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Preface

Astronomy is certainly the oldest science and that of astronomer probably the
oldest profession. This second assertion is notoriously debatable, but one can safely
assume that in a primitive civilized society the (remunerated) shaman or priest had to
be an astronomer to be credible. For a long time astronomy played a very important
role in society (and parts of the present book describe some aspects of this role);
it is only quite recently that astronomy has been relegated to the status of a more
or less ordinary scientific research activity, so that today being an astronomer is
just being a scientist like any other. Remnants of past glories survive in countries
such as England and Scotland which still have an Astronomer Royal, but these are
exceptions.

However, astronomy still has a special place among the other sciences and
in society at large. It is by nature an interdisciplinary activity: it incorporates
mathematics, various branches of physics, chemistry and biology. In building their
instruments astronomers use, and often develop, the latest technology and in order
to treat and understand their data, they must use the fastest computers and most
refined software.

Astronomy is easy to advertise and popularize: not only does it provide (or
try to provide) answers to fundamental questions about the origin and fate of the
Universe, as well as dealing with objects such as black holes; astronomers also
produce beautiful images and movies which are fascinating to see even without
understanding what they represent. Despite its relative decline in importance
astronomy is still a special science, and with the expansion of global means of
communication it is, in a sense, more special than ever. An astronomer is also
somebody who is perceived as possessing special and fascinating knowledge. Quite
often at dinners, if the food is good, I claim to be an accountant just to be able to eat
and not answer questions about black hole interiors.'

! For some reason this seems to be the most fascinating subject for amateurs.
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The present book describes the various relations and interactions of astronomy
with other branches of physics and other sciences, as well as the relations between
astronomy and technology, industry, politics and philosophy (and superstition),
describes modern instruments and discusses what it means to be an astronomer.

Part I, Astronomy and Physics, discusses the place of astronomy among various
branches of (mostly high-energy) physics. The main characteristic of astronomy is
that it is a science of observation, while physics is usually a science of experiment.
Guillaume Dubus, rather provocatively, considers whether, in spite of this, the
Universe can be considered a laboratory. He shows how in some cases it must
be so regarded, but also convincingly warns against the misuse of the laboratory
“paradigm” in astronomy. His objections to “physics without limits” find a resonant
echo in the essay by George Ellis later in the book. In the following chapter, Paolo
Mazzali deals with the main implication of astronomy’s observational nature: the
necessity of finding standards of distance without the possibility of testing them
in situ. A French research minister used to say that astronomers cannot be serious
scientists because they are not even sure what is the value of the Hubble constant.
Chapter 2 well describes the seriousness of astronomers, who, in finding standard
candles, have to struggle with the complex nature of objects and processes in the
Universe.

The next three chapters are devoted to what is nowadays called astroparticle
physics. This label is somewhat justified in the cases described in Chaps. 3 and 4 and
much less so in the case of gravitational-wave astronomy, presented in Chap. 5. But
all three chapters deal with what is really a novelty in astronomy: observations of the
Universe through non-electromagnetic messengers such as cosmic-rays, neutrinos
and gravitational radiation. Cosmic rays have been observed for a long time but
the hope that they can be used in astronomy is recent. As is discussed in detail
(and from different perspectives) by both Eli Waxman and Giinter Sigl, enthusiastic
reports that this is already the case were at best premature. The sources of cosmic
rays are still unknown. Neutrinos from the Sun and from a supernova have already
been observed (their role in the “Universe as a lab” is discussed by Dubus) but here
the question is of high energies that have yet to be observed. Waxman explains why
we should expect them to be emitted in quantities observable from Earth but for
the moment detectors have been observing light emitted by plankton and bacteria —
a very nice example of multi-disciplinary research, but not related to astronomy. Sigl
also deals with the problems of testing theories in particle physics, which nicely
complements the discussion by Dubus. It is interesting to observe the differences
of approach to high-energy astrophysics between Dubus, Waxman and Sigl. As
for gravitational waves, they have yet to be observed. The detectors are there, the
signals too, but for the moment they are produced by trucks on Louisiana roads
or earthquakes in Indonesia. We know that the sources are there, it is simply that
events which would produce waves detectable on Earth are rather rare. Alessandra

2 The minister being a geophysicist, it would have been too easy (and also unwise) to reply with a
remark about the poor predictability of volcano eruptions.
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Buonanno aptly describes all the problems, theoretical as well as observational
and instrumental, of (future) gravitational astronomy. In less than 5 years the first
gravitational-wave signal should hit (so to speak) the (by then improved) detectors.

Part II, Astronomy in Society begins with an article by David Aubin about the
rise and (relative) fall of the role of observatories as the central places of knowledge
creation and storage. The period covered is from the seventeenth century until
today, and Aubin shows that for a long time observatories were more than just
astronomical; they also involved experimental activity. It is interesting to note that in
France, the CNRS National Institute for the Sciences of the Universe (INSU) created
Science of the Universe Observatories (French acronym OSU), which regroup
within university structures what Aubin calls observatory sciences. It remains to
be seen if these OSUs will play, even in part, the role which Observatories played
in past times.

Modern astronomy projects are mostly complex technological, technical and
managerial enterprises. Modern astronomical instruments employ cutting edge,
sometimes unique, technology. There are therefore very strong links and interactions
between astronomy laboratories and industry. Astronomy can inspire engineers, but
quite often astronomers find the fulfilment of their desires in industry products
and inventions. This complex relationship is well explained by two seasoned
practitioners, James Lequeux and Laurent Vigroux. They also provide useful
examples of what is meant in astronomy by expensive.

Whatever the details, building and running telescopes, launching and using space
observatories and probes cost substantial amounts of money. And except in the
United States of America, it is public money only. The imagination and curiosity of
astronomers are unlimited and the same is true of the variety of practical means of
satisfying these needs. This is characteristic of astronomy and in this it differs from
the other “big science”, particle physics. It makes no sense to build two accelerators
of the same type at the same time, but building several big telescopes does. Or
at least it is not absurd a priori. Hence the need, in astronomy, to plan, select,
prioritize etc. In her learned and entertaining essay Virginia Trimble describes how
this was done in the USA, whose astronomy community was the first to be involved
in such exercises. Of special interest are the tables comparing the dreams with
their fulfilments. I also appreciate her sobering comments on the attitude of her
colleagues towards international collaborations.

Johannes Andersen describes the remarkable effort of unifying European astron-
omy, which mainly means unifying its planning and general strategy. I am not sure
that 50 years ago European astronomy was really a backwater (incidentally it was
interesting to read, in Chap. 8, that the old Canadian-French Hawaii Telescope even
recently was still producing more publications than some of the US giants), but
progress in the last half-century has been tremendous. Andersen tells the story of
Astronet, a structure through which European astronomy has been able to define a
road-map for its future development. A remarkable achievement, thanks to the help
of the European Union (a good example of the role it should play) and the effort and
determination of a small group of people, several of whom I have the privilege to
count as collaborators and friends.
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One of them is Fabienne Casoli, who wrote the chapter devoted to space
astronomy — probably the most complex and difficult aspect of astronomical
research. The combination of technological and quality requirements, budget
constraints, competition with other branches of space research and, last but not
least, political (local and international) considerations, makes the planning and
realization of space-astronomy projects complicated and often frustrating. All this
Fabienne Casoli describes expertly. She ends her chapter with the words: “One
must be confident that space astronomy will continue developing and producing
fascinating results about the Universe”. This is understandable when one is in charge
of astrophysics missions in a space agency. Let us hope the Universe will live up to
this expectation.

Part 111 is called: The Tools of Observation and the Profession of Astronomer.
I decided to start it with two complementary approaches to contemporary astron-
omy: the use of very-small and very-large telescopes. Neither would be possible
without recent advances in detection and data processing technology but they are
fundamentally different in almost every other respect. In spite of this Udalski would
know perfectly well how to use a 42m telescope, and Charles would have no
difficulty in using a robotic telescope (in fact he got one at SAAO). This is the
beauty and strength of astronomy. It is a fundamentally interdisciplinary science but
a translator is almost never needed when two astronomers talk. Andrzej Udalski
recounts the very successful realization of the ideas of Bohdan Paczyrski, who
advocated using small telescopes for great science. Small telescopes are now used
to discover extrasolar planets and GRB afterglows, to observe variable stars and
in many other fields. OGLE IV regularly observes one billion celestial objects. In
such a case it is not the telescope that costs most, it is the instruments and data
processing. In the case of large and very-large telescopes everything is expensive
and complicated. Phil Charles describes in detail the challenges of planning such
telescopes and the difficulties encountered when building and commissioning the
existing ones. The story he tells is based on his own experience with SALT — the
10m -class telescope in South Africa. But this telescope is also special: “It is an
icon for driving science and technology education in a developing nation.” This is
one of the natural roles of astronomy, but unfortunately we have not been able to
include its description in this book.

Extremely large telescopes (for the moment the idea of building 100 m telescopes
has been dropped and the largest telescope planned will have a diameter of “only”
42m) imply extremely large problems. Eric Ruch devotes his chapter to the
“heart” of a telescope: its mirrors. After a very interesting review of the history
and progress of mirror technology he discusses the challenges offered by the
extremely large telescope. As Phil Charles explains the mirrors of such telescopes
must be segmented, composed from many smaller mirrors. The challenge is best
summarized by a sentence from Ruch’s article that I cannot resist quoting: ...
the challenge of the optical industry will be to produce more mirrors for these
telescopes in a period of 5 years than in the whole history of astronomy and much
more accurately polished than they were in the past”. He explains in detail how this
will be done.
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What will we do with all these data when even Udalski’s small telescope provides
more than 30 Tb a year? Who will analyze these extremely large amounts of
information? Of course analyzing observations is only one part of the question.
The main goal of scientific research is not analyzing data but understanding them
and their implications for our knowledge of the nature of the Universe and its
components. Nowadays, because of this deluge of data, astronomy departments
prefer to hire people who are skilful with computers and pay less attention to their
education in physics. As a result, even at the best universities it is possible to come
across professors for whom the laws of physics are a mystery (I don’t mean that
they do not have a sufficient grasp of the supposed “theory of everything”, aka
M-theory, but simply that they are not familiar with the law of energy conservation).
This is a very worrying aspect of modern scientific research. In his chapter Mark
Allen addresses another, not totally unrelated, question about the ever-growing
amount of data: how to store, organize and distribute it. Astronomers have found
an original solution that is well adapted to the existing worldwide information net:
the Virtual Observatory. Through this, by accessing a global database, any scientist
can perform multi-wavelength observations of objects or systems he is interested
in. Allen describe show the VO works and provides examples of scientific results
obtained through such virtual observations.

Generally, astronomers are very good at sharing their knowledge and results with
the general public. This task is made easier by the esthetic qualities of astronomical
images (of course these are only a part, and often not the most important, of
observational results, but spectra, say, are much less sexy than images, at least
for the layman). But if it is easy to attract and impress, it is more difficult (and
more important) to educate and explain. Since antiquity the main role in astronomy
education has been played by planetaria, which nowadays present celestial shows
on a dome-shaped projection screen. Often such planetaria are part of science
museums. Mike Shara is a well-known practising astronomer and curator of the
American Museum of Natural history in New York, and in his entertaining article
he describes how a modern museum/planetarium operates. Of course some aspects
of the way this planetarium operates are uncommon (not many planetaria employ
actors such as Harrison Ford) but one gets the general idea of the possible scope of
education through astronomy.

Finally, in the last article in this part of the book, Bernard Fort describes what
it is to be an astronomer. The reader should be warned that he is not a typical
representative of the profession. First, he is deeply worried by some fundamental
epistemological questions. Most astronomers are similar to the majority of physi-
cists, who, according to Einstein, differ from clergymen in that, while these are
interested in the general laws of nature, the physicists, very often, are not. Second,
he made a fundamental discovery, which is not the destiny of most of us. I should
also mention that I disagree with his view that scientific theories are cultural
products. But his narration of his technologically driven research adventure is
really fascinating. And when he writes: “Only the confrontation between theoretical
models and observations make it possible to perfect our knowledge of the history
of the Universe. This confrontation cannot end before any observation is coherently



X Preface

interpreted by a single physical model”, one is reassured that he has forgotten all
about his “cultural construct” fancy.

The last part of the book Astronomy at the Frontiers of Knowledge contains four
chapters. The first concerns an association astronomers are not very happy about.
For a very long time astronomers were also astrologers; quite often (depending on
the country and the religious and political system) their astronomical skills were just
supposed to provide tools for divination in the service of the ruler. Unfortunately, in
our post-modern times, the relative decline of the societal role of astronomy seems
to have had no influence on the ubiquity of astrology. The main difference with
ancient times is that nowadays no astronomer is involved in the horoscope business.
On the contrary, many astronomers try to debunk this pseudo-science. Astrologers
usually reply that astronomers do not know their methods, which they allege to be
rigorous and sound. To the best of my knowledge, Marek Abramowicz is the only
professional astronomer who answered this challenge by learning the methods of
astrology and becoming a (non-practicing) astrologer. When he unmasks astrology,
he knows exactly what he is writing about. But his chapter is interesting also because
of its historical and methodological perspective.

Cosmology is a very particular branch of science because of the uniqueness
of its object. This disturbing characteristic and it consequences are addressed by
George Ellis, who critically analyzes some particulars of contemporary cosmology.
He calmly questions and rebuts various assertions made by (too) many theoretical
physicists for whom anything goes in the Universe. As I have mentioned before,
such lack of restraint also worries Guillaume Dubus, but most astronomers just
follow the bandwagon (or try to jump on it) without thinking. I greatly value Ellis’s
skepticism regarding the primitive reductionism that seems to be lately in vogue.

Thérese Encrenaz provides us with a fascinating account of the exploration of
the bodies of our Solar system. Planetology is a branch of astronomy (some would
like it to be considered as a sort of “external” geophysics, usually to justify the
unification of astronomy with particle physics, but this is nefarious idea) but it is the
only branch where astronomers can study objects in situ: where one can get directly
under the surface of a celestial body. Of course, the beauty of astronomy is that
learning about the Sun’s interior does not entail (pace Auguste Comte) having to
go there, but still the prospect of sending drilling rovers to the surface of Mars and
Europa (as described by Fabienne Casoli) has a sort of fantasy-like quality.

Of course the aim of all this drilling is to find water, and who says water, says
life (or rather a possibility of life). Hence the existence of astrobiology. Although,
according to Virginia Trimble, it is “said by some to be a subject with no subject
matter to study”, Muriel Gargaud & Stéphane Tirard provide a convincing rebuttal
to such mischievous assertions. But their article is mainly about working in an
interdisciplinary subject. Some readers will be surprised by the amount of space they
devote to the problem of the common tongue to be used in this field. They should not
be. Many examples show that it is an important, sometimes crucial, problem. Giinter
Sigl also mentions this difficulty. Not surprisingly, since one of the well-known
mishaps of research on ultra-high-energy cosmic rays was the misunderstanding by
particle physicists of what is meant in astronomy by a catalogue. Another example:



Preface xi

years ago, high-energy astrophysicists from one of the French space laboratories
asked my advice about observing nuclear lines in the spectrum of an X-ray Nova.
I told them not to try. Being y-ray astronomers, they did not realize that X-ray
astronomers misused the term “Nova” (which normally designates the light emitted
by a thermonuclear explosion on the surface of a white-dwarf, whereas the so-
called X-ray Nova results from an accretion-disc eruption, and my friends would be
looking in vain for nuclear lines there). So finally a translator is sometimes needed
even in astronomy.

