrst implemented
by Sanders et al. [13] and subsequently used by others ( [14],
[15]). This technique relies on measuring the absorption signal
over a number of transitions, each having different linestrength
variation with temperature, to provide information that can be
directly and unambiguously linked to the spatial temperature
distribution along the laser path. If the variation in absorbance
for n absorption features can be described in terms of m
parameters modelling the variation in conditions along the path
length, then provided n ≫ m, the information in the spectrum
can be used to ﬁt the m parameters using a nonlinear leastsquares technique. The ﬂow in a two-wedge hypersonic inlet
is a simple test for this technique: the ﬂowﬁeld can be easily
modelled analytically as containing three regions, namely
two shock layers from the two plates and the freestream
ﬂow between the two shock layers. This is an idealisation
of the ﬂowﬁeld because it does not account for the hightemperature boundary layers on each of the plates. These
boundary layers, however, are thin compared with the three
inviscid ﬂow regions, and they contribute very little to the
total absorption signal. This is because the boundary layers are
thin, high-temperature regions compared with the other parts
of the ﬂowﬁeld. High-temperature regions tend to absorb less
than lower temperature regions for the A-band region, because
they have low ground-state rotational energies.
Figure 1 shows temperature maps from computations of
the two-plate, two-wedge inlet ﬂow at zero angle of attack
in a Mach 8 freestream at 30 km altitude. The top half of
the computed ﬂowﬁeld includes the viscous boundary layer
while the lower half of the computation was performed as-
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Fig. 2.

Simpliﬁed two-plate inlet geometry used in the analysis.

suming inviscid ﬂow. The ﬂowﬁelds were calculated using
the MBCNS Navier-Stokes solver [16]. The two shock layers,
originating at the leading edges of the plates, are clearly visible
in the computations. The boundary layer, shown as a hightemperature region immediately below the top plate, is much
thinner than either the shock layers or the freestream region,
although it does visibly displace the shock wave compared
with the inviscid calculation.
Ignoring the boundary layer allows us to simplify the
problem by assuming two-dimensional inviscid ﬂow in the
inlet. Using this assumption, the conditions in the inlet can
be directly calculated using analytical shock-jump relations,
allowing rapid ﬁtting of the distributions and simple interpretation of the data.
A. Flowﬁeld Modelling

The simple two-plate inlet used in this analysis is shown
in Fig. 2. The laser passes twice through the two shock layers
and the freestream: it is reﬂected from the upper plate back
down to the lower plate, as we shall see later when the
optical arrangement is discussed. To determine the absorption
along this path, we need to determine the temperature, number
density of absorbing molecules and the component of ﬂow
velocity in the laser propagation direction, in each of those
three regions. These quantities change as the freestream Mach
number, the altitude and the angle of attack of the vehicle
changes. Thus, the absorbance along the line of sight of the
beam will be a function of only these three quantities. For this
analysis we will assume that the altitude is known, and this
dictates the freestream temperature and number density. We
will also assume that the mole fraction of absorbing oxygen
molecules is everywhere constant in the ﬂow. Given that the
post-shock temperature is well below the temperature required
to dissociate oxygen, this is a good assumption.
The inlet consists of two plates, each angled at θ from the
horizontal, which may have an additional angle of attack to the
ﬂow, α, making the angle of the two plates to the freestream
θ ± α. Because the plate is angled to the ﬂow, a shock wave
will form at the leading edge of each plate, making an angle
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β to the plate, which is related to the deﬂection angle, the
freestream Mach number M∞ and the ratio of speciﬁc heats
γ through the equation [17]
�
�
2
M∞
sin2 β − 1
tan(θ ± α) = 2 cot β
(1)
2 (γ + cos 2β) + 2
M∞
.
The shock angle β can be solved for iteratively using Eq. 1,
if the deﬂection angle θ ± α and the freestream Mach number
M∞ are known. The post-shock temperature, pressure and
velocity are then computed using the standard normal shock
relations [17] once the value of β has been determined for
each plate and using the component of the freestream Mach
number normal to the shock wave, Mn,∞ = M∞ sin β:
�
2γ � 2
pd
=1+
Mn,∞ − 1
p∞
γ+1
2
+2
Td
pd (γ − 1)Mn,∞
=
2
T∞
p∞ (γ + 1)Mn,∞

(2)
(3)

�

2
Mn,∞
+ [2/(γ − 1)]
�
�
ud =
γRTd
2
sin(β − (θ ± α)) [2γ/(γ − 1)]Mn,∞
−1
(4)
where the subscripts ∞ and d indicate conditions upstream
and downstream of the shock wave respectively, and R =
287 J kg−1 K−1 is the speciﬁc gas constant for air. The deﬂection angle is θ + α for the lower plate and θ − α for the upper
plate. β is measured relative to the freestream direction for
both shock waves. Once the post-shock conditions are known,
the path lengths of the laser beam through the three ﬂow
regions can be determined. If the vertical distance between the
tips of the inlet plates is given by y, the length downstream
of the tip along the plate surface at which the beam enters the
inlet is l1 , and δ is measured relative to θ as shown in Fig. 2,
then the beam reaches the upper plate at a distance l2 from
the tip, where

l 2 = l1 −

(y − 2l1 sin θ) sin δ
cos(θ + δ)

(5)

The laser propagation distances through the ﬁrst shock layer
(d1 ), the second shock layer (d3 ) and the freestream (d2 ) are

d2 =

d 1 = l2

sin(β2 − (θ − α))
cos(α + β2 + δ)

(6)

d 3 = l1

sin(β1 − (θ + α))
cos(β1 − (δ + α))

(7)

(y − 2l1 sin θ) cos θ
− (d1 + d3 )
cos(δ + θ)

(8)

respectively, where β1 and β2 are the angles from the horizontal of the ﬁrst and second shock waves the laser passes
through in going from the lower plate to the upper plate.
Once the path lengths and ﬂow conditions in each region
have been computed, the absorption spectrum for a given angle
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of attack and freestream Mach number can be calculated. Each
of the distances d1 , d2 and d3 is doubled, as the beam is
retroreﬂected from the top plate back to the bottom plate
before detection, as we discuss later.
B. Absorption Modelling

A laser beam passing though a medium having uniform
conditions over a path length L will be absorbed at the
resonance frequency ν of a molecule according to the BeerLambert law [18]
κ(ν)z = ln(I0 /I) = 2.303 log(I0 /I)

(9)

where κ(ν) [cm2 molecule−1 ] is the absorption coefﬁcient and
z [molecule cm−3 cm] is the optical density or the number per
unit area of molecules along the line of laser propagation. I0
and I [W cm−2 ] are the intensities at the beginning and end
of the region, and the base-10 logarithm of I/I0 is known as
the absorbance. The absorption coefﬁcient is deﬁned in terms
of a linestrength S [cm molecule−1 ] according to
� ∞
κ(ν)dν
(10)
S=
−∞

and the integral can be isolated in terms of the transition
lineshape g(ν − ν0 ), giving
κ(ν) = Sg(ν − ν0 )

(11)

Now g is a generic lineshape function whose shape is a
function of the pressure, temperature and composition of the
gas. The proﬁle function chosen in this study is the Voigt
proﬁle [18], calculated using the method of Humlı́ĉek [19].
By deﬁnition, g is normalised for any given line shape such
that
� ∞
g(ν − ν0 )dν = 1
(12)

Mach number between 4 and 12 and an angle of attack
between -6 and 6 degrees was chosen. The shock wave angles
were solved iteratively for these guessed values using Eq. 1.
Once the angles were known, the post-shock conditions were
computed using Eqs. 2–4 and the path lengths were computed
using Eqs. 6–8. For each of these three paths, the lineshape
function was computed and the temperatures used to determine
the linestrength through Eq. 13 for all the A-band transitions
between 760.5 and 761.5 nm. This region was chosen because
a previous computational study of the A-band transitions
showed that this part of the spectrum was the most sensitive
to temperature variations in the ﬂow between 250 and 1250 K
[14]. The line locations in HITRAN were shifted from ν0 to
ν0 + ∆νD in each of the three ﬂow regions using Eq. 14.
Once the linestrengths and lineshapes had been determined,
the absorption coefﬁcient was calculated using Eq. 11 and this
in turn determined the absorbance from Eq. 9. The absorbance
from each of the three regions was used twice, with the
second beam Doppler-shifted in the opposite direction, to
account for double-passing through the inlet. The two sets of
three absorbances were then summed to generate a ﬁnal spectrum. This guessed spectrum was compared to the ‘measured’
spectrum and the least-squares difference between the two
spectra was summed over the wavelength range. This function
value was used as the ﬁtting parameter that was minimised
by varying (M∞ , α), using values selected by a LevenbergMarquardt nonlinear least-squares ﬁtting routine. The leastsquares minimum was taken to correspond to the correct ﬁtted
parameters. As there were 8 transitions over this spectral range
and two ﬁtted parameters, and the ‘measured’ and calculated
absorption spectra were produced using the same algorithm,
there was sufﬁcient spectral information to ﬁt for both of these
parameters.

−∞

The linestrength S is a function of the temperature of the
gas and of the particular absorption transition, as deﬁned by
�
�
��
Q(T0 )
hcE 1
1
S(T ) = S(T0 )
exp
−
(13)
Q(T )
kT
T
T0
where Q(T ) is the partition function of the absorbing molecule
at temperature T , T0 = 296 K is a reference temperature
and E is the ground-state energy of the transition. For these
calculations, the HITRAN 2004 molecular database [20] was
used to calculate both S(T0 ) and Q(T )/Q(T0 ).
Because the inlet ﬂow moves at high speed, the spectral
absorption wavelengths are Doppler-shifted by an amount
proportional to the component of the velocity in each region
in the direction of laser beam propagation, i.e.
u
(14)
∆νD = ν0 cos ψ
c
where ψ is the angle between the ﬂow and the beam path.
The method for ﬁtting the Mach number and angle of
attack for a given spectrum is as follows. A ‘measured’
(M∞ , α) condition at 30 km altitude was chosen as a simulated
experimental spectrum to be ﬁtted. An initial guess for a

III. O PTICAL S YSTEM

The proposed optical system used for making the absorption
measurements is shown in Fig. 3. The temperature-controlled
VCSEL is current-tuned using a low-noise constant-current
supply modulated by a sawtooth waveform, varying both the
intensity and the wavelength of the laser radiation. The beam
from the VCSEL is collimated and passed through a calcite
polarising prism, having its plane of polarisation nominally
aligned with that of the VCSEL. This is done to minimise
temporal polarisation variations in the laser beam. A second
prism splits the beam into two beams. One of the beams is then
directed onto a silicon PIN photodetector while the other is
directed by a turning prism into the inlet. It passes through the
duct and a second window, then is reﬂected by a retroreﬂecting
corner-cube back in the direction parallel to its entry into
the inlet. The reﬂected beam is shown in Fig. 3 displaced in
the streamwise direction for clarity, but the beam is actually
displaced out of the plane of the page so the path lengths of
the two beams can be assumed to be identical. The reﬂected
beam re-enters the box beneath the lower inlet plate and is
detected by a second silicon photodetector. The photocurrents
from the two detectors are passes to a log-ratio ampliﬁer which
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weak, but strong enough to be realistically detectable using
low-noise detection techniques such as wavelength modulation
or log-ratio detection: both techniques have been shown to
have practical absorbance detection limits below 10−5 [21],
[22]. The transitions are also very narrow, which means that
the detection system must sample a large number of points.
For the data presented here, each spectrum consists of 10 000
data points. One important feature of the O2 spectrum in this
region is the large spectral separation between the effectively
isolated spectral lines. This is important as it provides plenty
of room for absorption features to be Doppler-shifted without
interfering with neighbouring transitions.
−4

x 10

Schematic of TDLAS Optics.

5

produces at its output an absorbance signal, log(I/I0 ), that can
be directly compared to that calculated using Eq. 9.
The present investigation involves determining how well
the system shown in Fig. 3 can measure the freestream Mach
number and angle of attack for spectra containing noise, as
the very low absorbance, the vibration and the aerodynamic
heating of the vehicle can all add noise to the spectrum.
Sources of noise due to optical artifacts like etalon formation
or spectrum baseline drift will not be considered in this
analysis.
IV. R ESULTS

Figure 4 shows the calculation of a spectrum at a baseline
condition for Mach 8 freestream ﬂow at 30 km altitude and
an angle of attack of 2◦ to the freestream direction. The inlet
consists of two plates at θ = 10◦ , with y = 0.2 m and l1 =
0.2 m. The angle δ was 45◦ .
The 8 transitions are clearly visible in Fig. 4, as are the 8
Doppler-shifted transitions arising from the spectrum of the
return beam. As the return beam is retroreﬂected parallel to
the incoming beam, the frequency separation between the two
beams is twice the Doppler shift. At Mach 8, the Doppler shift
is sufﬁcient to completely separate the absorption signals from
the incoming and reﬂected beams. The peak dimensionless
6

−4

x 10

Absorbance

5
4
3
2
1
0
760.5

761

Wavelength [nm]

761.5

Fig. 4. Baseline absorption spectrum for a Mach 8 ﬂow at 2◦ angle of attack.

absorbance in Fig. 4 is less than 6 × 10−4 , which is very
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Fig. 5. Contributions to absorbance from three ﬂow regions, and summed
absorbance for Mach 8, α = 0◦ , δ = 30◦ .

Figure 5 shows one of the Doppler-shifted line pairs from
Fig 4, including the contributions from absorption in each of
the three ﬂow regions. The largest absorption signal occurs in
the freestream, both because the linestrength is higher in the
colder ﬂow, and because the path length is much longer than
that of the two shock layers. Because the signal from each
of the shock layers is smaller than that from the freestream,
and because there is a signiﬁcant Doppler shift between the
signals in the shock layers and the freestream, this technique
can determine the freestream Mach number very precisely. It
is also apparent from Fig. 5 that the absorption signal from
the two shock layers is spectrally broader than that from the
freestream, because the temperature and pressure in both of
these regions is higher.
The sensitivity of the system to Mach number can be seen in
Fig. 6, which contains images of one of the A-band transitions
for Mach numbers of 8, 9 and 10. The spreading apart of
the absorption features caused by the incoming and outgoing
beams is easily discerned and linearly related to the velocity.
The increasing Mach number also causes the peak absorbance
to drop slightly as the ﬂow in the two shock layers becomes
hotter.
Because the freestream peak dominates Fig. 5, the sensitivity to angle of attack comes mostly from the location of
the absorption components from the two shock layers, as
the freestream temperature, and therefore its effect on the
absorption spectrum, is the same for all three ﬂows. As the
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inlet tilts, the shock layer becomes thicker at the bottom and
the ﬂow becomes hotter, while the upper shock layer becomes
relatively thinner and cooler. The asymmetry in the two path
lengths through the shock layer ﬂows means that there is
sensitivity to the angle of attack, though the effect itself may be
difﬁcult to measure because the change in signal is relatively
small compared with the freestream absorption, and is partially
obscured by that signal.
The effect on the spectral lines caused by changes in the
angle of attack at Mach 8 conditions is shown in Fig. 7. In
this plot, spectra for angles of attack of -3, 0 and 3 degrees
are shown. Comparing this plot with Fig. 6 shows the the two
variables have a similar effect on the spectrum. There are,
however, some differences between the two effects that can
allow the least-squares ﬁtting code to differentiate between
them. In Fig. 6, the region between the two peaks does not
change its shape with increasing Mach number: only the
distance between the peaks changes. In Fig. 7, the region of
the spectrum between the two peaks changes its shape, again
because of the effect of the changing shock layer thickness on
the ﬂow. The gradient of the inner portion of the spectral line
becomes more vertical as the angle of attack is reduced.
In addition to the effect of Mach number and angle of
attack on individual transition features, further differentiation
occurs due to the different temperature sensitivities for different transitions, and different lower-state energy levels of
the transitions. This manifests as a variation in relative peak
heights for the eight absorption peaks as each variable changes.
A. Effect of Noise on Parameter Fitting

When the spectrum is free from noise, it is straightforward
to ﬁt a spectrum for the Mach number and angle of attack.
In a ﬂight test, the signal is likely to have signiﬁcant random
noise caused by vibration and the small absorbance, as well
as sources of systematic noise from time-varying etalon signals and extraneous light from the sun and from combustor
ﬂow luminosity. To some extent the systematic variations
can be minimised by careful optical design, subtracting the
time-varying portion of the background signal ﬁtted using a
polynomial and by using wavelength-selective ﬁlters near the
detectors. We were interested in knowing the extent of the

0
760.99

760.995

761

761.005

761.01

761.015

Wavelength [nm]

Fig. 7.