The present book provides a fairly broad, although not complete, picture of the
relation of astronomy to the other sciences and its place in society in general.

The book is the first of the Integrated Sciences & Technology Programs (ISTP)
Book Series of the Fondation Maison des Sciences de I'Homme/FMSH? published
by Springer.

I am grateful to Angela Procoli from the FMSH and Jean-Marie Hameury,
director for Astronomy and Astrophysics at the INSU/CNRS for entrusting me with
the task of editing this volume. I also thank Jean-Marie Hameury for his critical and
careful reading of the manuscripts of this book.

Institut d’ Astrophysique de Paris, UMR 7095 CNRS, Jean-Pierre Lasota
UPMC, Univ Paris 06, 98bis Boulevard Arago,
75014, Paris, France

Astronomical Observatory, Jagiellonian University,
ul. Orla 171, 30—244 Krakéw, Poland

3http://www.msh-paris.fr/.
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Chapter 1
The Universe as a Laboratory
for High-Energy Physics

Guillaume Dubus

Abstract Physics is validated through careful experimental work and its progress
is punctuated by great experiments: Newton decomposing light with prisms,
Thomson’s discovery of the electron, Michelson’s experiment on the speed of light
through ether etc. Direct experimentation, whether ground-based or space-based,
remains the method of choice. Yet, high-energy physics, the study of the funda-
mental constituents of matter and their interactions, has moved to the point where
it can address conditions that cannot be tested by direct experimentation. Can the
distant Universe then be used as a laboratory? How have astronomical observations
tested and expanded our knowledge of high-energy physics? Is this affecting the
way astrophysics is done? These are the questions addressed in this contribution.

Keywords Astroparticle physics ¢ Relativistic processes * Gamma-ray burst:
general ¢ Cosmology

1 Can the Universe Be Used as a Laboratory for Physics?

Using the Universe as a laboratory for physics may appear as wishful thinking, if
not entirely preposterous. Laboratories are visualised as ordered spaces, controlled
environments in which scientists with white coats design and carry out experiments,
experiments that are analysed and refined until all of their parameters are under-
stood, all of their uncertainties subdued. The outcome is an experimental protocol
leading to results that can be repeated and verified by others. In contrast, “the
Universe” conjures up images of something inaccessible, beyond our reach and
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Fig. 1.1 Famous laboratories of physics: Rutherford’s lab at the Cavendish in Cambridge circa
1920 and the microwave sky, showing foreground emission from the Milky Way and the Cosmic
Microwave Background (CMB), as seen by ESA’s Planck observatory circa 2010 (Picture credits:
Courtesy AIP Emilio Segre Visual Archive and ESA Planck LFI, HFI consortia [6])

our control, of something unintelligible of which we are only a passive spectator
(Fig. 1.1). The two views would seem irreconcilable and this probably stems from
the deeply rooted preconception that the world populated by mankind and the
heavens are distinct spheres governed by different rules.

1.1 Gravity: The Historical Showcase

Yet, one of the deepest foundations of science is that the laws derived on Earth
should apply equally well anywhere else in the Universe. Indeed, the beginning of
modern science is usually traced back to the discovery of the laws of gravitation
and planetary motion. For the first time, laws divined on Earth are seen to apply
up to the achievable accuracy to phenomena outside our realm. Confidence in
the measurements can be increased by independent, repeated or simultaneous,
observations. We have a clear experimental protocol to test a theory using space
as our laboratory. Moreover, Newton’s law unifies various phenomena under the
same umbrella: from the fall of the apple to the movement of the Moon, tides, the
shape of planets, the evolution of their orbits and spins can all be calculated to
provide predictions amenable to tests via observations. The theory succeeds because
it organises a large set of facts and because it proposes new observables.

Not only is the Universe accessible to the human mind but space provides a
vast playground to test theories in the absence of other effects that can plague
measurements or on scales impossible to realise on Earth. This is both enviable and
delicate: we elaborate hypotheses as to the pertinent physics at work and improve
the apparatus with which we observe but we have no control on the experimental
setup. This can limit the precision to which a value can be derived. For instance,
measuring the value of the gravitational constant — one of the least-well constrained
fundamental constants — can be done only by careful direct experimentation [15].
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This has not prevented astronomical observations from verifying predictions of
general relativity, such as gravitational lensing, that are inaccessible to direct
experimentation.

In verifying our knowledge of physics, we seek to match predictions from estab-
lished theories with observations in novel environments. Expanding our knowledge
of physics boils down to the search for disagreement. A subtle issue is then to
decide if the mismatch represents a true deviation from known physics or a simply
a deficiency in the observation or the interpretation. The explanation by general
relativity of the advance of perihelion of Mercury, that differed significantly from
the expectations from Newton’s theory of gravity, was all the more compelling that
the observational issues and several interpretations based on classical physics had
been carefully considered and discarded. Even then, the decisive observation was
that of the deviation of starlight near the Sun, an observation that stemmed from a
distinctive prediction of general relativity that could not be accounted for by any
classical interpretation.

1.2 Laboratories in High Energy Physics

Newton’s law of gravitation symbolises the first steps of a program that continues to
this day, the endeavour to render intelligible the world around us through science.
Modern high energy physics is a consecration of this vision with the explicit goal
of achieving a theory of everything that would explain the fundamental constituents
of our Universe and the basic laws governing their interactions. Progress is made
through the extensive use of induction and falsification, a logical sequence that starts
with the casting of hypotheses, continues by conceiving and designing apparatus to
infirm these, by analysing their results, abandoning the dead branches of ideas not
borne out by experiments and that concludes with the recast of new hypothesis as
one progresses in the tree of knowledge. The story of the discovery of the neutrino
epitomises this concerted effort balancing theory and experimentation [11]. Today,
the Large Hadron Collider (LHC) at CERN (Fig. 1.2), the quintessential modern-
day laboratory in high energy physics, involves thousands of scientists from around
the world organised around its four detectors. The size and cost of the machine leave
little place for hit and miss. It is designed to make specific measurements that will
test quantitative theoretical predictions, most prominently to find evidence for the
Higgs boson, a particle thought to be at the origin of mass. In 1964, J. R. Platt wrote
of high energy physics that

the theorists in this field take pride in trying to predict new properties or new particles
explicitly enough so that if they are not found the theories will fall [25].

Platt was arguing that the astounding string of successes achieved by high energy
physics compared to other branches of knowledge was due to the systematic use of
strong inference. The LHC is undoubtedly a crowning achievement of this method.
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Fig. 1.2 Flagships of high-energy physics and astrophysics: the ATLAS detector at CERN’s
Large Hadron Collider (LHC) and ESO’s planned European Extremely Large Telescope (E-ELT)
(Credits: ATLAS experiment at CERN and ESO, [29])

1.3 Laboratories in Astrophysics

Astrophysics also has its string of successes in the last century fueled by rapid
technological advances that have vastly expanded the number of observables (low
fluxes, wide fields, fast timing, multi-wavelength, etc., [35]) and by a liberal
application of inductive reasoning constantly challenged by these new observations.
What hypotheses explain the widest set of observations? Are they supported by new
observations, anticipated or not?

A major point of intersection is cosmology where astronomical observations have
been used to infer that the dominant constituents in the Universe are dark matter and
dark energy. The evidence is all the more compelling that it comes from different
independent sets of observations (for dark matter: big bang nucleosynthesis, the
rotation curves of galaxies, confinement of hot gas in clusters etc). Hypotheses con-
cerning their nature are formulated and then tested through the usual means of high
energy physics (e.g. search for dark matter particles at the LHC or with sensitive
detectors in underground laboratories) or by using astronomical observations (e.g.
gamma-rays emitted when dark matter particles decay [5]). The method matters,
observation replacing experimentation, not the means. Observations are a perfectly
legitimate way of testing hypotheses and, in this sense, the Universe is indeed a
laboratory for high energy physics.

Observatories, on the ground or in space, in ever greater sizes and with ever
more sensitive detectors, mustering ever greater resources and investments, have
become the focal points of an astrophysical community organised and structured
increasingly like the high energy physics community. The European Extremely
Large Telescope (E-ELT, Fig.1.2), the quintessential modern-day laboratory in
astrophysics and the future flagship of ESO, an organisation modelled on CERN,
is representative of this evolution. One of its main objectives is the study of dark
energy. This convergence of high energy physics and astrophysics has not gone
unnoticed and the last section will come back to this.
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2 How Have Astronomical Observations Tested and Expanded
Our Knowledge of High-Energy Physics?

The theory of gravity and its tests using observations of the Universe has been
mentioned. This section provides other examples of how data on astrophysical
phenomena have been used to test and expand frontier knowledge in high energy
physics.

2.1 High Energy Physics with the Sun

The link between high energy physics and astrophysics is, perhaps, most visible in
cosmology. Yet, there is no need to look far to find several examples illustrating
fruitful exchanges between astronomical observations and fundamental discoveries
in high-energy physics. Our Sun has provided, and continues to provide, a useful
laboratory from which major results have emerged.

2.1.1 The Discovery of Helium

Helium is the second most abundant chemical element in the Universe but it was
discovered only in 1868 when Janssen and Lockyer noticed a strong line in solar
spectra that corresponded to no known element. Wollaston and Fraunhofer had
discovered absorption lines in spectra of the Sun in the early 1800s. Bunsen and
Kirchhoff had established in the late 1850s that spectral lines in hot gases allow its
elements to be identified and had found cesium in this way [9]. The interpretative
framework for the observations of new lines in the Sun’s spectrum was set. Yet, the
attribution of the unidentified lines in the solar chromosphere to a new element was
met with skepticism. It took 30 years before helium could be successfully isolated on
Earth by Ramsay and others. This demonstrated that the constituents of the Universe
can be determined remotely, provided the laws of physics are universal. There is a
kinship between these observations and current work that shows baryonic matter
accounts for less than 10% of the matter content of the Universe.

2.1.2 Nucleosynthesis

The source of the Sun’s energy was a major puzzle until progress in nuclear
physics made it possible to establish that this is provided by the fusion of hydrogen
into helium in the core. The application to astrophysical objects also led to new
discoveries for nuclear physics. Fusion opened up the possibility that elements
up to iron could be manufactured by the stars, heavier elements being obtained
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by neutron capture. Whereas the paths involved in the fusion of hydrogen into
helium were described by Hans Bethe in 1939, it was not possible to go beyond
and produce significant quantities of carbon from lighter elements in stars given
the nuclear reaction rates known at the time. Hoyle conjectured in 1953 that
synthesising carbon required the existence of an as-yet unknown resonance at
7.68 MeV in an excited nuclei of '2C, a hypothesis that was quickly confirmed by
direct experimentation [ 19]. Nowadays, nucleosynthesis intimately connects nuclear
physics and astrophysics. The application of high energy physics theory to the
big bang explains the abundances of light elements measured today. Our current
understanding of the origin of everything we manipulate in daily life is entirely
derived from the combination of high energy physics theory and astronomical
observations. The theory and measurements are so delicately intertwined that it is
possible to set upper limits on the density of exotic particles in the early universe
because of the observable effects they would have on nucleosynthesis, thereby
testing models for dark matter [17].

2.1.3 The Standard Solar Model and Neutrino Oscillations

Knowledge of the nuclear reaction rates yield the energy input rate in the core
of the Sun from which its structure may be derived using radiative transfer and
hydrodynamics. Conditions vary with mass or composition, giving predictions of
the radius, luminosity or colours for different stars that continue to be investigated
in ever greater details by stellar astrophysicists. Using these stellar structures,
astrophysicists can calculate how stars oscillate in response to perturbations. The
observation of these oscillations in the Sun, helioseismology, brings exquisite
constraints on the internal structure of our star: the sound speed in the Sun’s interior
derived from these measurements matches theory to within 0.1%.

Nuclear reactions in the core of the Sun produce neutrinos that can escape freely
from the core (the dominant reaction in the Sun is the p — p nuclear fusion chain
4p —* He + 2e™ 4 2v, + 25 MeV which occurs at temperatures ~10’ K). In the
1960s, high energy physicists started programs to detect these solar neutrinos,
which they did except there was a dearth of detections compared to predictions
(Fig. 1.3). Inaccuracies in nuclear reaction rates and problems with the experimental
setups were successively ruled out as the missing solar neutrino problem became
acute [11]. Helioseismology then ruled out that the problem was due to inadequate
astrophysical knowledge, leaving only neutrino oscillations as the solution [4].
Neutrinos propagating through vacuum or matter have a mixed probability of
appearing as one of three flavours (V,, vy, vz; there are independent constraints on
the number of neutrino families — three — including from big bang nucleosynthesis),
which requires that neutrinos have a non-zero mass. Neutrinos of one type produced
in the Sun’s core are missed when they appear as another flavour to which the
detector is not sensitive. This was confirmed in the past decade using neutrinos
created when cosmic rays hit the atmosphere and with neutrinos produced in nuclear
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Fig. 1.3 Fusion in the Sun’s core results in neutrino emission. This graph compares predicted and
observed neutrino fluxes (in 2005) for several experiments (plot credit: J. Bahcall [3]). Each set of
bars corresponds to a detection technique (Cl, water, etc). For each technique, the detected neutrino
rate from various experiments is compared to the expected rate using the standard solar model and
weak interaction model. The contribution to the neutrino rate from each nuclear fusion process
ongoing in the Sun (p — p, $Be, etc) is detailed in the theoretical bar plot. The uncertainties in the
expected and detected rates are also shown. Some of the detection techniques clearly led to large
disagreements between expected and detected neutrino rates. The 40 year long effort to understand
whether the discrepancies revealed problems with nuclear, solar or neutrino physics led to the
discovery of neutrino oscillations. Solar neutrinos oscillate between flavours, not all of which are
detectable by the experiments (only the Sudbury Neutrino Observatory, SNO, was sensitive to all
neutrino types and has an observed flux matching predictions)

reactors. Neutrino oscillations are not part of the standard model of particle physics
and measuring precisely how neutrino flavours mix is the focus of much activity.
Today, the same methodology is being used to constrain the properties of some
dark matter particles using the Sun. Some (e.g. neutralinos) can be captured by the
Sun’s gravitational field, concentrate in its core and annihilate. Others (e.g. axions)
can be created in the core and carry energy away from it. Constraints can be derived
from the observable consequences on stellar models (including the solar neutrino
flux !) or from the search on Earth for a flux of such particles from the Sun [5,24].