Spectra for varying angles of attack, M∞ = 8.

effect of high-frequency Gaussian noise on the ﬁtting of the
absorption signal. To simulate this, we added random noise
with an average relative value compared with the largest peak
absorbance of between 0 and 50 %. This noise was added to
the signal for the ‘measured’ condition of Mach 8 freestream
ﬂow and α = 2◦ . Ten random initial guess conditions were
chosen with Mach numbers between 4 and 12 and with angles
of attack between -6 and 6◦ . The ﬁtting routine was then used
to ﬁt for either Mach number or angle of attack, with the nonﬁtted value assumed known. Figure 8 is an example of one
such noisy spectrum and the spectrum ﬁtted for Mach number
to the two transitions. The ‘measured’ spectrum had 20 %
noise added to it before ﬁtting. The difference in absorbance
between the noisy and ﬁtted spectra is also shown in the
ﬁgure, displaced by −1.5×10−4 for clarity. There is no visible
structure in the difference signal. Figure 8 clearly shows that
even though the noise is signiﬁcant, the routine was able to ﬁt
the Mach number well. The good ﬁt reﬂects the accuracy of
the freestream Doppler shift measurement: the retroreﬂector
guarantees that the beam returns at the same angle it entered
with, so that the separation between the two transitions is a
function only of the Doppler shift and does not depend on
measurement of some external reference velocity. The noise
has minimal effect on the Mach number prediction because
this depends on the location of the peak rather than the
amplitude.
Spectrum-ﬁtting simulations were performed with different
levels of noise, assuming that the angle of attack is known
and the Mach number unknown. The results of these tests are
summarised in Fig. 9. The points on the plot are the average
for 10 ﬁts from different randomised initial guesses, and were
within ± 0.02 of 8, even for spectra with noise up to 50 % of
the signal amplitude. This shows the robustness of the Mach
number ﬁt in the routine.
Figure 10 shows the results of ﬁtting for angle of attack
assuming the correct Mach number for the simulation. Two
interesting facts are apparent from these results. First, the
uncertainty in the angle of attack does not depend strongly
upon the signal-to-noise ratio of the absorption signal, as the
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error bars are not correlated with the percentage noise. The
second interesting feature of Fig. 10 is the fact that the angle of
attack has been consistently under-predicted by approximately
0.25◦ for all ‘measured’ spectra. This is true even for the case
where there is no additional noise on the spectrum. This is
related to the ﬁtting routine tending to ﬁnd a local minimum
in the least-squares residual if the initial guess approached
the solution from below, whereas those ﬁts generated from an
initial guess at a higher angle of attack tended to approach a
global minimum corresponding to the correct angle of attack.
This indicates that a more robust ﬁtting algorithm that starts
at a number of initial guesses and takes the true least-squares
minimum may give a better evaluation of the angle of attack.
It should be noted that setting both the Mach number and
the angle of attack as free variables did not signiﬁcantly
change the ﬁtted angle of attack when compared with Fig. 10.
This is because the Mach number is so strongly correlated
to the distance between the highest-amplitude peaks for each
absorption line.
V. C ONCLUSION

We have designed a new sensor for the Mach number and
angle of attack in a supersonic combustion ramjet engine,
using VCSEL-based absorption measurements. The method
uses retroreﬂection to very accurately determine the freestream
velocity and the change in absorbance with linestrength over
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the 8 transitions available to the laser to determine the effect
of angle of attack and Mach number, using nonlinear leastsquares ﬁtting of the absorption spectrum against computed
spectra. The absorbance has been computed assuming twodimensional analytical shock theory. Simulation of absorption
spectra with noise has been performed and has shown that
the Mach number can be calculated very precisely for a given
angle of attack, to less than ± 0.02 from the correct value. The
precision of the angle of attack measurement is lower, with an
uncertainty at Mach 8 and α = 0.2 of ± 0.25 degrees. The ﬁts
for angle of attack appear to be susceptible to convergence to a
local, rather than a global, minimum using our ﬁtting routine.
High-frequency Gaussian noise, up to 50 % of the peak signal
height, did not have a strong effect on the ﬁtted parameter
values.
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Two-Dimensional Heat Transfer Analysis of a Generic
Scramjet Inlet
J.P. Long, S. O’Byrne and A.J. Neely
University of New South Wales, Australian Defence Force Academy,
Northcott Drive, Campbell, ACT, 2612, Australia
Summary: This paper details work being completed at UNSW@ADFA to determine the heat
flux and temperature rise experienced by a tunable diode laser absorption system in a generic
model supersonic combustion ramjet inlet. To determine these time-varying temperatures, a
code has been produced that is capable of predicting heat transfer in a two-dimensional inlet
for the flow of air in chemical equilibrium. The analysis presented here investigates flight at
Mach 10 between altitudes of 63 and 23 km along a generic HyShot-style ballistic test
trajectory, although the code allows different two-dimensional inlet geometries and flight
trajectories to be tested and incorporates temporally and spatially varying surface heat flux
conditions.
Keywords: Hypersonics, scramjet, aerodynamic heating, laser spectroscopy, heat flux.

Introduction
Currently, work is being completed at UNSW@ADFA to prove the concept of using tunable
diode laser absorption spectroscopy (TDLAS) to measure the temperature and velocity of air
entering a scramjet inlet. Development of TDLAS may enable ‘mapping’ of air temperature
and velocity distributions along the laser path. One potential TDLAS system for
measurements in a simple two-dimensional hypersonic inlet is shown in Fig. 1. The laser
beam emerges from the lower plate, traverses the inlet twice and returns to a detector located
below the lower plate. As the inlet plates upon which the optics are mounted can experience
significant heat loads, it is important to factor that heating into the design of the optical
system.
TDLAS is a candidate technology to form the basis of a scramjet fuel-control system.
Information about inlet flow conditions can be used to optimise combustion efficiency by
specifying ideal fuel injection locations and flow rates. A TDLAS sensor system is potentially
important for scramjet engines because of the sensitivity of the combustor entrance conditions
to the inlet’s angle of attack. Previous research conducted using TDLAS has shown that the
technology is potentially sensitive to both component temperature changes and vibration [1].
For example, interference of the laser beam from near-parallel optical surfaces can generate
etalons that in turn can generate amplitude modulations in the detector output that are larger
than the absorption signal. As the temperature changes, the distances between these parallel
surfaces will change, and this will effect the amplitude and wavelength of these etalon signals.
Any system used in a flight test must be insensitive to these changes over the domain of
conditions expected during the test.
The potential sensitivity of the optical equipment to high temperature means that it is very
important to predict the environmental conditions experienced by the optics during a flight
test, particularly the maximum wall temperature in the instrumentation cavity. Limited
experimental data exists for the temperature conditions in a scramjet leading edge plate during
flight. Most available data quantifying these effects has been analytically reconstructed using
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computational fluid dynamics (CFD) programs and finite element analyses. Previous thermal,
vibrational and structural studies of generic inlets are available and provide some insight into
the conditions likely to be faced by the TDLAS system [2][3]. However, these analyses likely
involve different flow conditions to those to be used for flight tests involving TDLAS optics.
As a result, there is a need for a fast, accurate and time-resolved two-dimensional heat transfer
analysis of generic scramjet inlets. This analysis had to be adaptable to different flight profiles
and inlet geometries. The method also had to take into consideration the viscous boundary
layer heating effects, potential air dissociation effects and heat conduction through the
material. We present one such calculation in this paper.