2.2 High Energy Astrophysics

High energy astrophysics exemplifies the successful use of the Universe as a
laboratory. The first deliberate attempts to constrain fundamental theories of
high-energy physics from astrophysics can probably be traced back to the early
1960s and the beginnings of X-ray astronomy. This was all summed-up by Rees in
1974:
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The traditional kind of astrophysicist is, in a sense, an “applied” physicist, who computes
models for stars and galaxies based on relatively well-understood properties of atoms and
nuclei, Newtonian gravity, and other branches of classical physics. But recently radio and
X-ray observations have revealed some fascinating cosmic objects and phenomena where
the inferred energies, densities, and gravitation field strengths are so extreme that we cannot
be confident that we know the relevant physics. The physical assumptions themselves, and
not merely the astrophysical models, are then vulnerable to observational test; and the
astrophysicist can feel that he has a symbiotic rather than a parasitic relationship with his
physicist colleagues [27].

High energy astrophysics has since then sought to test and push theories to their
limits or even beyond. Here are a few examples.

2.2.1 Neutron Stars

The detection of steady, rapid radio pulsations from an astrophysical source by
A. Hewish and J. Bell in 1967 can only be explained by the rotation of an extremely
dense object. A normal star or even a white dwarf would be disrupted by centrifugal
forces if forced to rotate on periods shorter than 1s. Stellar oscillations would not
be expected to gradually slow down, as observed with pulsar periods. Gold and
Pacini independently recognised in 1968 that magnetised neutron stars (pulsars)
were the solution. White dwarfs were observationally known at the time but neutron
stars, more compact objects supported by neutron degeneracy pressure and nuclear
interactions instead of electron degeneracy pressure as in white dwarfs, were known
only to theorists interested in highly condensed states of matter.

The existence of objects that squeeze a solar mass of material to super-nuclear
densities offers the opportunity to constrain the behaviour of matter under the most
extreme conditions [21]. Various hypotheses for the equation of state of matter at
these densities can be distinguished through the measurement of the mass and radius
of neutron stars. The accretion of material onto the neutron stars can lead to crustal
heating and runaway nuclear fusion, which are used to constrain processes in nuclear
physics (neutrino cooling, capture processes).

Many neutron stars are also inferred to possess huge magnetic field B resulting
probably from the amplification of the star’s field during collapse (conservation of
magnetic flux o< BR?). Magnetars harbour fields of several 10'> G when the strongest
man-made magnetic fields only reach 10° G. This is well above the critical field for
which the Compton wavelength of an electron becomes equal to the radius of its
gyration around magnetic field lines

(mecz)z

ec

Besit = ~4x 108 G. 1.1

Quantum effects cannot be neglected at such extreme field intensities offering
new prospects to test QED, the modern theory of electromagnetism [16]. For
example, vacuum birefringence (never experimentally verified) means that photons
travelling along or perpendicular to magnetic field lines will propagate differently.
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Neutron stars may also provide ways to constrain the coupling between photons
and the hypothetical axion (the probability for a conversion of photon to axion is
o< (BL)? where L is the path length).

The most emblematic use of neutron stars to test physics has been the determi-
nation by Hulse and Taylor in 1974 of the rate at which the 8 h orbital period of
the binary pulsar PSR B1913+16 decreased (Fig. 1.4). The binary parameters can
be determined extremely precisely using the doppler shift of the 59 ms pulse as the
neutron star moves in its orbit. Hulse and Taylor showed that the time of periastron
passage gradually decreased. General relativity predicts that binary motion in tight
orbits will generate gravitational waves carrying away orbital energy and angular
momentum. The theoretical calculations match the observations so precisely that
they are now used to constrain alternate theories of gravity. The discovery in 2003
of the binary system PSR J0737-3039 where pulses from each of the two neutron
stars are detected brought even more possibilities to test general relativity. Pulsars
make extremely accurate clocks. A daring proposal is to use very precise timing
of an array of millisecond pulsars (old neutron stars with very stable pulsations)
spread across the sky to search for slight deviations due to the passage of low-
frequency gravitational waves. Big bang theory predicts a relic background of such
gravitational waves.
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Fig. 1.5 Stellar and gas dynamics have revealed the presence of black holes in the Universe. The
current best evidence is the 16-year long Keplerian orbit of a star (S2) in the centre of our Galaxy
(At right, from [14], figure copyright 2009 reprinted with permission from the AAS). S2 passes
within 18 light-hours from the derived center-of-mass (shown by a small line close to the origin).
Only a 4 x 10® M, black hole can explain such a large mass enclosed by such a tight orbit

2.2.2 Black Holes

Black holes are one of the strongest links between fundamental theory and
astrophysical observations. They are a clear prediction of general relativity, entirely
and fully described by their mass, spin and charge. X-ray observations showed the
existence of very compact objects in tight orbit around normal stars and with masses
well above the maximum mass (=3Mg) above which no known physical process
can prevent a neutron star from collapsing onto itself. Only black holes fit the bill.

Howeyver, the best evidence for a black hole now comes from the observation of
the movement of stars in our Galactic Centre. The orbit of the closest star approaches
within 100 AU (~the size of our Solar System) of an object with a mass of 4 x 10°
Mg, Sgr A* (Fig. 1.5). This mass and the density of matter it implies rule out every
known alternative but a black hole [13].

Observations clearly favour the existence of black holes. For all practical
purposes their presence in the hearts of galaxies and in some binaries is certain.
Proving their existence is an extremely difficult task, underlining some of the
difficulties that can arise when using the Universe as a lab. Even the stringiest
constraints on the minimum density of matter enclosed by the stars at our Galaxy’s
centre will not prove that Sgr A* is a black hole rather instead of some exotic
object not yet thought of. Proving an object is black hole requires finding evidence
for its defining characteristic: the horizon beyond which light is trapped. Indirect
evidence for horizons was inferred from the brighter X-ray emission from neutron
stars compared to black holes, which is attributed to energy released at the surface of
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neutron stars but that disappears behind the horizon in black holes. High-resolution
imaging of the region around Sgr A* at mm or infrared wavelength may lead to
observing the black-hole’s silhouette within the next decade [26] but the ultimate
proof can be brought only by observations of merging black-holes (see Chap. 5).

Astrophysicists are also busy trying to find ways to measure the spin of black
holes by the reddening it causes on emission or the space drag it imposes on
accreting material. Measuring these properties through the observation of X-ray
spectral lines and/or quasi-periodic oscillations is a major goal of the future
International X-ray Observatory. Such measurements can lead to tests of general
relativity in the strong field regime (when the curvature GM/R>c? is high [26]).
Mention should also be made of Hawking radiation from black holes, a prediction
combining quantum mechanics and relativity, which is therefore at the frontiers
of theoretical knowledge. However, Hawking temperatures of astrophysical black-
holes are much lower than that of the CMB so instead of emitting they absorb
radiation. Radiation from hypothetical primordial mini black-holes has still to be
observed.

2.2.3 Cosmic-ray Physics

There is every second, in a surface of a square meter, a proton or nucleus with
an energy greater than 100 GeV impacting the Earth’s atmosphere. The cosmic
origin of these particles has been known since 1912 when Victor Hess showed
that this ionising flux increases with altitude. Many ground-based or space-based
particle detectors have measured the flux, composition, energy and arrival direction
of cosmic rays. Their observed energies reach several 10?° eV. The collision of such
a particle with a proton at rest in the atmosphere yields more than 10'# eV in the
centre-of-mass frame, one order-of-magnitude above the energies reached with the
LHC. The discovery of the positron (antimatter) by Anderson in 1932 (Fig. 1.6), of
the muon (1936), the pion (1947) and other particles were made using observations
of cosmic rays. Accelerators, with controlled injections and collisions, became the
tool of choice after World War II. Observations of ultra-high energy cosmic rays
(UHECR, >10'® eV, [23]) still push the limits of particle interaction models derived
from accelerator data.

One hundred years after their cosmic origin was established, we still do not
understand where cosmic rays come from (see also Sigl, Waxman). In fact,

at first [cosmic rays] were utilised mainly as a convenient source of energetic particles
for particle physicists during the pre-accelerator days. Only in the early 50s was their
astrophysical significance fully realized [35].

Cosmic rays are charged particles so their trajectories are scrambled by propagation
and diffusion on Galactic magnetic fields. Up to 10°-10'® eV, cosmic rays
probably get their energy from Fermi acceleration in the supernova remnants of
our Galaxy. Accelerating particles to greater energies puts enormous requirements
on the magnetic field and size of the astrophysical source (gamma-ray bursts are
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Fig. 1.6 Earth is bathed by a
continuous flux of particles
with energies greater than
what can be achieved in
man-made accelerators. The
study of cosmic rays has led
to the discovery of several
fundamental particles,
starting with the positron.
This is C. D. Anderson’s
picture of a 63 MeV positron
of cosmic origin going
through his cloud chamber
from his discovery article
(Figure copyright 1933
reprinted with permission of
the APS from [2])

thought to be the most likely sources of UHECR). Because of this, UHECR have
been suggested to be the product of the decay of exotic particles or topological
defects. UHECR are not confined by Galactic magnetic fields and can have an
extragalactic origin. If UHECR are protons, then they have enough energy to create
e~ e pairs and pions by interacting with photons from the 2.7 K cosmic microwave
background. There should be an observable diminution in the flux of UHECR
due to this energy loss above ~5 x 10'? eV (this is called the Greisen-Zatsepin-
Kuzmin or GZK cutoff). The characteristic energy-loss length implies that protons
with energies >3 x 10?° eV come from within ~30 Mpc from us. The idea that
UHECR hinted at new physics was entertained when the AGASA reported results
inconsistent with a GZK cutoff. For instance, this could be due to a violation of
Lorentz invariance (required by special relativity and that implies, for instance, the
conservation of E2 — p?c* in any frame). The Auger collaboration operates a gigantic
detector array in Argentina built largely for the purpose of settling this question.
They have accumulated in the recent years a dataset superseding all others. The
Auger dataset shows the expected GZK cutoff and also an anisotropy in the arrival
directions of UHECR, firmly pointing to astrophysical sources.

Cosmic rays at lower energies are also being investigated for signatures of
frontier physics. Reports of an excess of electrons and positrons with energies
around 100 GeV and of an excess in the e /e~ ratio compared to the standard
astrophysical model were interpreted as the contribution from the decay of dark
matter particles. This has not been entirely corroborated by other measurements
and our current knowledge of astrophysical sources and e~ e' propagation in the
Galaxy are still too uncertain to rule out a conventional explanation [22]. The
Alpha Magnetic Spectrometer (AMS), due for launch on the last space shuttle
mission, will provide high quality measurements of the cosmic-ray spectrum at these
energies as well as search for antimatter helium, which is not expected to occur in
known astrophysical sources and, if detected, would require a revision of the role of
antimatter in the evolution of the Universe.
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2.2.4 Multi-messenger Astronomy

The detection of an anisotropy in UHECR arrival directions opens up the prospect
of identifying the sources using images reconstructed from the cosmic-ray arrival
directions. Multi-messenger astronomy using cosmic ray, neutrino and gravitational
wave detectors brings new sources of information on the Universe complementing
photon astronomy, exactly like radio, IR, X-ray and gamma-ray astronomy com-
plement visible light. It is too early to tell exactly how observations by these
instruments will challenge physics but there is no doubt that they will be used for
this purpose.

The first (and only) astrophysical image of the sky in neutrinos shows the Sun
[18]. The detection of an excess of neutrinos detected in coincidence with the
collapse of supernova SN 1987A vindicated the standard supernova scenario but
also triggered efforts towards building a neutrino detector capable of identifying
other astrophysical sources. Neutrino emission must occur in the sources of
cosmic rays since interactions with high-energy protons produce pions that decay
into particles including high-energy neutrinos [12] (see also Waxman). The most
advanced project is ICECUBE at the South Pole.

The Virgo and LIGO collaborations search for gravitational waves from phe-
nomena involving masses of order of the mass of the Sun (e.g. binary neutron
star coalescence). They use km-sized laser interferometers to measure the slight
deviation in path length (smaller than the size of a nucleus) caused by the
passage of a gravitational wave (see also Buonanno chapter). The planned upgrades
will make binary mergers observable within 100 Mpc. The merger rate in this
volume is 2 1/year and this should lead to the first direct detection of gravitational
waves. This would be a tremendous intellectual and technological achievement
[30]. A space mission, LISA, is also proposed. With arms of millions of km, the
interferometer should be sensitive to the gravitational waves from merging massive
black holes throughout the observable universe. The waveform detected during
mergers provides an unrivalled means of seeing how the theory of gravity works
at its extreme. The exact distance to the event can be deduced by comparison
to theoretical waveforms so that, if an electromagnetic counterpart and a redshift
are found, this will give a new, precise and independent way to calibrate the
extragalactic distance scale.

3 Is This Affecting the Way Astrophysics Is Done?

Although the first use of the Universe as a laboratory is arguably the comparison
of the movement of planets with the predictions of Newton’s law of gravity, it
is only in the last hundred years or so that astronomical observations have been
increasingly used for insight and tests of physical theories. This has led to successes,
some of which have been recapped above, and ambitious proposals to test the very
foundations of physics. It has also led to pitfalls and has somewhat affected the way
astrophysics is done.
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3.1 Convergence

The equations of general relativity can be used to describe the evolution of the
Universe as a whole and this introduced a significant qualitative change to the
way astrophysics is perceived. From an effort to understand the workings of
objects and phenomena in the sky, astrophysics becomes a path to fundamental
insights into the nature of the world around us. Any initial skepticism that pertinent
calculations or observations can be made on the Universe as a whole were blown
away by the discovery of its expansion and the cosmic microwave background.
Seemingly far-fetched hypotheses like inflation are actually being verified by precise
measurements of the perturbations left on the CMB.

Cosmology has become such a fertile meeting ground between high energy
physics and astrophysics that even the most basic tenets of physics are now thought
to be within the realm of experimentation, including the universality of the laws of
physics. For example, we can test whether the fundamental constants governing
the laws of physics changed with time [32]. There are claims that the ratio of
the frequencies of spectral lines changes with redshift, implying that the fine
structure constant (the constant involved in the calculation of energy levels in atoms
and molecules) had a different value in the early Universe. Even more ambitious
ideas are that cosmological observations can test the Copernican principle [31]
or constrain the existence of other universes, some of which may be governed by
entirely different laws of physics [28]. How confident we have become in the use of
the Universe as a laboratory (see Ellis chapter)!

Nowadays, the Universe as a laboratory has become a pillar in the justification
of the development and funding of astrophysics. Understanding the extremes or the
physics of the Universe stands alongside the quest for the origins and the search
for life in the top questions of both the 2007 European ASTRONET report (see
Andersen) and the 2010 US Decadal Survey (see Trimble chapter). Such is the
perceived symbiosis that one could read in a Science magazine special issue on
particle astrophysics

researchers have begun explorations at the boundaries between particle physics, astro-
physics, and astronomy [...] It’s likely that in the next 10 years, one of these efforts will
lead to a major discovery [8].