Figure 1: Inlet TDLAS system
The importance of the heat transfer analysis is amplified by the narrow operating temperature
ranges of the optical components. The operating temperature range for the lower component
box, inside the leading edge, must be between 0 and 60 ˚C as these are the operational limits
of the vertical cavity surface-emitting laser (VCSEL), which is the most restrictive set of
temperature limits of the components. For the components mounted in the cowl, the
temperature limits are that of the retro-reflector, -40 to 60 ˚C.
The generic single-ramp scramjet inlet and flight paths used in this analysis are chosen to be
as simple as possible while still a realistic estimate of the conditions that might be expected in
a real flight test, and are for a generic flight path loosely based upon the ballistic trajectory of
the Hyshot 2 flight test, documented in Smart et al. [4]. The high velocities associated with
scramjet flight tests cause the heating conditions to be severe compared to the flight
conditions experienced by today’s conventional air-breathing aircraft engines. Air
temperatures at the leading edge stagnation point of a scramjet inlet may be greater than
3000 K, beyond the melting point of common aerospace materials. Typically, scramjets are
restricted to flying at high altitudes due to the high heating effects at lower altitudes.
However, there is insufficient oxygen at very high altitudes for operation of air-breathing
engines. Therefore, scramjet flight must occur in a narrow band of altitudes where both high
combustion effeciency and tolerable thermal loading can be achieved.
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Previous thermal-structural studies of generic scramjet inlets have been conducted by Odam et
al. [2] and by Ho and Paull [3]. Odam et al. used a similar analytical solution to the one
presented here to establish the heat transfer boundary conditions at the wall. A commercial
finite-element code was then used to predict the temperature history of the inlet structure. We
expand upon that work by incorporating variations in Prandtl number along the flow direction
into the analytical solution. Ho and Paull used a constant wall temperature in the calculations
of heat fluxes, while we update the wall temperature at each time-step of the calculation.
Both of these studies were performed to compute heat loads during specific flight tests. Our
work differs from these studies in that we have written a computational design tool that, while
maintaining simplicity, allows us to quickly compute the time-accurate and spatially varying
inlet heating that would be experienced by our optical system under various flight conditions.
In order to accurately predict the heat transferred through the ramp, a finite element analysis
using both temporally and spatially varying boundary conditions would need to be used. Most
finite element computer programs such as ANSYS are unable to model temporally and
spatially varying boundary conditions without coding of complex add-on routines. Instead, we
have written a simple finite-element heat flux code that incorporates both temporally and
spatially varying boundary conditions, using Matlab. Although Matlab is an interpreted
programming language and not as fast as compiled languages, it is widely available and code
development is quicker than for compiled languages. This rapid development allows different
inlet geometries and flow conditions to be analysed by changing only a few lines of code.
Possible methods for the calculation of heat fluxes between the hypersonic boundary layer
flow and the inlet plate surface include computational fluid dynamics (CFD) and the use of
generalised analytical heat flux correlations. For initial design purposes, the use of
computational fluid dynamics to predict heat fluxes is inappropriate due to the computational
expense of calculating the flowfield, which would need to be computed at either a number of
discrete points in the trajectory or in a time-accurate manner for the duration of the flight test.
Generalised equations offer a quicker method of calculating heat fluxes for hypersonic flow
over simple geometries like the one investigated here, although they are less accurate than
CFD due to the assumptions made in their development. This lower level of accuracy is
tolerable in the design development process as only reasonable estimates to the flow
conditions are required to determine the heat flux to the plate. In 1955, Eckert proposed a
series of simplified equations to predict the heat transfer for two-dimensional laminar and
turbulent boundary layers up to Mach 20 [5]. These equations were claimed to give values to
within a few percent of true boundary layer calculations. We will use these equations to
calculate the flowfield.

Heat Transfer Calculation
Method
An explicit time-stepping finiteelement code incorporating temporally
and spatially varying boundary
conditions has been developed for this
study. The convective heat fluxes
from the hypersonic boundary layer to
the plate are calculated using
generalised
two-dimensional
equations. The finite-element mesh of
the inlet plate is generated within the
code and represents the leading edge
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Figure 2: Modelled plate diagram.
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wedge and flat plate of the first inlet ramp, as shown in Fig. 2. The plate used for this study
has a length of 1 m and a thickness of 10 mm. The meshing scheme used an inter-node
spacing of 1 mm in both directions, so a total of 11011 nodes were used to model the plate.
The leading-edge wedge nodes were distributed within the wedge at the same x-axis spacing
of 1 mm, but the y-axis spacing reduced linearly with the plate thickness to fit into the wedge.
The leading edge has a radius of 2 mm, so the node spacing at the leading edge is 0.2 mm.
The plate is set at an angle of 5 degrees incidence to the freestream. The code presented here
was run using the appropriate thermal properties for both 6061-T6 aluminium and AISI 1025
steel, to see the heat transfer behaviour of these two materials.
The location of the optical components box is approximately 400 mm from the leading edge
on the underside of the plate. To generate an estimate of the component box temperature, it
was assumed for a worst case that the temperature of the components in the box is the same as
the temperature at the underside of the plate at the mounting location. This allows the heat
transfer through the complex geometry of the component mounts and component box to be
ignored. Realistically, the temperature within the components box will be less than the
temperature of the chosen location, acting as a safety margin for the design.
Flight Path

Figure 3: Nominal HyShot mission profile (from Smart et al., 2006)
To accurately incorporate temporally and spatially varying boundary conditions in the heat
transfer analysis, the freestream conditions needed to be calculated at different times during
the flight test. These conditions were calculated using the 1976 US international standard
atmosphere (ISA) and the equation of state for air. The flight path used in this analysis was an
ex-atmospheric ballistic trajectory similar to that of the HyShot 2 test, illustrated in Fig. 3.
The heat transfer analysis is conducted between 63 km and 23 km altitude. The higher altitude
was chosen for the start of the analysis as this is when aerodynamic heating effects start to
become significant [2]. The time taken for the scramjet to travel between 63 km and 23 km is
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approximately 12 seconds, given an assumed constant speed of Mach 10 relative to the local
freestream conditions. To model the flight path between 63 km and 23 km altitude, a constant
glide slope of -75˚ from the horizontal and constant Mach 10 flight was assumed. The time
steps used in the calculation are determined by the two-dimensional heat diffusion equation,
as we discuss later.
Post-Shock Conditions
Before heat fluxes could be determined for each time step, the post-shock conditions were
calculated, as these generate the boundary conditions for heat flux to the inlet plates. The high
air temperature at the stagnation point and across strong shocks in hypersonic flow implies
that the air can no longer be treated as a perfect gas, and the ratio of specific heats will change
as temperature rises. Furthermore, at temperatures above 2000 K, oxygen begins to dissociate.
To account for the property changes of air at high temperatures, chemical equilibrium was
assumed for the calculations. The equilibrium air curve fits used in this analysis were taken
from Srinivasan et al. [6]. Calculation of the heat post-shock conditions begins with the
conservation equations for mass, momentum and energy:
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2

2
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The method described by Anderson [7] was used to determine conditions downstream of the
shock wave using equilibrium air curve fits. The process for both oblique and normal shock
regions initially involved guessing a post-shock density value. A corresponding pressure value
could be obtained from this using the momentum equation. Post-shock enthalpy was then
determined using the equilibrium air curve of Srinivasan et al. An adjusted value for density
was then determined using the energy equation. This process was iterated until the density
value converged. The post-shock velocity could then be calculated from the continuity
equation and the temperature from a curve fit and the known values of density and velocity. A
similar iterative process was used for the oblique shock conditions shown in Fig. 3. However
the deflection of flow due to the ramp angle T needed to be considered in this case. The onedimensional momentum equation was adjusted to account for this. Once the methods were
developed, they were coded in Matlab and the downstream conditions for the normal and
oblique shocks were calculated for each time step.
Flat Plate Heat Fluxes
For hypersonic flow, the viscous effects within the
boundary layer will cause a temperature profile within
the boundary layer at the plate wall [8]. A typical
cold-wall hypersonic thermal boundary layer profile
is presented in Fig. 4, showing the characteristic
temperature peak within the boundary layer. At
subsonic conditions, flow-to-wall heat flux equations
are typically based on the difference between the wall
temperature and the air temperature external to the
boundary layer. However, due to the temperature
gradient within a viscous boundary layer, the heat
flux is a relationship between the wall temperature
and the maximum temperature within the boundary
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Figure 4: Thermal gradient in
viscous boundary layer.
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layer, also known as the recovery temperature. The generalised equations developed by Eckert
were used here to determine this reference temperature [5]. Considering hypersonic boundary
layers, the specific heat of air is likely to change due to the high temperatures. As a result,
Eckert proposed that the heat flux to the surface is more accurately predicted using an
enthalpy difference rather than a temperature difference between the recovery state and the
wall. The equations developed by Eckert for enthalpy difference heat flux, and recovery
enthalpy are [5]:
q"w

(4)

H h (hr  hw )
2

hr

he  rh (Ue / 2)

(5)

where h (kJ/kg) is enthalpy and q” (W/m2) is heat flux and H (W/(m2K)) is the heat transfer
coefficient, evaluated at the reference enthalpy condition. Subscripts r and w stand for
recovery and wall conditions respectively. In Eqn. 5, r is the recovery factor and is the square
root of the reference Prandtl number, and Ue (m/s2) is the air velocity external to the boundary
layer. Equation 5 is derived from the energy equation, Eqn. 3, where the recovery factor r
accounts for the velocity difference between air at the recovery state and the air external to the
boundary layer. To calculate the heat transfer coefficient, H, the relationships for Stanton
number and friction coefficient are used:
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Here, Pr is the Prandtl number, cp is the specific heat at constant pressure, Re is the Reynolds
number, U is the air density, and the superscript * indicates properties obtained at the
reference enthalpy condition. Applying this relationship, the heat flux to the flat plate of the
first inlet ramp was calculated using
qFP "

0.332 U *U e (hr  hw )
Re x *

1/2

Pr *

2/3

(7)

where the reference enthalpy values, *, need to be evaluated at a state which was originally
given by Eckert but recently modified by Meador and Smart [9] to be
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The recovery factor, reference Prandtl number and reference Reynolds number are given by
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Where P (Ns/m2) is dynamic viscosity c p (kJ/kg.K) is specific heat at constant pressure and k
(W/(m K)) is thermal conductivity of the air. Once again, the reference values need to be
evaluated at the reference enthalpy condition given by Eqn. 8. To calculate air viscocity and
6
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thermal conductivity at the reference condition we used power laws developed by Sutherland
and White respectively [10, 11]. In the code, the above process is repeated at each surface
node for each time step, resulting in a heat flux distribution around the leading edge and along
the top surface for each time step.
Leading Edge Heat Fluxes

Another important aspect of heat transfer at hypersonic speed is the heating of the scramjet
leading edge, which influences heat transfer along the plate. We used the analytical method of
van Driest, who developed equations for the heat flux to the leading edge of a cylinder, given
by [12]
dU e
0.5
(12)
q"LE 0.57 Pr 0.6 Ue Pe
hr  hw
dx
The acceleration term in Eqn. 12 is the acceleration of the air around the inlet leading edge
from the stagnation point to an angle ș and is given by
§ wU e ·
¨©
wx ¹̧ T

1 2 pe  pf
R
Ue

(13)

where R is the leading-edge radius. The pressure and density external to the boundary layer
need to be calculated at different locations around the leading edge from the stagnation point
using a Newtonian pressure distribution:

pe (T ) ( p0  pf )cos2 T  pf

(14)

where the subscript 0 indicates the location of the stagnation point. At a given location
downstream of the leading edge, the enthalpy was calculated using the energy equation (3),
and the density determined using equilibrium air enthalpy curve fits [6]. Once the acceleration
term was determined, the heat flux at different locations around the leading edge could be
calculated, as shown in Fig. 5. Due to
the finite-element mesh not modelling
the curvature of the leading edge and
only
employing
one-dimensional
boundary conditions, it was necessary
to sum the heat flux over the leading
edge surface and distribute the total
leading edge heat flux among the
leading edge mesh nodes. The leading
edge heat flux is the area under the red
flux distribution in Fig. 5, and is
represented in the code by the blue flux
Figure 5: Actual and modelled leading-edge
distribution, which has the same total
heat fluxes
heat flux as for the red curve. A
quarter-elliptical distribution was used
to achieve the redistribution to the mesh nodes.
Another important adjustment made in the heat flux calculations was for the heat flux at the
maximum T and x = 0 of the flat plate to be matched [2]. Considering the flat plate heat flux,
Eqn. 7, if x = 0 an infinite result is generated due to the Reynolds number term in the
denominator. Therefore an offset for x needs to be added to account for the boundary layer
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thickness at this location. In the analysis, the x offset was calculated by equating the leading
edge and flat plate heat flux for the point between the curved leading edge and flat plate.
Two-dimensional Heat Diffusion

Once the heat fluxes were calculated, the remainder of the problem involves modelling the
transfer of heat through the plate using the finite-element method. An initial saturated plate
temperature of 300 K was chosen for the start of the analysis. In order to account for the heat
transfer though the modelled plate, the two-dimensional heat diffusion equation was used:
w 2T w 2T

wx 2 wy 2

UC p wT
k

(15)

wt

where the density, specific heat and thermal conductivity are that of the plate material. The x
and y components are the two spatial dimensions of the plate, and t denotes time. The above
heat diffusion equation has been derived from the energy equation using a second-order
Taylor series expansion. Equation 15 was then discretised using a forward-time-central-space
(FTCS) scheme to give the following difference equation [13]:
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where i represents the node number in the x direction, j represents the node number in the y
direction and n represents the time step index. The difference equation sets a template, which
allows the heat diffusion equation to be applied to the finite-element mesh. Fourier’s law was
used to transfer the heat calculated for each node to the finite-element nodes. This allowed the
flux boundary conditions to be enforced as a temperature gradient between the surface node
and the node directly below the surface. To enforce this boundary condition, the use of
ghosting points around the finite element mesh was necessary. The following criterion
determining time step size was used to ensure solution stability [13]:
k't
d 0.5
c p U'x 2

(17)

Equation 17 has been developed using a von-Neumann stability analysis, and limits the size of
the calculated time steps for a given minimum grid spacing, 'x .
Computation Results

The time steps for the modelled flight depended on the material used. For aluminium,
approximately 35000 time steps across the 12-second flight time were required, with
approximately 9000 time steps required for steel. The final code took approximately 2 hours
for a steel model and approximately 6 hours for an aluminium model on a standard 3GHz
personal computer running Matlab R2007b. Typical outputs extracted from the code include
time-varying and spatially varying temperature and heat-flux values at specified nodes.
Another important output of the code is a comparison of the energy transferred to the plate via
convection to the internal energy rise of the material. This output gives an indication of
whether the code obeys the conservation of energy. The differences between these energy
values are typically below 3.5 percent for aluminium and 1.6 percent for the steel plate,
mostly due to averaging equations used in the calculation of the two energy values.
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In order to quantify the effects of changing node spacing and time step size on the output of
the code, a sensitivity analysis was conducted. The outputs compared were temperature at the
base of the plate after 12 seconds, leading edge temperature after 12 seconds, and energy
calculation values. The results of halving the time step and the grid size individually are
compared to the standard code in Table 1 for the same conditions, though using a larger plate
angle than the 5-degree half angle used for the other results in the paper.
Table 1: Results of grid and time step sensitivity analysis.
Value
Plate base T
Leading edge T
Internal E
Convective E

Standard
(dt = 1.4 ×10-3s,
dx = 1 mm)
332.02 K
1644 K
1.7751×106 J
1.7477×106 J

Reduced time steps
(dt = 7×10-4 s,
dx = 1 mm)
332.002 K
<0.01 %
1643.8 K
<0.02 %
1.7742×106 J <0.05%
1.7468×106 J <0.05%