There is ground for optimism but this should not blind us to some difficulties
discussed below.

3.2 Pitfalls

With the increasing pace of research in physics, the pressure from funding agencies,
are we sometimes going too far in wanting to identify new phenomena with new
physics? The detection of very high energy gamma rays from the vicinity of the
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Galactic Centre or of an excess in the positron fraction in the composition of cosmic
rays were promptly interpreted as signatures of dark matter although explanations
are readily found that involve no new physics or astrophysics (respectively: standard
electromagnetic emission from the vicinity of the central black hole or a pulsar
wind nebula, injection of positrons by nearby pulsars). The temptation to put
forward ground-breaking hypotheses from experimental data is neither new nor
condemnable in itself. After all, eminent physicists like Niels Bohr were prepared
to abandon energy conservation to interpret 3 decay before Pauli hypothesised the
existence of the neutrino. However, Bohr and Pauli were faced with a phenomenon
that could not be satisfyingly explained by any theory at the time (unlike the
examples above) and Pauli’s conjecture actually led to verifiable consequences (the
particle had to have such and such property that could be observed in such and such
away [11]).

Recently, the Fermi Gamma-ray Space Telescope observed an 31 GeV photon
emitted in a distant (z = 0.9) gamma-ray burst (GRB 090510). Gamma-ray bursts are
thought to be produced when a massive star collapses or a binary star merges to form
a black hole. This photon, which had the highest energy ever observed in a GRB,
arrived 0.8 s after the start of the event as measured with lower energy photons. The
lag was used to place a lower limit on the energy scale at which Lorentz invariance
may be broken. More prosaically, the question is whether light propagates at the
same speed in vacuum regardless of its energy. Some theories of quantum gravity
(theories thus going beyond standard physics) propose that this is not the case. A
delay would arise in the arrival time of photons of different energies emitted at the
same time. This delay can be written as

1 AE

At o ———. (1.2)

Hy Eqg
where Eqg is the energy scale at which this effect appears and Hy is the Hubble
parameter (=70km s~! Mpc~!). Assuming the delay due to quantum gravity is
less than the observed ~1s delay between the start of the burst and the detection
of the 31 GeV photon sets a lower limit on Eqg slightly greater than the Planck
energy scale E, = (hc®/G)'/? ~ 10> eV, as can easily be derived from the above
equation [1].

Is there much to be derived from this exercise? Some articles in the press hailed
this as a test of Einstein’s theory of relativity: it isn’t since ¢ is implicitly assumed to
be constant when using the observed delay as an upper limit on A¢. The lower limit
on Eqg excludes some theories of quantum gravity, a theory of which is required in
the search for a theory of everything but which is not required at all to explain
GRBs. In fact, delayed high energy emission in a GRB is much more likely to
reflect the astrophysics of black hole formation than some fundamental property of
our Universe. The observation of a delay is not a major puzzle in itself. Therefore,
given our limited understanding of the astrophysics of the source, it is unlikely that
observations of delayed emission will lead to the robust detection of some trick in
the speed of light or that great insights into a quantum theory of gravity will be
gained from these constraints.
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Not all astrophysical results have fundamental consequences. In fact, few do
and it would be a mistake to analyze them and judge their worth from the unique
vantage point of high-energy physics [34]. Physics at the frontiers should also be
no excuse for physics without limits. Anything goes in the Universe, who’s there
to check anyway? Astrophysics relies on a wide body of evidence continuously
tested for consistency. Astronomical phenomena can rarely be studied in isolation
so that assuming non-standard physics (e.g. a new particle) is never entirely without
consequences on other subfields (e.g. stellar evolution). The relevant use of the
Universe as a laboratory for high-energy physics, especially when it comes to
finding evidence for new physics, requires well-identified astrophysics.

3.3 Divergence

Differences will and should remain between astrophysics and high energy physics.
A recent CERN press release stated that

as soon as they have “re-discovered” the known Standard Model particles, a necessary
precursor to looking for new physics, the LHC experiments will start the systematic search
for the Higgs boson [7].

Whereas new particle accelerators redo measurements previously made before
moving into new territory, astronomical observations are not all guaranteed to yield
the same results because of changing conditions in the astrophysical source unbe-
knownst to us. New telescopes do check their results against previous measurements
(if only for calibration purposes) but all astronomical observations are essentially
unique with an importance for future work that cannot be assessed a priori. There
is little hierarchy in the archival value of astrophysical data: observations taken in
the eighteenth century can be as important as data taken yesterday with cutting-edge
instrumentation (e.g. historical records that date supernovae remnants seen today).

The phenomena that can be observed, or are actually observed, are not decided
by our understanding of physics and so care must be taken that we do not narrow
our perspectives by focusing on specific measurements, leaving opportunities for
the unexpected to be identified [10]. Accurate measurements in cosmology involve
the processing of huge amounts of observational data into a few numbers like the
acceleration of the expansion rate of the Universe with redshift. These same data
might be used for many other studies, some we can imagine and others we cannot
yet. Indeed,

our celestial science seems to be primarily instrument-driven, guided by unanticipated
discoveries with unique telescopes and novel detection equipment. With our current
knowledge, we can be certain that the observed universe is just a modest fraction of what
remains to be discovered [20].

Contingency and serendipity play major roles in the observation of the Universe and
this should not be forgotten when we use it as a laboratory [34].
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Chapter 2
Standard Candles in Astronomy

Paolo A. Mazzali

Abstract One of the basic missions of Astronomy is to measure distances in the
cosmos. This is usually done using the method of standard candles, which requires
identifying astronomical objects or phenomena with a repeatable luminosity, and
to measure that luminosity. Objects suitable as standard candles range from stars
to supernovae, but also properties of the light of galaxies and the distribution of
galaxies in clusters are useful standard candles. More luminous objects can be used
to measure larger distances, looking back into the evolution of the Universe. We
review here some of the history of determining astronomical distances, and discuss
some of the most recent applications and results.

Keywords (Cosmology:) distance scale ¢ Stars:variables: cepheids ° (Stars:)
supernovae: general

1 Introduction

Whenever we try to measure a distance we need a meter stick, a unit to which
distances can be related. One of the main tasks of astronomy is to measure
the distances to celestial objects, and ultimately the size of the Universe. This
presents the problem that the sizes that confront us are extremely large. In fact,
the Universe is about as large as the size reached by light that has been travelling
since the beginning of the Universe itself, which occurred about 14 billion years
ago. Astronomers have to be very inventive about measuring distance.

We know that the Sun is about 150 million kilometers away from the Earth.
This is the distance light travels in about 8 min. However, the nearest star other
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than the Sun, o Centauri, is already more than 4 light years away! The Sun and the
Earth sit at the periphery of a large spiral galaxy, the Milky Way, which contains
hundreds of billions of stars. Already determining distances within the Milky Way
is a formidable task.

For stars that are sufficiently close that the Earth’s motion around the Sun causes
a change in the perspective from which they are seen projected against the more
distant, apparently “fixed” stars, we can measure an angular motion relative to this
apparently fixed background. This motion, called parallax, allows a very precise
geometrical determination of the distance if we know our measuring unit, which
in this case is the size of the Earth’s orbit. However, even with the most advanced
space-based instruments such as Gaia, which is to be launched in 2012, this can be
done for distances of up to about 30,000 light years, which is still well within our
Galaxy. Beyond this, there is essentially no way to measure distance directly.

2 Standard Candles

Therefore, we need to come up with indirect methods to determine distance.
Astronomy looks at light from the Cosmos. Since we know that the speed of light is a
universal constant, it is natural to try to use light posts as meter sticks: if we know the
luminosity (i.e. the intrinsic energy output in the form of electromagnetic radiation)
of a particular light source, we can measure its distance by simply comparing the
“observed” brightness to the intrinsic luminosity.

Suppose we have a 100 W light bulb. We can measure the intensity of the light
by measuring the flux crossing a unit surface (e.g.1 cm?), equivalent to the size of
a CCD detector in a small digital camera, at a distance of 1 m. This may be used
as our reference. If we then move further from the source of light, we will see it
becomes dimmer. This dimming is a function of the square of the distance, since
light travels in all directions, and it spreads over a spherical surface. So, for a given
source luminosity L, the flux F observed at a distance d is given by F = L/4rd>.
Using the measured flux to determine a distance based on a known Luminosity is
the concept of a Standard Candle.

However, nothing is easy in astronomy. Since we do not know the distance to
astronomical sources, we can only measure the flux at Earth. Astronomical sources,
e.g.stars, have different luminosities, as can be seen from their different colours and
spectra. Only for the Sun and for those stars which are so close that the method of
parallax can be applied can we measure both the flux and the distance independently,
and hence derive the luminosity. For the Sun very precise measurements can be
made, but the Sun is not a very luminous star,! and twins of the Sun cannot
be observed to very large distances. In other galaxies, a Sun would hardly be
distinguishable from the general stellar glare.

"Here we distinguish between the term “luminous” which refers to the effective light output of a
star, and the terms “bright” vs. “faint”, which are relative statements that refer to the observed flux
and hence depend on the distance to the source.



2 Standard Candles in Astronomy 23

There are, however, much more luminous stars than the Sun. An O-type star, with
a temperature of more than 30,000K (vs. 5,800 K for the Sun), is about one million
times more luminous. This alone tells us that we may be able to see an O star about
1,000 times further away. If we can see with our naked eye a star like the Sun to a
distance of a few light years, we should be able to see an O star to distances of a few
thousand light years, which is still within the Milky Way.

Distances in astronomy are actually measured not in light years but rather in
parsecs. This distance is based on a parallax, and it corresponds to the distance at
which a source would appear to move against the sky background by 2” over a time
of 6 months, as the Earth moves from one side of the Sun to the other while it moves
along its orbit. This distance corresponds to ~3 x10'3km, or 3.26 light years.
Geometrically, it is the length of the side of the imaginary right-handed triangle
which has the distance from the Earth to the Sun as the short side while the angle
opposite to it is 1”.

3 The Universe Close to Us

With our naked eye we can even see other galaxies. The two closest ones are known
as the Large and Small Magellanic Clouds (LMC, SMC), and are visible in the
southern sky. Magellan called them clouds because they appear like diffuse patches
of light. They are small satellites of our own Galaxy, located at distances of ~50kpc
(LMC) and ~60kpc (SMC). The LMC hosts about ten billion stars, while the SMC
is smaller, containing only several 100 million, and is therefore less luminous and
dimmer as seen from the Earth. We can see these galaxies because their total light
output is several 100 million times larger than that of the Sun, or several 100 times
brighter than an O star. Still, they are sufficiently far away that we cannot distinguish
individual stars with our naked eye.

A nearby galaxy which can be seen from the northern hemisphere is Andromeda.
This is a spiral galaxy similar to ours, although a bit bigger. It contains about 10'?
stars, and it is located almost 800 kpc (i.e. more than 2.5 million light years) away.
Although Andromeda is somewhat brighter than the Milky Wayj, it is so distant that
it looks very faint, and it is just about the furthest celestial object visible with the
naked eye, with the exception of some GRB optical counterparts (see below). And
this is only the nearest large galaxy. As seen with our naked eye, the Universe is a
rather small place.

Of course we do not simply rely on our eyes to explore the Universe. Our
telescopes have reached sizes and capabilities that were simply unthinkable only
50 years ago. Using the most powerful telescopes presently available, such as
the European Southern Observatory’s (ESO) 8 m Very Large Telescopes (VLT),
or the Hubble Space Telescope (HST), astronomers can probe the Universe at
optical wavelengths to unprecedented depths. With these instruments it is possible
to see objects with apparent magnitudes as large as ~26. In the units in which the
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brightness of astronomical sources is measured,” this means being able to see things
that are ~102%! times fainter than our Sun in daytime, or about one billion times
fainter than the brightest stars at night. This makes it possible to see very bright
stars not only in galaxies that belong to the Local Group, like Andromeda, but also,
using HST, in galaxies that belong to the neighbouring large cluster of galaxies,
known as the Virgo cluster because it is located in the direction of the constellation
Virgo. The Virgo cluster contains some 1,500 galaxies. The core of the Virgo cluster
is located about 25 times as far away from us as Andromeda, and light from it takes
more than 60 million years to reach us.

Determining the distance to these galaxies is important for a number of reasons.
First, we want to know the size, and hence the density of the local Universe. Second,
galaxies are bright and can be seen to larger distances, so that one may want to
compare the apparent and intrinsic magnitudes of galaxies further away than Virgo
to those in Virgo and compute relative distances. Third, galaxies host very bright
events which can be used as lighthouses, supernovae. If we know the distance to
nearby galaxies accurately through independent methods, and are therefore able to
calibrate the luminosity of any Supernova in those galaxies, we can use supernovae
to measure larger distances.

Galaxies beyond the Local Group move away from us, showing the first signs
of the expansion of the Universe. If we can measure distances to these galaxies
and correlate that with their motion away from us, we can map the expansion of
the Universe. The expansion is revealed by the increasing redshift of the spectra
of galaxies as we look at fainter and fainter galaxies, which are further away. This
observation led Edwin Hubble [33] to hypothesize that the Universe is expanding.
The Hubble constant (Hy) measures the rate of the expansion of at least the local
Universe. It has the units of km s~! Mpc~! and it relates the expansion velocity to a
distance, the so-called Hubble law.? Clearly, if the Universe is expanding, all things
must have been much closer together in the past. This is how the theory of the Big
Bang basically started.

2Magnitudes are logarithmic units of flux, and a larger magnitude implies a fainter object. This
somewhat confusing system stems from the early days of astronomy, before the telescope was even
invented, and reflects the way the human eye perceives light. The brightest stars were assigned to
“first magnitude”, somewhat fainter stars “second magnitude”, etc. A difference of 5 magnitudes
is equivalent to a difference of 100 times in flux. Objects visible with the naked eye have apparent
magnitudes between ~5 (the faintest ones) and ~—1 (a bright star like Sirius). The Sun in daytime
has apparent magnitude —26.7, the full Moon at night —12.6.