Reduced spatial steps
(dt = 3.5×10-4 s,
dx = 0.5 mm)
332.024 K
<0.01 %
1651.5 K
<0.5 %
1.7749×106 J <0.02%
1.7468×106 J <0.05 %

It is clear that the effects of halving both the time step and the grid size are small. The greatest
percentage difference is less than 0.5 percent, due to the leading edge temperature after 12
seconds.
It was also possible to decrease the calculation time by assuming constant reference Prandtl
number rather than iteratively calculating a value at every step using Eq. 10. When
incorporating a variable Prandtl number in the Matlab code, the steel plate calculation took
over 10 hours and the aluminium plate calculation over 25 hours to complete. To justify the
assumption of constant reference Prandtl number, a comparison of the two methods was
conducted. The range of computed Prandtl numbers over the duration of the flight is small —
between 0.69 and 0.715, compared with the assumed constant Pr = 0.7. For the evaluation
point temperature on the underside of the plate, the difference between the two methods was
less than 0.05 percent. For the leading edge temperature, the difference was approximately 2
percent. For total energy, the difference was approximately 1.4 percent. Since the effect of
varying Pr at the evaluation point is negligible, a constant Pr was considered a reasonable
assumption for the calculations.

Typical Results
As mentioned above, the results presented here are based on a generic two-dimensional flat
plate inlet operating at a constant Mach 10 and at zero angle of attack, with each plate angled
at 5 degrees to the freestream. The flight profile used was similar to that shown in Fig. 3, with
an angle to the horizontal of 75 degrees. The primary output for the analysis is a temperature
vs. time plot of the node 400 mm from the leading edge, on the underside of the plate. This
point was chosen because it is a reasonable estimate for the location of the optical system’s
window, as illustrated in Fig. 1. The temperature histories for 10-mm-thick aluminium and
steel plates are shown in Fig. 6. The temperature at the selected node rises exponentially over
the 12-second test time in both cases. This is due to the transfer of heat from the surface
through the plate and the increasing surface heat flux as altitude decreases and the density of
the external flow increases. The aluminium has a higher temperature than the steel at the
selected node after 12 seconds, due to the higher thermal conductivity of aluminium. It should
be noted, however, that in a real application it is unlikely that inlet walls made from the two
materials would be the same thickness. The higher density and strength of steel would ensure
that a thinner sheet would be used for that material than for aluminium.
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Figure 6: Temperature history for 10-mm-thick steel and aluminium plates
In this calculation, the aluminium has a maximum temperature of 319.5 K and the steel has a
maximum of 314.5 K, while the upper operating temperature limit for the optics is 333 K.
Taking into consideration the heat transfer through the components box, the temperature
within the box will not exceed the upper 333 K temperature limit at these conditions. Based
upon these results, the laser optics system would continue to operate at these conditions down
to the 23-km lower-height limit. However, any increase in angle of attack would further raise
the temperature of the plate, and might exceed the required maximum temperature for the
optics. This illustrates the need for modelling of the inlet heat loading for flight experiments
containing temperature-sensitive equipment.
Spatial temperature gradients can be used in experiments to test the survivability of
components such as the optical system’s fused silica windows or to determine a safe distance
downstream of the leading edge where the components can be located. Figure 7 is a plot of the
temperature profiles within the modelled steel plate. The y-axis has been expanded to clearly
show the contours. The temperature at the surface near the window is approximately 330 K,
and the temperature at the bottom of the plate near the window is approximately 310 K. It is
apparent from Fig. 7 that most of the heat transfer to the plate occurs very close to the leading
edge, and the majority of the plate remains at or near the pre-test soak temperature.

Figure 7: Two-dimensional temperature contours through the steel model at t = 12 s

Comparison with previous work
Our computation has been compared with previous work by Odam et al. [2] at conditions as
close as possible to the conditions used in that study, to show that this calculation produces
Proceedings from 8th Australian Space Science Conference,
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comparable heating results. A comparison of the code with a standard CFD package would
require such a package to be closely coupled to a finite-element heat transfer code, as the
boundary conditions for both the fluid and heat transfer problems are continuously varying
during the flight. As we do not have such a code, we have compared against Odam et al.,
which was shown to compare well with computations performed at discrete points along the
trajectory and is the closest code with similar functionality known to the authors. The two
computations were not identical, as Odam et al. matches the stagnation-point heat flux to the
flat plate heat flux in a slightly different manner to this study, and models the heat capacity
variations with temperature, while this calculation assumes a constant heat capacity for a
given material. The heat transfer through the plate was calculated by Odam et al. using a
commercial finite-element code rather than the custom code used in the present work. In
addition, the Mach number in that study varied from 9.6 to 10.3 during the descent, but was
fixed at Mach 10.0 throughout the descent in our code.

Figure 8: Comparison of final temperature at the top of the plate at 30 km altitude with the
calculations of Odam et al. (1995).
The wetted plate surface temperature for Odam et al.’s trajectory at zero angle of attack is
directly compared with our equivalent calculation for a 4.3-degree half-angle inlet in Fig. 8.
The codes were both run assuming an initial temperature of 300 K at 63 km altitude and a
final altitude of 30 km. The two temperature distributions at this time disagree somewhat at
the leading edge, but the difference in the downstream part of the plate, where the optics
would be located, is approximately 5 K.

Heat Transfer Analysis Limitations
As the code was designed to be a simple tool for predicting heat transfer in two-dimensional
scramjet inlet flows, there are some limitations to its applicability. First, the heat flux
calculations deal with convective fluxes only, and do not consider radiative heat flux. At the
flight conditions along the inlet surface, convective heat transfer should dominate radiative
heat transfer. At the stagnation point, where the air to material temperature differ most,
radiative heating may be significant.
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Another assumption made was that the analysis started at 63 km altitude on the descent, with a
saturated plate temperature of 300 K. This saturation temperature is an engineering estimation
presented in previous heat transfer analyses [2]. The choice of initial saturation temperature
will influence the results. Therefore, it needs to be accurately predicted for each flight profile
based either upon measurements or more comprehensive calculations. It may be possible to
extend the heat transfer analysis to cover the whole mission profile if the air properties can be
determined for high altitudes. Doing this will also allow the cooling aspects of high altitude
flight to be investigated to determine TDLAS survivability.
With respect to the adiabatic boundaries, the assumption is that no heat is transferred through
these surfaces. For the wedge section of the leading edge shown in Fig. 2, the adiabatic
condition only applies if the scramjet leading edge is symmetric to the freestream axis, as the
modelled plate then forms one half of a two-sided inlet. If the leading edge is not symmetric,
then there will be uneven heat flux distributions on either side of the leading edge, resulting in
heat transfer across the wedge boundary. The lower plate in the inlet cowl would also need to
be added to the model to take this effect into account, which is a relatively simple addition to
the code.
One final study that will be undertaken with the code in future involves determining the effect
of angle of attack on the heating, as the inlet can be angled by ±6˚ during flight, and this can
have a significant effect on the heating of the inlet plates. The current calculations, performed
for zero angle of attack, show that the peak temperature during flight is of the same order as
the maximum temperature that can be tolerated by the optical system. At high angles of
attack this heat loading will be higher, and this needs to be accounted for in our designs. We
are currently investigating the effect of placing refractory insulating materials between the
optical assembly and the inlet plates to further reduce the heat transfer at these higher attack
angles.

Conclusion
The two-dimensional heat transfer analysis developed here has built on previous methods and
provides a simplified way of calculating the heating of a scramjet inlet during a flight test. The
method can compute heat fluxes for different inlet geometries and flight profiles without the
need to create complex CFD solutions and finite-element meshes. The adaptability of the code
to produce different outputs means that it is ideal for initial design calculations to determine
the environment in which our optical system will operate. The results produced by the code
are self-consistent and show the expected behaviour of a flat plate in a high-temperature flow.
Based on the typical results presented in the report it can be said that the TDLAS system,
currently being built at UNSW@ADFA, would survive the temperatures associated with this
flight trajectory, although higher heat loadings can be expected at higher angles of attack and
this may require additional thermal protection for the optical components.
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Abstract:
The ability to conduct research in the absence of buoyant effects is
important to many engineers and scientists working across a broad range of
disciplines. Construction of a 30 m, 2.2 s drop tower is nearing completion at
Queensland University of Technology (QUT) in Brisbane, Australia. This facility
allows domestic and international researchers access to a reduced gravity environment
in which to study various phenomena. The tower is only one of a limited number (~5)
of reduced gravity facilities worldwide and the only such facility in Australia and the
southern hemisphere. Reduced gravity is achieved by allowing the experimental
platform to ‘free fall’ (within a drag shield) thus experiencing a period of
weightlessness. The drag shield is used to eliminate air resistance on the experimental
platform to produce the reduced gravity conditions. The QUT drop tower permits
relatively large experimental platforms to be dropped of up to 200 kg mass and there
are control and data acquisition systems in place for users, if required. Presented here
are the operational parameters of the drop tower facility and a short description of
current areas of research. Current areas of research include the study of combustion
processes, synthetic metal oxide nanomaterial development through the use of sol gel
chemistry under varied gravity regimes (including high-gravity conditions produced
within a centrifuge), fluid dynamics, and solidification.
Keywords: Reduced gravity, low gravity, drop tower, sol gel chemistry, nanomaterials,
combustion, fluid dynamics, life sciences.
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The QUT Drop Tower Facility
The QUT drop tower facility, shown in Fig. 1, is part of and operated by the
Phenomena in Microgravity Laboratory (PML). The drop tower represents an
accessible, low cost facility capable of achieving high-quality reduced gravity. The
ground-based facility allows up to 20 drops of 2.2s duration to be conducted per day,
with both experimental conditions and configuration able to be monitored and altered
between drops.
A number of facilities are available for use in conjunction with the drop tower,
including microscopy facilities, data acquisition system and high gravity centrifuge.
PML staff are also present to provide technical support. This allows users at the drop
tower to efficiently conduct reduced gravity experimentation, as well as any necessary
analysis onsite.

Fig. 1: QUT Drop Tower Facility

Background
Several types of facilities are able to offer a reduced gravity environment. Table 1
shows the characteristics of the reduced gravity environment produced by a typical
drop tower experiment compared with other reduced gravity facilities, and highlights
the advantages and limitations of drop tower use.
Table 1: Typical Characteristics of various types of Reduced Gravity Facilities [1]
Type of Facility
Drop Towers
Sounding Rockets
Free-fall Capsules
Parabolic Flight
Space Station/Space
flight
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Cost
Low
High
High
Medium
Very High

Test Duration
Most 2-3s, up to 12s.
2-15 mins
20-25s
20-25s
Up to 2-3 years

Gravity Quality

Availability

-5

-6

High

-5

-6

Low

-5

-6

Low

-2

-3

Medium

~10 to 10 g
~10 to 10 g
~10 to 10 g
~10 to 10 g
-8

< 10 g

Very Low
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Each type of facility has its own advantages and disadvantages, and as a result is
suitable for different types of experimentation. Key factors in deciding the most
appropriate facility include cost, test duration, availability or competitiveness for
entry into the test program, and gravity quality (magnitude) achieved.
Ground-based test facilities such as drop towers offer access to a short period of high
quality reduced gravity within a highly controlled environment. Unlike other
facilities, experiments in a drop tower can be altered or adjusted between drops, with
multiple tests able to be conducted daily. Experiments are inexpensive, and access to
the facility is readily available without long delays and international competition.
However, test duration times are significantly shorter, and experiments are subject to
a sharp deceleration (~18g) at the end of the test.
Typically, use of a drop tower is well-suited to experimental applications (e.g.
combustion, fluid dynamics studies) that do not require long test times, but may
require many repeated tests to confirm results. Many experimental programs begin
with work in a drop tower to characterise the expected results, and determine whether
further testing in other facilities, being both more expensive and difficult to apply for,
is justified.

Reduced Gravity Experimentation
Conducting experiments under reduced gravity conditions has two primary objectives;
firstly to provide information about the effects of a reduced gravity environment and
secondly to allow scientists to observe fundamental physical processes typically
shielded by gravitational forces and their effects (e.g. buoyancy).
The increasing amount of space-based activity provides significant motivation for
unprecedented research into materials science, combustion and flammability, as well
as air & spacecraft propulsion under reduced gravity conditions. This knowledge is
required to both maintain the safe operation of space-based facilities, as well as
examine the different non-terrestrial phenomena possible.
Additionally, our collective understanding of physical processes and phenomena such
as combustion and fluid flow is still poor. For these, and many others, the intrusion of
effects such as buoyancy has prevented close examination of less dominant forces
present and has resulted in significant limitations in our attempts to adequately
explain these events. Reduced gravity testing, and the potential to remove such
effects currently offers a promising avenue of investigation.

Operational Characteristics of the QUT Drop Tower
An object experiences a period of weightlessness during ‘free-fall’. Whilst gravity
still acts on the falling object, the absence of a reaction force during the free-fall
means the object will be subject to conditions simulating those present in the absence
of a gravitational force. The ability of the experimental facility to minimise the forces
(other than gravity) acting on the object (e.g. air resistance) determines the quality of
reduced gravity achieved. Drop towers are able to reduce these forces by controlling
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the tower environment, and using a stream-lined drag shield to eliminate air
resistance. Fig. 2 shows the drop capsule assembly and its various components. The
capsule is composed of two main parts – the external shell, or drag shield, and the
internal experimental platform upon which the experiment is attached.

Fig. 2: Drop Capsule Assembly
At the commencement of a test, both the experimental platform positioned inside the
drag shield, and the drag shield itself are released. The streamlined drag shield allows
the experimental platform to fall unaffected by air resistance. Fig. 3 illustrates how
the experimental platform falls inside the drag shield.

Fig. 3: Drag Shield and Experimental Platform Schematic
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The capsule is decelerated to a halt at the end of the experiment using specifically
designed industrial airbag. Use of the airbag offers rapid deceleration of the capsule
without unnecessary loading. This method of dropping the capsule the 30m height of
the tower allows for approximately 2.2 seconds of reduced gravity. Table 2 shows
other operational characteristics of the QUT tower.
Table 2: Operational Characteristics of QUT Drop Tower
Performance
Test Duration
Gravity Level
Maximum Deceleration

2.2s
<10-3
~18g

Tower
Height

30m

Experimental Platform
Maximum Payload
Platform Diameter
Maximum apparatus height

200kg
0.8m
0.9m

Data acquisition equipment is included on board the drop capsule, and this equipment
can be tailored to suit different experimental needs. Previously, this has consisted of a
National Instruments Data Acquisition and Control System (NIDACS), able to
receive 16 analogue channels. However, this system is currently in the process of
being upgraded.