3The unit of the Hubble “constant” is of course the inverse of time, but astronomers
use kms~! Mpc~! so that when it is multiplied by the distance in Megaparsecs, the resulting
speed of recession is in km/s (Hubble’s law).
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4 Stars as Standard Candles

As we have seen, for distances up to the Virgo cluster it is possible to use stars as dis-
tance indicators. Stars can act as standard candles if we know exactly how luminous
they are. This method works as follows. Suppose that for a nearby, hot, bright star we
can measure the distance via the parallax method. We need to identify some property
of the star which can be observed and recognised at large distances. One such prop-
erty is the spectral type: the spectrum of a star depends primarily on the star’s tem-
perature, which is the result of the luminosity and the size of the star through 7% o
L/R2. Stars of different luminosity and size are therefore characterised by different
spectra. In order to determine a star’s spectral type, one obviously needs to obtain a
good spectrum. Spectroscopy cannot be performed at the same distance as photom-
etry, as in this case light is dispersed along wavelength and the flux at each wave-
length is much smaller than the entire stellar flux, but it is possible to obtain spectra
with a good signal-to-noise ratio of at least the brightest stars in galaxies as far as the
Virgo Cluster. The stars that are best suited for this exercise are blue, A and B-type
supergiants (SG), which have absolute magnitudes up to —9.5, and are therefore
more than ~10° times as bright as the Sun.* Large, 8 m telescopes can perform
spectroscopy for objects with apparent magnitude down to ~23, so these stars would
be observable in the Virgo Cluster (which has a distance modulus u ~ 31 mag®).
Work in this direction has been spearheaded by R.-P. Kudritzki, among others, who
showed that it is possible to determine distances fairly accurately in this way [40]:
the stellar spectrum must be modelled so that parameters such as stellar temperature
and gravity can be determined. These in turn relate to a star’s luminosity.

5 Indirect Standard Candles

5.1 The Tip of the Red Giant Branch

Apart from massive stars, few other astrophysical objects can be regarded as useful
standard candles. Therefore there has been a search for properties which indirectly
indicate a known luminosity. Among these indirect methods is the luminosity of the
Tip of the Red Giant branch in the Hertzsprung-Russell diagramme (HRD).® The

“4The absolute magnitude of a celestial object is the magnitude it would have if it was observed
from a distance of 1 pc.

SThis is difference between absolute and apparent magnitude, and is related to the distance in
parsecs as U =m — M = —5+ 5logD(pc).

5The HRD displays stars according to their spectral type (i.e. temperature) and their luminosity.
During the course of their evolution, stars move in the HRD following well-known “evolutionary
tracks”. Initially, stars sit on a line known as the “Main Sequence” After exhausting their core
hydrogen, stars expand and become cooler, moving to the top right of the HRD, where “Red
Giants” (RG) are located. The most massive stars become Red supergiants (RSG).
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brightest end of the so-called RG branch varies in luminosity depending on the age
of the stellar population which is observed, but its luminosity can be predicted based
on the distribution of stars in the HRD.

5.2 The Planetary Nebulae Luminosity Function

Another method is the Planetary Nebulae Luminosity Function (PNLF). At the end
of the RG phase, low-mass stars eject their outer envelopes. These are illuminated
by the star beneath and shine like a nebula. Early observers could not resolve this
structure and thought it was made of planets, hence its name. Planetary Nebulae
(PN) have a standard distribution of luminosities which can be calibrated locally
and used to measure distances. These measurements can be very effective, but they
are affected by uncertainties and cannot be made at distances larger than the direct
stellar methods.

6 ‘‘Standardizable” Candles

6.1 Cepheid Stars

More accurate methods require more complicated procedures. One very useful
“indirect” standard candle is the relation between the pulsation period of a class
of variable stars, the so-called Cepheids (named after the prototype, & Cephei),
and their luminosity. Cepheid variables are fairly massive (~10 solar masses) but
relatively cool stars (spectral type F8-K2, with temperatures of 6—4,000K). They
are ~10* times as luminous as the Sun (M ~ — 5), and although they are not the
brightest stars they can be seen to reasonably large distances.

Cepheids pulsate because their surface properties oscillate between two different
ionization stages. In the lower ionization stage, the star is cool and it has less opacity
since helium is singly ionized. This tends to make the star contract, leading to an
increase in surface temperature, and consequently in ionization. At the end of this
contraction phase helium is doubly ionized. This leads to an increase of the opacity,
and the following increased absorption of radiation causes the star to expand and
cool again. The ionization degree now decreases, and the cycle completes. When
the star has a smaller radius it is less luminous. This cycle repeats very precisely,
and there is a tight relationship whereby brighter Cepheids have longer periods. If
the period can be measured, the luminosity can be derived and compared to the
observed flux to determine the distance. Measuring the variability of a light source
is a relatively simple exercise, especially with instruments such as HST, which
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are not affected by atmospheric dispersion and can resolve stars in crowded fields.
Therefore, it is possible to obtain photometry and study the light curves of Cepheids
as far out as the Virgo Cluster.

Using the great resolving power of HST two independent groups, one lead by
Wendy Freedman and the other by Alan Sandage and Gustav Tammann observed
Cepheids in galaxies in the Virgo Cluster and derived their distances. Their results
do not quite agree. Freedman’s group obtained a larger value of the Hubble constant
(72 km s~! Mpc~!, [25]) than the Sandage/Tammann group, who obtained a value
closer to 62 km s~! Mpc~![71]. Several uncertainties may have affected their
results, including a dependence of the Period-Luminosity relation on the metal
content of the stars.” Presently, the larger value of Hy is favoured because it yields
an age of the Universe more in line with the accepted “concordance Cosmology”,
as well as with measurements of gravitational lensing [70] and measurements of the
Cosmic Microwave Background radiation (CMB).

6.2 Galaxy-Based Measurements

Despite the uncertainties, we have been able to measure distances in the local
Universe with a precision better than 10%. To go further requires using brighter
observables. Galaxies can be seen to large distances, however their precise lumi-
nosity is not known and it is difficult to make them a standard. Yet they have
other properties which can be useful. Since they are made of individual stars, it
is possible to predict that the light emitted from their surface will vary in intensity
with a specific pattern, which reflects the number of stars in a given unit surface.
This point-to-point fluctuation of a galaxy’s surface brightness correlates with
the total galaxy luminosity, and may therefore be used to measure distance. This
method, called Surface Brightness Fluctuation (SBF) requires accurate imagery
of the galaxies, and may be affected by uncertainties due to metallicity, age,
morphology, dust properties. Tonry et al. [74] measured distances to galaxies located
some 50 Mpc from us, i.e. ~160Mly. This is beyond the Virgo Cluster, in the
so-called Hubble flow: at these distances the local motion of galaxies caused by
gravitational interaction with their local neighbours becomes small compared to
overall expansion velocity and can therefore be neglected. This is the best region to
sample in order to measure the “present” value of Hy. The typical error for these
measurements is 0.13 magnitudes, i.e. 13% in flux, 6.5% in distance.

Another relation involving galaxies as secondary standard candles is the Tully-
Fisher (TF) Relation and variations thereof. The original TF relation [75] calibrates
the luminosity of a galaxy based on the rotational velocity of its disc. Since the
rotational velocity depends on the mass of the galaxy, and mass in turn correlates
with luminosity, the relatively easily observable rotation curve (i.e. how rapidly parts

7In astronomy, “metals” include all elements heavier than helium.
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of the galaxy located at different radial distances from the nucleus of the galaxy
revolve around the center of the galaxy itself) can be transformed into a luminosity.
When combined with the observed brightness, this then yields a distance. This
relation applies to spiral galaxies. For elliptical galaxies an equivalent relation, the
D, — o relation [18], compares the velocity dispersion within an elliptical galaxy
and the galaxy’s angular size. This method seems to give good relative distances,
and it could be used to distances larger that those which can be probed with the TF
relation for spiral galaxies, because elliptical galaxies are brighter. The problem is
that it is difficult to calibrate these distances because elliptical galaxies do not host
cepheid stars.

7 Supernovae as Distance Indicators

7.1 Supernovae as Standard Candles

The description above suggests that in order to measure distances well into the past,
at redshifts of z=v/c ~ 1 (which corresponds to looking back at the Universe when
it was about half its present age), a standard or standardizable candle is required that
is bright and can be measured just with photometry.

One of the brightest phenomena in the Universe is a supernova (SN), the
explosion that marks the end of the life cycle of different types of stars. The
name derives from the Latin “novus”, i.e. new. “Stella Nova” was the term used
by astronomers in the Renaissance to define celestial objects that would suddenly
appear in the sky, “new stars”. It was actually first used by Tycho Brahe in his book
“Stella Nova” as an attribute to what we now know was a Supernova, SN 1572, from
the year in which it was observed. Tycho’s SN is still visible as a remnant (SNR)
in the constellation Cassiopea. Chinese and Japanese astronomers had previously
observed SNe, which they called “guest Stars” [14].

Later, however, the term Nova was used by astronomers for phenomena which
are more common than SNe but intrinsically different from a physical point of view,
representing the sudden increase in luminosity of a white dwarf accreting mass from
a companion. A white dwarf is a compact, hot object, which is formed at the end
of the life of a star of less than about eight solar masses. White dwarfs slowly cool
down, turning into dark and dead bodies. Interaction with a binary companion can
change this uneventful destiny. The accreted material is unstable to nuclear burning,
and when it ignites it can be ejected, with the attendant display of optical light.
Only in the early 1900’s it was realised that some of these bursts are actually much
more luminous. The term supernova was introduced by Fred Zwicky in 1926. In
1934, Baade and Zwicky [4, 5] recognised the difference between “Novae” and
“Supernovae”. The latter stood out by being much brighter, so that they could be
seen easily in external galaxies. In fact, SNe can be about as bright as the entire
galaxy in which they occur. Baade and Zwicky based these suggestions on very few
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events, including the historical Tycho SN, and a SN which occurred in Andromeda
in 1885 (SN 1885A: the modern naming system adds sequential letters to the year
of discovery: when the alphabet runs out double letters are used: aa, ab, etc.).

Based on their very meagre database, Baade and Zwicky already suggested that
SNe have a characteristic luminosity, which is comparable to that of a galaxy. In
1938 Baade [3] published a mean value of the absolute luminosity of SNe, and
suggested that they could be used as standard candles. (In practice the estimate
was incorrect, because he did not know the exact distance to Andromeda, which he
thought to be much shorter than it really is.)

But those were early days. Only shortly thereafter Minkowski [51] recognised
that there are at least two groups of SNe, based on their spectra. Some (e.g.SNe
1940B and 1941A) show hydrogen lines, while others do not (e.g.SNe 1937C,
1937D). He called the latter Type I, and the former Type II.

This was the beginning of a journey of discovery. The classification of SNe is
now rather complex (see [19]), but we know that fundamentally SNe come in two
flavours. One is the core collapse of massive stars, which leaves behind a very
compact object, only a few kilometres in radius. It can be made of neutrons (a
neutron star) as was originally suggested by Baade and Zwicky in 1934 [4] or be a
black hole, depending on how much matter falls back on the compact object initially
formed [26]. This group of SNe includes H-rich SNe II, which are produced by stars
that collapse when they still have their H-envelope, but also certain subtypes of
SNeI (SNelb, Ic) and SNeIIb (see [19]). These various subtypes are characterised
respectively by the presence of little H but a lot of He (SNelIlb), no H but He
(SNeIb), and no H or He but significant Oxygen (SNe Ic). Since H and He are found
in massive stars, and a predominance of O is typical of the cores of massive stars,
all these SN types are thought to arise from the collapse of a massive stellar core.
These SNe have a wide range of properties (luminosity, mass, energy), and cannot
as such be used as standard candles.

This leaves us with the other flavour of SNe, Type Ia. These SNe show no H, no
He, no O, but have strong Silicon and Sulphur lines, which is not compatible with
massive stellar cores. They also are characterised by a large luminosity, and are on
average much more luminous than core collapse SNe. In the 1960s and 1970s the
subtypes of SNe I had not yet been discovered, but a suggestion was made that SNe I
could be used as standard candles [39]. In 1973 Whelan and Iben [78] first proposed
a physical mechanism for SNe I: the explosion of a degenerate carbon-oxygen (CO)
white dwarf accreting material from a companion. This scenario is still the favourite
one, despite uncertainties. It is in principle similar to the Nova scenario, but the
accretion rate must be higher, so that a shell of accreting material (composed mostly
of H) can stably burn and grow on the surface of a CO WD which has mass close to
the Chandrasekhar limit — the largest possible mass an electron degenerate star can
have, ~1.38 solar masses. At that point, the temperature in the innermost regions
of the WD exceeds 10° K, and thermonuclear reactions start which burn carbon and
oxygen into heavier elements, producing energy and unbinding the star.
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7.2 SNe Ia and Dark Energy

Having established the principle that SNe Ia could be used as distance indicators,
there remains the problem of discovering them at large distances. This was not
doable with the telescopes and detector technology of the 1960s and 1970s. The
first pioneering attempt was performed by a Danish-led team, which managed to
discover a SN at redshift z ~ 0.3 using the 1.5m Danish Telescope at the ESO
observatory on La Silla, Chile [53]. Obviously, accurate measurements were not
possible, but this remains an outstanding achievement for the time. In the 1990s,
with the advent of new, very powerful 8 m-class telescopes (VLT, Keck, Gemini,
Subaru), of adaptive optics and of improved CCD detectors, the prospects for
detecting SNe Ia at high redshift became much brighter.

Saul Perlmutter of UC Berkeley advocated the feasibility of the project, expect-
ing to measure the deceleration of the Universe’s expansion as it was slowed down
by gravity. This was the prediction for a Universe in which the density of matter
was just sufficient to stop ultimately its expansion, a favourite model for Big Bang
cosmology at the time. In cosmology’s terms, this means that the total density of
the Universe Q;,; = 1.3 Since visible matter clearly is insufficient to “close” the
Universe, providing only ~4.5% of the closure density, other forms of matter were
thought to dominate. This would be in the form of “dark matter”, non-visible matter
which is detected for example in the halos of galaxies through its influence on the
orbital properties of visible objects. Indeed [57] discovered a SN (SN 1992bi) at z =
0.458, and argued that SNe at high redshift could be used to measure cosmological
distances. The technique they proposed was to use SNe Ia as actual standard candles,
assuming a “typical” peak absolute magnitude (—18.86 magnitudes). This approach
was soon to be revolutionised, however, adding confidence to our use of SNeIa as
distance indicators.

One of the difficulties involved with calibrating the absolute magnitude at peak
of SNe Ia so that they could be used as standard candles is the dispersion caused by
observing SNe in nearby galaxies for which the distance and reddening are uncertain
[12]. Available data, covering a few dozen SNe discovered mostly serendipitously,
seemed to indicate that indeed SNela were all alike, and assumptions were made
about their intrinsic colour, which was used to correct for any difference, attributing
it to reddening.

However, in 1991 this state of affairs had begun to change. During that year two
SNe were discovered that did not conform with the norm. One, SN 1991T [20, 61]
was very luminous (~0.5 mag more than the norm), while the other, SN 1991bg
[21,42] was very dim, almost 2 mag less luminous than the “typical” SNIa
luminosity. Not only that, but both SNe also exhibited spectra that were distinctly
different from those of typical SNe Ia, although both the light curve properties and

8The parameter Q measures the density p in the Universe in units of the critical density p,.: Q =
p/p. = 81Gp [3H?.
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the elements seen in the spectra indicated that these events were indeed SNe la. The
spectral differences could be explained with the presence of more highly ionised
species for SN 1991T and less highly ionised ones for SN 1991bg, in agreement
with their different luminosities [45, 46]. This, which seemed to deal a blow to the
possible use of SNela as standard candles, was instead the beginning of the era
of Supernova Cosmology, as well as a major step in our understanding of these
explosions.

In a visionary and pioneering work, Mark Phillips [60] redefined the concept
of SNeIa as standard candles. He suggested that SNeIa are not standard candles
per se, but come with a range of luminosities. While it would be very difficult to
measure directly the exact luminosity, this is fortunately correlated with a purely
observational quantity: the shape of the light curve, i.e. the way in which a SN Ia
becomes bright and subsequently fades. In particular, brighter SNe have broader
light curves. In the terms he used, the luminosity decline in the 15 days following
maximum light is smaller (~1 magnitude) for the most luminous SNe like SN 1991T
and larger (~2 magnitudes) for the least luminous ones like SN 1991bg. He called
this quantity Am,s, and showed that the correlation holds in different wavebands
but it is steepest, and hence easiest to measure and distinguish, in the B band, which
is where most of the SN light is emitted [Mp = —21.73 +2.70 Am,5(B), with an
uncertainty of about 0.3 mag]. He used only 9 SNe, all located in nearby galaxies
for which the distance had been estimated using the TF or the SBF methods. All of
these issues (small sample, uncertain distances and reddenings) affected his error
estimate, but nevertheless the road was paved for the use of SNela as distance
indicators, not as direct standard candles, but rather as “Standardizable Candles”.
The luminosity of a SN is in fact not determined by a direct measurement of its
peak magnitude, but rather by following the evolution of its light curve. The shape
of the light curve indicates the SN luminosity and this in turn, when compared
to the observed magnitude taking into account any reddening, for example via its
influence on the colour, gives a distance. A distance thus derived is known as a
“Luminosity Distance”. Finally, a measurement of the redshift of the SN or its host
galaxy is necessary to derive the relation between distance and recession velocity,
the Hubble Law.

Inspired by this work, more and more accurate measurements of SN light curves
were taken. Adam Riess, William Press and Robert Kirshner (Harvard) developed
an automated package that solves for the shape of the SN light curve and gives a
more accurate estimate of the SN peak magnitude than just measuring a magnitude
difference over 15 days [64]. Saul Perlmutter, on the other hand, defined the concept
of “stretch”: regardless of their actual breadth, all SNela light curves can be
stretched in time and warped back to a “typical” light curve. A SN more luminous
than the average has a broader light curve than the “typical” SN1a light curve,
and this is parametrised by a stretch factor greater than 1. The opposite holds for
underluminous SNe.

It was with the help of these tools that two teams set out to discover SNela at
very large distances in order to map the expansion of the Universe. Perlmutter’s
Supernova Cosmology Project and the High-z Supernova Team led by Brian
Schmidt at Mt. Stromlo Observatory, Canberra, both searched for SNeIa in distant
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fields using 4-8 m telescopes. Light curves were obtained for the SN that were
discovered, so that the luminosity of these SNe could be determined using the
relation with light curve shape that holds for less distant SNe. A first tentative
measurement of the cosmological parameters was presented by Perlmutter et al.
[58]. Soon thereafter the two groups published two papers which agreed on the
totally unexpected result that the Universe is not decelerating under its own gravity
but rather is accelerating in its expansion, as if under the influence of some unknown
force [59, 65]. If the Universe were decelerating, distant SNe would be closer than
what their redshift would suggest when projected on to a Hubble law of constant
expansion velocity. The light from the SN was emitted billions of years before it
was detected, when the relative velocity was larger, but because of deceleration the
distance that light would need to travel to get to us would actually be less than what
one would estimate at the time of emission, when the redshift was imparted. The
SN would thus be seen at “too bright” for its redshift. Instead, the opposite was
found. Since distant SNe look fainter than expected, their light had to travel a larger
distance than what the redshift indicates.

These results caused a paradigm shift in astrophysics and cosmology. In our
present picture of the Universe some unknown form of energy, associated with the
vacuum, is the prevailing force. This “Dark Energy” plays the role of Einstein’s
cosmological constant, A. The original A was introduced in order to stop the
Universe from collapsing under its own gravity, which was a natural consequence of
the theory of General Relativity. At the time (1916) Einstein did not know about the
motion of galaxies, which Hubble only announced in 1929. Actually, the discovery
of the expansion of the Universe made Einstein retract his idea. The form of A which
seems to be active, on the other hand, accelerates the expansion, at least in the latter
part of the Universe’s life, i.e. from z ~ 0.5 onwards. Studies of the exact nature of
Dark Energy are ongoing (see Chap. 18).

7.3 From SN Ia Cosmology to Concordance Cosmology

Meanwhile other studies, such as the analysis of the power-spectrum of the
anisotropies of the CMB, the 2-degree Field redshift survey (2dF), and the properties
of Baryonic Acoustic Oscillations (BAO) have confirmed that the total density of the
Universe £, has a value consistent with 1, and that only a small part of this is due
to baryons or Dark Matter. 2dF was a spectroscopic survey of more than 200,000
galaxies to distances of up to 400 Mpc over an area of ~1,500 square degrees of
the sky. This allowed an accurate measurement of the way galaxies cluster, which is
related to the total mass density of the Universe. The power spectrum of the spacial
distribution of galaxies yields an estimate of the matter density of the Universe
Q,, ~0.28 +£0.04 [56].

Measures of the power spectrum of the CMB, which was first mapped by the
Cobe satellite [8], showed that the Universe has the anisotropies predicted by
Big Bang inflationary theory. Later, more accurate measurements obtained with
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WMAP [68] confirmed that the Universe is “flat”, i.e. €2, ~ 1 (first peak of power
spectrum), that €2, ~ 0.26 (height of the peaks), and that €2;, ~ 0.04 (position of
second peak).

These experiments in themselves measure the matter content of the Universe.
Type Ia SNe can also measure €2, and the evolution of its components over time,
although not very accurately: they rather measure the quantity €,,/2 — Q4 (= qo).
The combination of these results supports the present “Concordance cosmology”,
where Hy = 72kms~! Mpc~!, Q,,; ~ 1.00, Q,, ~ 0.27, of which Q, ~ 0.04, and
Q4 ~0.73 [38].

7.4 Reliability of SNe Ia as Standardizable Candles

So, SNeIa have played a major role as standard candles, and will continue to do
so with the new proposed satellites which should collect large datasets (WFIRST,
Euclid), and the blind surveys which will discover SNelIa from the ground (Pan-
Starrs, the Palomar Transient Factory, Skymapper, LSST in the future). Given the
revolutionary aspect of the result, the question arises how good are SNela as
standardizable candles. Obviously, a large amount of work is being done in order
to understand how SNe Ia explode, why they have a large range of properties which
are however tightly related (e.g.luminosity and light curve). Even the nature of the
progenitors of SNe Ia is an open question.

A lot of observational effort has gone into perfecting the art of standardiz-
ing SNela using increasingly large samples and more and more sophisticated
analysis techniques. The accumulation of data helps reducing statistical errors on
the estimate of the cosmological parameters, but it cannot eliminate systematic
uncertainties on the validity of the standard candle. Among these uncertainties
are the uniqueness of the luminosity — light-curve shape relation, the possible
dependence of SN properties on environment, the evolution of SN Ia properties with
age and/or redshift, contamination by other SN types, intervening absorption.

The first question, uniqueness, addresses the problem of dispersion of SNIa
properties: namely, is it possible that SNela that have the same intrinsic peak
luminosity have different light curve shape, or, alternatively, can SNe Ia that have the
same light-curve shape have really different luminosities, and if so, by how much?
This question ultimately addresses the physics of SNela, as well as the nature of
their progenitors. These areas are the subject of much work. We could go back to
the very beginning and ask the fundamental question, why do SNeIa behave the
way they do.

Naively, a bright SN with a broad light curve could be thought to have released
simply more mass. We now understand, after an initial suggestion in [15], that the
source of light for SNe (not just SNe Ia) is the radioactive decay of “°Ni. This isotope
is produced by a series of ¢-captures, i.e. the successive addition of He nuclei,
starting from lighter elements such as C and O (c-chain). °Ni has an equal number
of protons and neutrons, and is the last isotope along the a-chain whose production
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actually yields energy. >°Ni is one of the most tightly bound nuclei. Building on >°Ni
to produce something heavier actually requires energy, as does breaking >°Ni apart
into lighter isotopes. Therefore, when *Ni has been produced, as much nuclear
energy as possible has been extracted. Burning ~1 solar mass of C 4 O to *°Ni
produces more than 103! ergs of energy, which is easily more than what is required
to unbind a White Dwarf and eject its material at high velocity. Y°Ni is unstable. It
decays via electron capture to °Co with a half-life of about 6 days. 3°Co is also
unstable, and it decays to stable *°Fe with a half-life of about 77 days. Both decays
produce y-rays and positrons, which deposit their energy in the SN ejecta. This
energy is ultimately converted into the optical radiation that makes SNe bright. >Fe
is actually the most stable nucleus: it has the smallest mass per nucleon, with a total
mass of 55.94 amu.

The uniformity of the behaviour of SNeIa was initially taken as an indication
that the progenitors are all similar. A degenerate C + O White Dwarf (WD) is the
best candidate: this type of star, the leftover of stars of masses of 3—5 solar masses,
will explode if it happens to approach the Chandrasekhar limit. This can happen
if a WD, which typically has a mass of less than 1M, accretes hydrogen from a
companion in a binary system. This scenario guarantees repeatability, is not limited
to very young stellar populations like core-collapse SNe, and is one that can be
physically modelled. Progress has in fact been made in this direction [32], although
details are not yet clear.

Why then do SNela show a range of luminosities? This probably depends on
how the explosion takes place. A CO WD ignites when it reaches a mass close to
the Chandrasekhar limit. This is actually a coincidence: thermonuclear reactions
start because the temperature in the WD reaches very high values (~10°K), and
this happens at masses just below the highest limit above which the WD would
simply collapse under its own gravity. Evidently, after ignition starts, something
must happen that is not the same in all WDs, otherwise the outcome would always
be the same. The reason for diversity probably lies in the way burning occurs. If
a Chandrasekhar-mass CO WD ignites and burns explosively (supersonically, i.e.
through a detonation), it would turn entirely into °Ni. This would actually be a
perfect standard candle, but we know this is not what happens in reality because we
see the presence of elements other than °Ni and its decay products, >°Co and °Fe,
in the spectra of SNela. Alternatively, if burning proceeds subsonically, at least
initially, the WD would begin to expand as nuclear reactions generate energy. This
leads to a decrease of the density. Burning at low density does not go all the way
to “°Ni, but stops somewhere along the way, resulting in an increased production
of “Intermediate Mass Elements” such as Silicon and Sulphur, which are indeed
observed in the spectra of SNela [13]. Models where burning is only subsonic,
however, do not seem to produce much °Ni. A way to produce SNe Ia with different
6Ni content is a hybrid mechanism called a “delayed detonation” (DD, [36]). In this
scenario burning starts subsonically at high density, incinerating the inner parts of
the WD to Nuclear Statistical Equilibrium (NSE) and producing some °Ni and
other Fe-group isotopes while the WD begins to expand. However, at some point a
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transition occurs to supersonic burning, which consumes the rest of the star within
a second or so. Since the detonation occurs at lower densities because the WD has
somewhat expanded, the nucleosynthetic products can be a mixture of *Ni and
IME, with a general stratification where the heavier elements, which are produced
at higher densities, lie deeper. This configuration can give rise to the variety of
observed SNe. Burning to IME only generates almost the same kinetic energy as
burning to NSE, so the star would still explode. How can the explosion then be tuned
to reproduce the observed range of SN Ia luminosities, corresponding to *°Ni masses
of between ~0.1 and ~1 M., [16]? One possibility is that while all explosions start
as deflagrations, the transition to a detonation occurs at different times, leading
to different outcomes: an early transition results in more burning at high density,
resulting in production of more °Ni and a brighter SN, while a later transition would
mean more WD expansion and smaller **Ni production. A similar outcome would
be obtained if the deflagration could have different strengths: a stronger deflagration
again expands the WD more before the detonation sets in, and vice versa. Since the
physical reason for this is actually not yet understood, this remains only a possibility.
Analysis of SN spectra reveals that the combined amount of material burned to NSE
and IME is actually the same in all SNe Ia, lending credence to delayed detonation
as the underlying explosion mechanism of the bulk of SNe Ia [49].

Would these events be precise copies of one another so that a single parameter,
the mass of °Ni, can describe them all? Most likely not, although they would be
similar. The details of the explosion are complex, and must depend on the exact
properties of the progenitor, which are not known in detail. For example, a change
in the metal content of the WD should lead to somewhat different nucleosynthesis,
in particular to different ratios of stable Fe-group isotopes and ®Ni [73]. This may
affect the luminosity-light curve shape relation [35,48]. Furthermore, the explosion
is an intrinsically 3D phenomenon, and SNe Ia may look different from different
viewing points. This may cause a dispersion of ~5 % [35]. If there is any evolution
in the properties of the progenitors, which may be more metal rich at the larger
redshifts where elliptical galaxies formed, and should be on average younger at
higher redshift, SNe Ia may not obey exactly the same luminosity-light curve shape
relation. If this was not taken into account, the estimated distance may be incorrect.
Extensive work seems to rule out major observable differences between nearby and
distant SNe Ia [10,23], but the high-redshift data are obviously not as good as local
data, so there may be room for uncertainty as differences may be subtle. Differences
in fact seem to exist between SNe originating in different types of galaxies [69]. If
these changes can be quantified and are predictable they may be corrected for, as
long as the host galaxy type is known.

The large range of properties of SNe la may ultimately be difficult to explain
within a single scenario. A recently revived alternative possibility is that some
fraction of the SNe Ia come from the merging of two white dwarfs whose combined
mass exceeds the Chandrasekhar mass [55]. This is called the double-degenerate
scenario. Also, within the single-degenerate scenario, the donor star may not
yield hydrogen to the white dwarf companion, but rather helium. In this case
the white dwarf may explode before reaching the Chandrasekhar mass [22, 43].
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These alternative channels are potentially quite interesting, and require further
investigation.

Other correlations between SN Ia luminosity and various observable properties
have been found, confirming that SNela are indeed good standardizable candles.
Among these are the B —V colour of SNela 12 days after maximum [77], or the
width of the nebular emission lines of Fe [47], which is a direct consequence of
6Ni being produced in different amounts. It is however a fact that SNeIa in spiral
and elliptical galaxies have on average different luminosities, the former showing a
larger spread of properties, extending to the most luminous sub-types, which are not
found in the latter group, which on the other hand contains basically all the dimmest
events [30]. If all these effects could be corrected for empirically, and better still
understood, the prospects would be very bright for SNe Ia as standard candles.