Current Research
Current research at QUT can be broken into a number of categories – combustion,
sol-gel chemistry, fluid dynamics, and metals solidification. The following
paragraphs briefly describe the programs undertaken, as well as their objectives.
Bulk Materials Combustion
The flammability and combustion characteristics of both metallic and non-metallic
materials in a reduced gravity environment have been observed to differ from those
observed when exposed to similar conditions in normal gravity. Metallic materials in
particular have been shown to burn more rapidly under reduced gravity conditions.
As a result, flammability data generated in normal gravity is non-conservative, and
accurate evaluation of flammability hazards is not possible without reduced gravity
data [2, 3].
The short duration of a typical combustion test makes ground-based facilities such as
the QUT drop tower ideal for reduced gravity combustion research. The current
program of testing focuses on two main areas – promoted ignition flammability test
modelling and the identification and appraisal of potential combustion hazards present
on the International Space Station. It is hoped that this work will contribute to
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improving both our knowledge of reduced gravity flammability and burning, and the
test methods employed to measure these properties.
Nano-material Development
Micro (low) gravity synthesis is only a relatively new topic in the literature and
further investigation is required to open its potential [4-7] . It has been successfully
applied to the synthesis of silica spheres of varying porosity and size. It is believed
that these methods could be applied to titania sol-gel processing for enhanced physical
and chemical characteristics.
Studies have shown that the effect of gravity on gelation reactions can not only
influence the time of gelation but can also affect the final structure [8]. Terrestrial
and high gravity regimes have been shown to cause pore collapse during drying,
changing the pore structure from meso to microporous.
Microgravity experiments on silica gelation have shown that gravity buoyancy driven
free-convection effects have been limited as polymerisation occurs in a diffusion
limited regime. Intra-molecular condensation and densifications prevail under these
conditions giving rise to increased surface areas and better overall structures [8].
Metals Solidification
Earlier studies have shown gravity levels to influence the manner in which a material
solidifies [9]. Elimination of density and thermal gradient (and hence convection)
effects caused by gravity can significantly alter the manner in which a metallic
material cools. Changes in the solidification process caused by reduced gravity levels
will affect both the distribution of impurities and crystal size and structure produced.
Current research focuses on metals such as titanium, and how gravity and other
solidification variables contribute to the alloy’s properties. The ability to produce
metallic materials with improved micro properties would be of interest to
manufacturers worldwide.
Fluid Dynamics
In the absence of gravity, surface tension becomes a more dominant force affecting
fluid flow. As a result, the physical phenomena observed during fluid flow are very
different in a reduced gravity environment, compared to a normal gravity
environment. One area in which this is being investigated is the formation of drops
from a liquid jet.
Under reduced gravity conditions, spherical drops are formed that may take up to
three times longer to form, and subsequently be theoretically three times larger than
those formed under normal gravity [10]. Corresponding tests under normal gravity
result in smaller, stretched drops being formed. The difference in geometry and
dynamics under reduced gravity conditions allows easier investigation of the
fundamental physics behind the fluid behaviour. These phenomena and their potential
applications are currently being examined.
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Summary
The QUT drop tower facility allows experiments to be conducted in low-cost, highquality reduced gravity. Current research in the areas of combustion, sol-gel
chemistry, fluid dynamics, materials science and fire safety is being conducted.
Various partnerships with NASA, ASTM International, commercial companies and
other universities are currently in existence or anticipated, and other collaborative
opportunities exist.
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Liu, Y. H.

Liu, Y. H., Menk, F. W.,
Fraser, B. J.

Field line resonances observed by the Cluster
prenoon near the magnetopause

Long, Jason P.

Long, J. P., O’Byrne, S.,
Neely, A. J.

Heat Transfer Analysis of a Two-Dimensional
Hypersonic Inlet

Lykholit, M. I.

Lykholit, M. I.

Optical Electric Devices for Space Purposes

Lynn, Kenneth

Lynn, K.

Low Latitude Seasonal Variations in Ionospheric
Height at Night over a Sunspot Cycle

McKibbin, Seann J.

McKibbin, S. J., Ireland, T.
R., Amelin, Y., O’Neill, H.
St. C.

Evolution of the Angrite Parent Body and
Concordancy of Isotope Chronometers in Angrite
Meteorites

Mills, Franklin

Mills, F., Munoz, A. G.,
Jessup, K. L.

Chemistry of the Venus atmosphere and clouds:
New insights from Venus Express

Morris, Ray

Morris, R., Klekociuk, A.,
Latteck, R., Singer, W.,
Holdsworth, D., Murphy, D.

A ground-space perspective of mesospheric iceaerosol layers, temperature and wind field at 69°
latitude above Antarctica and the Arctic

Neudegg, Dave

Neudegg, D., Layoun, M.,
Hutchinson, S., Hyde, M.,
Thompson, C.

Anomalies related to upper atmospheric and
geomagnetic effects in measurements of oblique
radio propagation paths compared with model
predictions

O’Byrne, Sean

O’Byrne, S.

Measurement of Hypersonic Inlet Flow using Diode
Laser Absorption Spectroscopy

Pakakis, Michael

Pakakis, M., Spencer, P.

The Victorian Space Science Education Centre:
Inspiring Australia’s Future Scientists and
Engineers

Reid, Iain

Reid, I.

Ground based VHF radar for observations of the
atmosphere

Richards, John

Richards, J.

Australian Remote Sensing: Prospects, Potential
and Unfulfilled Promises

Robles, Jose

Robles, J., Lineweaver, C.

Comparing the Sun to Other Stars: Searching for
Self-selection Effects

Rozenfeld, Anatoly

Rozenfeld, A., Wroe, A.,
Reinhard, M., Dzurak, A.,
Pisacane, V., Dicello, J.,
Zaider, M., Guatelly, S.,
Prokopovich, D., Lim, W.
H., Lai, N. S., Zeibell, A.

Development of Silicon Microdosimetry
Radiation Protection in Space Missions
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Samuell, Cameron

Samuell, C., Charles, C.,
Boswell, R.

Shaw, Mark

Shaw, M.

Encouraging Engineers and Scientists through the
Aus Space Design Competition

Smart, Michael K.

Smart, M. K.

Access-to-Space Using Hypersonic Airbreathing
Propulsion

Steinberg, T. A.

Lynn, D. B., Hales, M. C.,
Martens, W. N., Steinberg,
T. A.

Reduced Gravity Research
University of Technology

Sukkarieh, Salah

Sukkarieh, S.

The Science and Systems of Field Robotics and its
Applicability to the Space Community

Walter, Malcolm

Walter, M.

Astrobiology in Australia

Warrington, Bruce

Warrington, R. B., Wouters,
M. J., Quigg, S., Lawn, M.
A., Hartnett, J., Tobar, M.
E., Ivanov, E. N., Dempster,
A. G., Tappero, F., Iwata,
T., Imae, M., Moore, M.,
Terkildsen, M. D.

Timing and time standards

West, Michael D.

West, M. D., Charles, C.,
Boswell, R. W.

Thrust of the Helicon Double Layer Thruster
Prototype Determined From Momentum Flux
Measurements

Wicht, Anthony

Wicht, A. C.

Space Law: Does it matter to me? An update for
the Australian space industry

Wilkinson, Phil

Wilkinson, P.

Space Weather Science and Services

Zasuha, S. O.

Zasuha, S. O.

Space Industry
Perspectives
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Chopra, Aditya

Chopra, A., Lineweaver, C.

The major elemental abundance differences
between life, the oceans and the Sun

Corr, Cormac

Corr, C., Boswell, R., Charles,
C.

Miniature plasma thruster development at the
ANU

Fraser, Brian

Fraser, B., Morley, S., Menk,
F., Waters, C., Sciffer, M.,
Ponomarenko, P., Ables, S.

Space Physics Research at the University of
Newcastle

Gorman, Alice

Springbett-Bruer,
Gorman, A.

Space heritage: the application of the World
Heritage Convention to sites in Outer Space

Grew, Russell

Grew, R.

Lafleur, Trevor

Lafleur, T.,
Boswell, R.

C.,

Development of a 2D PIC Simulation for the
HDLT

Li, Bo

Li, B., Cairns, I. H., Robinson,
P. A.

Simulations of Coronal Type III Solar Radio
Bursts

Lobzin, Vasili

Lobzin,
V.,
Cairns,
I.,
Robinson, P., Patterson, G.,
Steward, G.

Automatic Recognition of Type III Solar Radio
Bursts: The Method and First Observations

Morley, Steven

Morley, S., Lockwood, M.

Numerical modelling of low- and mid-altitude
cusp ion precipitation signatures

Neudegg, Dave

Neudegg, D.

The ionosphere of Mars

Salmeron, Raquel

Salmeron, R.

The formation of stars and planets

Tyshetskiy, Yuriy

Tyshetskiy, Y., Cairns, I. H.,
Robinson, P. A.

Statistics of beam-driven waves in plasmas
with ambient fluctuations: Reduced-parameter
approach

N.,

Electromagnetic Ion Cyclotron Waves at
Geosynchronous Orbit During Stormtime: a
Superposed Epoch Analysis
Charles,

Proceedings from 8th Australian Space Science Conference, 2008		

Page 