Other issues such as contamination by other SN types may be relevant if for
example Type Ic SNe (core-collapse events without the outer H and He layers of
the star, see [19] for a review of SN types) could rival in luminosity with SNe Ia, but
we know that this is a rare occurrence. Besides, SNe Ic can usually be sorted out on
the basis of their colour [62]. Dust may also be a cause of concern, as it would dim
the SN flux. However, normal dust would also redden the flux, and this can be rather
easily spotted. Only completely gray dust may fool us [1]. Such dust may be located
in the otherwise empty space between galaxies, but there is evidence that its amount
is small enough that it should not cause worries ([41] and references therein).

8 Further Afield

The main limitation in pushing SN Ia observations to very large redshifts may come
from the fact that it will always be very difficult to see SNeIa at redshifts much
beyond z = 2. On the one hand, their faintness makes it hard to discover SNe la
at those distances, while on the other, as one looks back in time to the earliest
part of the life of the Universe the number of SNela is expected to decrease.
Therefore some standard candle which is active in the young Universe and is very
bright would ultimately be desirable. Presently, there are two candidates: Baryonic
Acoustic Oscillations (BAO) and Gamma-ray Bursts (GRB).

8.1 Baryonic Acoustic Oscillations

BAOs provide not a standard candle but rather a “standard ruler”. The characteristic
length scale of the distribution of matter in the Universe was established at the time
when H in the Universe first recombined and consequently matter and radiation
decoupled, at an age of ~ half a million years (redshift ~1,100). This scale has been
expanding with the Universe itself, and it can be measured at different redshifts,
providing a “standard ruler” which can be used to map the expansion history of
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the Universe in detail, as soon as technology allows. So far, the Sloan Digital
Sky Survey (SDSS) has sampled the Universe out to z ~ 0.35 [17], and a team
in Australia (WiggleZ) is making measurements at z ~ 0.7 [9]. The experiment
consists of measuring the probability that a galaxy is found within a certain distance
of another one. The expectations are for a large correlation for galaxies at small
separation, as matter tends to cluster because of gravity, and a low correlation
at large separation. The BAO signal is a bump in the correlation function, at
a comoving separation equal to the sound horizon. Today, the sound horizon is
~150Mpc [17].

8.2 Gamma-Ray Bursts

The idea of using GRBs as distance indicators has been around since the optical
afterglow of the first GRB was discovered, a result obtained by the Dutch-Italian
satellite BeppoSax [76], and it was clear that GRBs are extra-galactic sources [50].
The optical counterparts of GRBs are very bright (reaching apparent magnitude
V =35, [63]), and are detectable out to the highest redshifts [66,72].

GRBs are very brief but very powerful flashes of radiation (see Chaps. 1 and 3),
lasting up to a few minutes, mostly in the y-rays and X-rays. They are divided
observationally into two groups, “long-soft” and “short-hard”, based on their
duration (longer or shorter than about 2 s) and their spectral properties (long GRBs
tend to have softer spectra). Long GRBs are associated with the collapse of massive
stars, also a BeppoSax result [27, 34, 44], while short GRBs are probably caused
by the merging of two compact objects, e.g.two neutron stars [54]. The optical
afterglow of a GRB can be as bright as mag —22 for a few hours, and therefore
GRBs can be seen out to redshifts of ~8, where they reach an apparent magnitude
of ~5, [63]. But can GRBs be used as standard candles? Certainly not directly, as
their intrinsic luminosity is not constant. However, they may possibly be used as
standardizable candles, like SNela. A relation has been found between the peak
of the spectral distribution of a GRB (E) and the isotropic emitted energy Ejs,,
which assumes that GRBs radiate isotropically [2]. However, the energy content of
GRB would be unrealistically large if they radiated isotropically, while this is not
a concern if they are beamed events. E,; can be measured from a spectrum of the
GRB’s y- and X-ray emission, while deriving Ejs, obviously requires assumptions
regarding the distance. Further studies have shown that if the beaming is corrected
for, and Ejs, is transformed into E;, the real emitted energy, an even tighter
correlation with £, is obtained [29]. This suggests that long GRBs may indeed
be standard energy reservoirs [24]. In this case, long GRBs may be used as standard
candles as long as an independent measurement of the redshift is available (e.g.from
the emission lines of the host galaxy). These results are heavily disputed, and they
may indeed be the artificial outcome of the limited range of energies detected by
7- and X-ray satellites [52]. Also, at low redshift several examples have been found
of weak GRBs, which do not obey the correlations. While this may not be a source
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of uncertainties at high redshift, where these events are too faint to be seen, great
care should be exercised when using GRBs for cosmology, because they cannot
be calibrated at low redshift. Our understanding of GRBs also needs to be greatly
improved before we can use them with confidence as distance indicators.

9 Other SN Standard Candles

We have discussed SNe la as standard candles, but neglected all classes of core-
collapse SNe. These are in fact so varied in their behaviour, as are the masses and
the state of the stars from which they originate, that it is essentially impossible to
use them as standard candles. There may be some exceptions, however.

9.1 SNellP

The first is the behaviour of SNe IIP in the plateau phase. In this phase, which lasts
~100 days, the light curve of a SN IIP is dominated by hydrogen recombination and
is rather constant in luminosity. The recombination wave moves inwards in the SN
ejecta, which are in turn expanding. It is therefore possible to apply a variation of the
Baade-Wesselink (BW) method to determine the change in the angular radius of the
emitting photosphere, and hence the distance to the SN. The original BW method of
estimating distance relies on stellar pulsations. A pulsating star changes radius and
luminosity with a regular cycle (e.g.cepheids, see above). This leads to a change
in the temperature of the star, which can in turn be determined from observations
of its photosphere through spectra: if the photosphere is expanding/contracting, this
is shown by a Doppler shift (blue/red) of absorption lines, which are formed at
or above the photosphere. Luminosity, radius and temperature are linked through
the relation L = 4nR20pT*, where o3 is the Stefan-Boltzmann constant. If we can
determine 7 and L independently from spectroscopy, we can estimate R. In addition,
if a velocity measurement through the Doppler shift of the lines tells us how rapidly
the photosphere expands/contracts, we can measure both the ratio of the minimum
and maximum radii and their difference (AR = vt, where ¢ is the pulsation half-
period). Hence we can solve for the actual radii. The luminosity and the variation in
angular size can also be obtained from atmospheric models.

In the plateau phase of SNellP, the inward motion of the photosphere can
be measured from the change in blueshift of the absorption lines over time (the
blueshift decreases as the SN expands). The method of Expanding Photospheres
(EPM) uses this to measure distances to SNe IIP. If we know the time of explosion
and the instantaneous position of the photosphere, we can obtain the radius as
R = vt, where t is the time elapsed since the explosion. With an independent
determination of the temperature 7', the luminosity L can be determined with the
formula above. We can then relate L to the observed flux F through F = L/4xD?,
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where D is the distance. However, an accurate determination of the temperature is
not easy. Therefore, it is easier to obtain the distance following the expansion of the
photosphere: two measurements of v at two different times yield both the ratio of the
radii at the two times and their difference (through geometry and AR = v(f, —t1)).
We can then plot the evolution of the radius and extrapolate it back to 7y, the
time of explosion [37]. This method can yield accurate distances out to what is
allowed by the relatively low luminosity of the plateau phase of SNeIIP, i.e. out to
7z~ 0.05[67].

A potentially even more accurate method is actually to determine the properties
of SNelIIP through spectral modelling, thus avoiding the use of photometry and
of assumptions about the properties of the radiation field. Presently, this method
(SEAM: Spectral-fitting Expanding Atmospheres Method, [7]) and EPM do not
yield consistent results, and this requires further investigation.

9.2  Pair Instability SNe

Another possible type of SN which may be used as a standardizable candle is
the Pair Instability SN (PISN). This is the explosion of an extremely massive star
(initial masses >140M,). The core of these stars can become so hot that electron-
positron pairs are produced through the annihilation of energetic y-rays. The loss of
Y-rays can significantly reduce the outwards pressure of radiation which normally
balances these massive stars against their own gravitational pull and keeps them
from collapsing. This starts contraction of the star, with a consequent further heating
of the core. If sufficiently high temperatures are reached in the core, thermonuclear
reactions can start like in SNe Ia, burning oxygen explosively. The star may go
through a phase of pulsations, where pair-production induces contraction which is
then overcome by the energy produced by thermonuclear reactions, but eventually a
final explosion disrupts the star, leaving no remnant, again like in a SN 1a [6, 11,79].
The potentially useful feature of these SNe is that their explosion energy, and
therefore also the nucleosynthesis, depend essentially only on the mass of the star.
Additionally, and most usefully, the explosion should produce very large amounts
of 3°Ni (~3-7 M., [31]), and therefore the ensuing SNe should be much brighter
than SNe Ia, reaching peak magnitudes ~—22 to —23, and should be observable
to much larger distances. Another useful aspect of PISN is that very massive stars
are much more likely to form and to survive as massive objects in the metal-poor
environments of the early Universe when stars first formed [31]. Theory predicts
that more massive stars produce more energetic explosions and brighter SNe [31].
The first probable detection of a PISN is very recent [28]. Like SNe Ia, more massive
PISNe are expected to have broader light curves. This field is still in its infancy, but
if a unique relation between luminosity and light curve shape could be established
for PISNe, as it was for SNe Ia, then PISNe could be very useful distance indicators,
and could be used to sample the epoch of formation of the first stars, at redshifts of
~10, when the Universe was only about half a billion years old.
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10 Conclusions

Astronomy has gone a long way from gazing at the motion of objects in the
sky to mapping the cosmos in which we live. A combination of physical rigour
and astronomical ingenuity has given birth to astrophysics, the modern version
of astronomy. Our understanding of the processes that govern the birth, life and
death of stars and of structures like galaxies has been instrumental in mapping the
Universe. The accuracy of this mapping is undoubtedly going to increase in the
forthcoming future, taking advantage of new space and ground-based instruments.
As always in science, new discoveries set the stage for new questions, so surely we
will see more exciting developments in our efforts to understand the Universe.
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Chapter 3
High Energy Cosmic Ray and Neutrino
Astronomy

Eli Waxman

Abstract Cosmic-rays with energies exceeding 10" eV are referred to as Ultra
High Energy Cosmic Rays (UHECRs). The sources of these particles and their
acceleration mechanism are unknown, and for many years have been the issue of
much debate. The first part of this review describes the main constraints, that are
implied by UHECR observations on the properties of candidate UHECR sources,
the candidate sources, and the related main open questions.

In order to address the challenges of identifying the UHECR sources and of
probing the physical mechanisms driving them, a “multi-messenger” approach
will most likely be required, combining electromagnetic, cosmic-ray and neutrino
observations. The second part of the review is devoted to a discussion of high
energy neutrino astronomy. It is shown that detectors, which are currently under
construction, are expected to reach the effective mass required for the detection of
high energy extra-Galactic neutrino sources, and may therefore play a key role in
the near future in resolving the main open questions. The detection of high energy
neutrinos from extra-Galactic sources will not only provide constraints on the
identity and underlying physics of UHECR sources, but may furthermore provide
information on fundamental neutrino properties.
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1 Introduction

Cosmic-rays (CRs) with energies exceeding ~10' eV are referred to as Ultra
High Energy Cosmic Rays (UHECRs). The sources of these particles, which are
probably extra-Galactic, and their acceleration mechanism are unknown, and for
many years have been the issue of much debate (e.g. [29,32,55,79] and references
therein). The first part of this chapter, Sect. 2, describes the main constraints that are
implied by UHECR observations on the properties of candidate UHECR sources.
The constraints derived under the assumption that UHECRs are protons, which is
supported by most observations but questioned by some (see Sects.2.1-2.3 and 4),
are summarized in Sect. 2.6. In Sect. 2.7 it is shown that GRBs are the only known
type of sources that satisfy these constraints. Testable predictions for the spectrum
and arrival direction distribution of UHECRs, made by the GRB model of UHECR
production, are also described.

The challenges of identifying the UHECR sources, and of probing the physical
mechanisms driving them, may be met with the help of high energy neutrino
detectors [16,52, 56, 99]. This is discussed in Sect. 3. In Sect. 3.1 it is shown that
detectors, which are currently under construction, are expected to reach the effective
mass required for the detection of high energy extra-Galactic neutrino sources (see
Figs. 3.8 and 3.9), and may therefore play a key role in the near future in resolving
the main open questions. GZK and GRB neutrinos are discussed in Sects. 3.2 and
3.3 respectively. In Sect. 3.4 we point out that the detection of high energy neutrinos
from extra-Galactic sources will not only provide constraints on the identity and
underlying physics of UHECR sources, but may furthermore provide information
on fundamental neutrino properties.

The main open questions associated with the production of UHECRs are
summarized in Sect. 4. It is argued that a “multi-messenger” approach, combining
electromagnetic, cosmic-ray and neutrino data, would be required in order to
provide answers to these questions.

2 What We (Don’t) Know About the Sources of UHECRs

The origin of CRs of all energies is still unknown (see [23, 34, 79] for reviews).
The cosmic ray properties change qualitatively as a function of particle energy, as
illustrated in Fig. 3.1. The spectrum steepens around ~5x 10! eV (the “knee”) and
flattens around 5 x 10'® eV (the “ankle”). Below ~10!3 eV, the cosmic rays are
thought to originate from Galactic supernovae. However, this hypothesis has not yet
been confirmed (e.g. [37] and references therein). The composition is dominated
by protons at the lowest energies, and the fraction of heavy nuclei increases with
energy. The proton fraction at ~10'> eV is reduced to ~15% [31,36]. At yet higher
energies, there is evidence that the fraction of light nuclei increases, and that the
cosmic-ray flux above 5 x 10'® eV is again dominated by protons [33, 41, 45].
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Fig. 3.1 A schematic description of the differential CR spectrum, dJ/dE, with some comments
on what we know (or don’t) about the composition and origin of the CRs

The composition change and the flattening of the spectrum around 10'° eV suggest
that the flux above and below this energy is dominated by different sources. At
energies of Ej9 = E/10'eV ~ 1 the Larmor radius of CRs in the Galactic magnetic
field is

R = £ 3B~L E19Z 'kpc, (3.1

ZeB :

where B = 10%B_5 5uG is the value of the Galactic magnetic field and Z is the CR
charge. Since the Galactic magnetic field cannot confine protons above 10 eV, it
is believed that the nearly isotropic cosmic ray flux at £ > 5 x 10'® eV originates
from extra-Galactic (XG) sources. In what follows we focus on this XG component.

2.1 Composition

At low energy, <10 TeV, CR particles are detected by space or balloon born
detectors, which provide a direct measurement of the primary CR composition. At
higher energies, the flux is too low to be detectable by space/balloon born detectors,
and CRs are detected indirectly through the “air-showers”, the large number of lower
energy particles, they produce as they propagate and lose energy in the atmosphere.
The low flux at the highest energies,

J(>10%eV) ~ 1/100 km’year 27 sr, (3.2)
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Fig. 3.2 Average depth of shower maximum as function of energy: Measurements by the
HiRes detector compared to predictions for proton and iron primaries based on various model
extrapolations of the pp cross section (Adapted from Abbasi et al. [3])

requires detectors with effective area of many 100’s km?. The primary composition
is constrained at high energies mainly by the average and variance of Xpax, the depth
in the atmosphere at which the shower contains the largest number of high energy
particles, obtained for showers of fixed energy (fluctuations in individual shower
development are large, leading to fluctuations in the depth of maximum which are
not small compared to the dependence on the primary mass). X is larger for
higher energy particles. Since a high energy heavy nucleus behaves roughly as a
group of independent lower energy nucleons, X, and its variance are larger at
fixed energy for lighter nuclei.

Figure 3.2 presents the main evidence for the transition to lighter nuclei at higher
energy: Xmax grows with energy faster than model predictions for fixed composition,
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Fig. 3.4 Same as Fig. 3.3, for the PAO data (Reprinted figures with permission from Abraham
et al. [8]; http://link.aps.org/abstract/PRL/v104/p091101. Copyright (2010) by the American
Physical Society)

becoming consistent with pure proton composition at ~10'8 eV. At the highest
observed energies, there is some discrepancy between the results reported by the
HiRes observatory and by the Pierre Auger Observatory (PAO). While the HiRes
observatory reports the average and variance of Xpax to be consistent with a pure
proton composition all the way up to 10'7 eV (Fig.3.3), the PAO reports Xmax
and ox evolution which suggests a transition back to heavier nuclei at the highest
energies (Fig.3.4).

The origin of this discrepancy is not yet understood. However, a few comments
are in place. It was noted in [107] that the analysis of the PAO data, presented in
[8], is not self consistent: according to this analysis, oy measured at the highest
energy implies an Fe fraction >90%, while the measured value of (Xy,«) implies an
Fe fraction <60%. This inconsistency may reflect some experimental problem, but
may also reflect a modification of the hadronic interaction cross section which is not
accounted for in the models used for shower calculations. It should be emphasized
that the theoretical Xpax calculations depend on extrapolation of hadronic models
to energies well beyond those currently tested in accelerators. The theoretical
and experimental uncertainties in the extrapolation of the pp cross-section to
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Fig. 3.5 Left: A comparison of direct numerical calculations of the effective CR life time (solid
lines) with the analytic approximation of [60] using {E.., = 9.1 x 10'8 eV, To,ep = 0.5 X
10° year, E. z = 3.5 X 1020 eV, Tor = 1.4 % 107 year} (dashed line), for CR generation following
dn/dE(E,z) o< (1+2z)"E~%. Right: The local (z = 0) energy generation rate as measured by Auger
[35] and Hires [4] assuming that the CRs are purely protons, for o — 1 = 1 (For different values of
o, the spectrum should be multiplied by an energy independent factor (o — 1); Q = r). Statistical
and systematic errors in the experimental determination of event energies lead to ~50% uncertainty
in the flux at the highest energies. The absolute energy scales of the Auger and Hires data where
not altered in this figure (Adapted from Katz et al. [60])

center-of-mass energies >100TeV are a possible source of biases in shower
reconstruction (e.g. [89]). It is therefore difficult to draw a firm conclusion regarding
primary composition at the highest energies based on current shower measurements.

2.2 Generation Rate and Spectrum

Let us assume first that the UHECRs are protons of extra-Galactic origin. As they
propagate, high-energy protons lose energy as a result of the cosmological redshift
and as a result of production of pions and e + e— pairs in interactions with cosmic
microwave background (CMB) photons. The local intensity of UHECRs may be
written as
dJ(E) ¢ dny(E)
dE  4nm dE

where drg(E)/dE is the local (z = 0) proton production rate (per unit volume
and proton energy) and f is the effective energy loss time of the proton (this
equation is, in fact, a definition of f. ). The left panel of Fig.3.5 shows fef
for proton generation following dri/dE(E,z) o< (1 +z)"E~*. The rapid decrease
in the effective life time, or propagation distance ctgr, above ~6 x 10'° eV,
commonly termed the “Greisen-Zatsepin-Kuzmin (GZK) suppression” [47, 109],
is due to photo-production of pions by the interaction of protons with CMB photons
(The proton threshold energy for pion production on ~10~3 eV CMB photons is
~10%0 V). Since proton propagation is limited at high energies to distances <.c/H,
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e.g. to ~100 Mpc at 1020 eV, the dependence of f.f on redshift evolution (m) is not
strong.

Using Eq. 3.3 and the measured UHECR intensity, it is straightforward to infer
the local production rate of UHECRs. The right panel of Fig.3.5 shows that the
energy generation rate above 10'°> eV is roughly constant per logarithmic CR
energy interval, oo ~ 2 and

o dny(E)

E "~ 10%-erg/Mpc’year. 3.4)

In other words, the observed CR spectrum is consistent with a generation
spectrum dri/dE o< E~? modified by the GZK suppression. Since both observations
and models for particle acceleration in collisionless shocks, which are believed to be
the main sources of high energy particles in many astrophysical systems, typically
imply o =~ 2 (see [34,98] for reviews of particle acceleration in non-relativistic and
relativistic shocks respectively), this supports the validity of the assumption that
UHECRESs are protons produced by extra-Galactic objects.

The following point should, however, be made here. Heavy nuclei lose energy by
interaction with CMB and IR photons, that leads to spallation. Since the effective
life time of such nuclei is not very different from that of protons, the consistency
of the observed spectrum with a model of extra-Galactic sources of protons with
generation spectrum of di/dE < E~2 can not be considered as a conclusive
evidence for the UHECRSs being protons.

One of the important open questions is at what energy the transition from
Galactic to extra-Galactic (XG) sources takes place. A simple model with
E?dny(E)/dE = 5 x 10¥erg/Mpc?yr and a transition from Galactic to XG sources
at 10! eV is consistent with observations [60]. In such a model, the Galactic
flux is comparable to the XG one at 10'° eV, and negligible at >10' eV. Other
models, however, have been proposed, in which the Galactic-XG transition occurs
well below 10'° eV (e.g. [29] and references therein). Such models are motivated
mainly by the argument that they allow one to explain the ~5 x 10'® eV spectral
feature by pair production (in proton interactions with the CMB). The transition
energy in such models is therefore well below 5 x 10'® eV. As explained in [60],
a Galactic-XG transition at ~10'8 eV requires fine tuning of the Galactic and XG
contributions (to produce the smooth power-law observed), and is disfavored by the
data: it requires that Auger systematically underestimates the energy of the events
by 40% (well above the stated uncertainty) and it requires dn, xg/de < €7,
which is inconsistent with the >10'° eV data.

Finally, one notes that if the generation spectrum of XG CRs extends over many
decades below 10'° eV, the total XG CR energy productlon rate, QXG, might
exceed significantly the UHECR production rate, Q1019 v = = (E%dno/dE)- g1y

given by Eq.3.4. For the dn/dE o 1/E? spectrum inferred from observations,
the “bolometric correction” will be Qxg/Qg19ey = In(102°€V/Epin) ~ 10, where
Emin < 102 eV is the low energy to which the spectrum extends.
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2.3 Anisotropy: Source and Composition Clues

The propagation of UHECRSs is limited at the highest energies to distances
~100 Mpc. The galaxy distribution is not homogeneous over such a distance scale.
Thus, if the distribution of UHECR sources is correlated with that of galaxies,
one expects an anisotropy in the UHECR arrival direction distribution reflecting
the inhomogeneity of the galaxy distribution [104]. Figure 3.6 shows the integrated
galaxy density out to 75 Mpc and the predicted anisotropy of the UHECR intensity.
Also shown are the (angular) positions of the 27 Auger events with energy exceeding
5.7 x 10'° eV. The distribution of these events is inconsistent with isotropy at a
98% confidence level for a source density n, = 10~*Mpc 2, corresponding to the
lowest allowed source density (see Sect.2.4), and at a 99% confidence level for
ng = 1072Mpc 3, corresponding to the density of galaxies. The angular distribution
of CR arrival directions is consistent with a UHECR source distribution that
follows the galaxy distribution (for detailed discussions see [54, 59, 61, 88]). This
provides some support to the association of the sources with known extra-Galactic
astrophysical objects.! The more recent PAO analysis (valid for n; — o) of a larger
number of events, 58 above 5.5 x 10'? eV, yields inconsistency with isotropy at a
99% confidence level [7].

UHECRs may suffer significant deflections as they cross dense large scale
structures, such as galaxy clusters and large scale galaxy filaments, in which the
energy density of the plasma is large enough to support strong magnetic fields.
Such deflections may distort the anisotropy pattern expected based on the galaxy
distribution. An estimate of the expected deflection may be obtained assuming that
all large scale structures support a magnetic field with energy density comprising
a fraction &g of the plasma thermal energy density. The deflection expected in this
case for a propagation distance d is (see [59, 62] for a detailed derivation)

1/2 -1
9~03 L (f d A > (’SB )1/2< E/Z> . (35)

1 Mpe \ 0.1 100 Mpc 10 kpe 0.01 1020 eV

Here, Z is the particle charge, f is the fraction of the volume filled by filaments of
diameter L, and A is the field coherence length. The deflections are not expected
therefore to distort significantly the anisotropy map.

The anisotropy signal provides also a test of the primary UHECR composition.
If one records an anisotropy signal produced by heavy nuclei of charge Z above an
energy Ey, one should record an even stronger (possibly much stronger) anisotropy

I The evidence in the PAO data for a clustering of events in the region around Cen A has triggered
much discussion (see discussion and references in [69]). However, it is difficult to quantify the level
of significance of the evidence for clustering, since it is based on an a posteriori analysis, as noted
in [7]. Moreover, one must keep in mind that Cen A lies in front of one of the largest concentrations
of matter in the local (d ~ 50Mpc), Universe, {{ = —51°,b=19°}, so that an excess of events from
that direction does not necessarily imply that Cen A is the source.
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Fig. 3.6 Top: The integrated galaxy density out to a distance of 75 Mpc, normalized to the
mean integrated density. The contours are logarithmic, ranging from 0.5 to 4 with three contours
per density doubling. Dashed curves represent under-density. Bottom: The positions of the 27
Auger events with energy exceeding 5.7 x 10'° eV [5], overlaid on the UHECR intensity map,
J (Q), predicted in a model in which the UHECR source distribution follows the galaxy density
distribution (with a bias b[6] = 1+ 6 for 6 > 0, b = 0 otherwise, where § is the fractional galaxy
over density). The coordinates are Galactic and J is normalized to its all sky average. The contours
denote J/J = (0.7,0.9,1,1.1,1.3,1.5), with dashed lines representing under-density. The thick
solid line denotes the super-galactic plane. The dashed-dotted green line marks the boundary of
Auger’s coverage (corresponding to a zenith angle of 60°) (Adapted from Kashti et al. [59])

at energies >Ey,;/Z due to the proton component that is expected to be associated
with the sources of the heavy nuclei. This is due to the fact that particles of similar
rigidity E /Z propagate in a similar manner in the inter-galactic magnetic field and
based on the plausible assumptions that (i) a source accelerating particles of charge
Z to energy E will accelerate protons to energy E/Z, and (ii) there are at least
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as many protons accelerated as there are heavy nuclei. The anisotropy signal is
expected to be stronger at lower energy since the signal increases as the number
of particles produced by the source, E~%*!, while the background increases as
the square-root of the number of all observed CRs, ~E~(27-1/2 (see [69] for a
detailed discussion). Thus, if the PAO > 5.7 x 10!° eV anisotropy signal is real, the
lack of detection of stronger anisotropy at lower energy disfavors a heavy nuclei
composition at ~6x10'° eV.

2.4 Source Density

The arrival directions of the 27 PAO events and ~30 HiRes events above 6 x 10!° eV
show no evidence for “repeaters”, i.e. multiple events that may be associated
with a single source given the small deflection angles expected. The lack of
repeaters implies that the number of sources contributing to the flux, N, should
satisfy Ny > N2, where N is the number of events (for identical sources each
producing on average N/N; events and N> /N, < 1, the probability for repeaters is
~N? /Ny). This suggests that there should be more than ~103* independent sources
contributing to the (all sky) flux (note that HiReS and PAO observed the northern
and southern hemispheres respectively). For protons, the effective propagation
distance is ~200 Mpc, see Fig. 3.5, implying a lower limit on the source density of

ng > 10~* Mpc 3 (3.6)

(for a more detailed analysis see [39, 104]). For comparison, the density of galaxies
is roughly 10~>Mpc 3.

2.5 Source Constraints: Minimum Power and Speed

The essence of the challenge of accelerating particles to >10'" eV can be under-
stood using the following simple arguments ([99], for a more detailed derivation see
[100]). Consider an astrophysical source driving a flow of magnetized plasma, with
characteristic magnetic field strength B and velocity v. Imagine now a conducting
wire encircling the source at radius R, as illustrated in Fig.3.7. The potential
generated by the moving plasma is given by the time derivative of the magnetic
flux @ and is therefore given by V a~ BBR where 8 = v/c. A proton which is
allowed to be accelerated by this potential drop would reach energy E ~ BeBR. The
situation is somewhat more complicated in the case of a relativistic outflow, with
I' = (1—B%)~"2 > 1. In this case, the proton is allowed to be accelerated only
over a fraction of the radius R, comparable to R/T". To see this, one must realize
that as the plasma expands, its magnetic field decreases, so the time available for
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Fig. 3.7 Potential drop generated by an unsteady outflow of magnetized plasma

acceleration corresponds to the time of expansion from R to, say, 2R. In the observer
frame this time is R/c, while in the plasma rest frame it is R/I"c. Thus, a proton
moving with the magnetized plasma can be accelerated over a transverse distance
~R/T. This sets a lower limit to the product of the magnetic field and source size,
which is required to allow acceleration to E, BR > I'E /ef3. This constraint also
sets a lower limit to the rate L at which energy should be generated by the source.
The magnetic field carries with it an energy density B>/87, and the flow therefore
carries with it an energy flux > vB? /87 (some energy is carried also as plasma
kinetic energy), which implies L > vR?B? and therefore

r2 (ey rr/ e \
L> F (;) c= 1045'5? (W) erg/s. 3.7

Another constraint on the source results from the requirement that the accel-
eration is not suppressed by synchrotron emission of the accelerated particle. Let
us consider a relativistic source. Denoting by B’ the magnetic field in the plasma
rest frame, the acceleration time of a proton is .. > E'/eB'c where E' = E/I’
is the proton energy in the plasma frame. The synchrotron loss time, on the other
hand, is given by r;,, ~ (m,/me)*(6mE’ | orcy?B?) where ¥ = E' /m,c?. Requiring
face < liyn Sets an upper limit on B’ (which depends on £ and I'). Requiring this upper
limit to be larger than the lower limit derived in the previous paragraph, BR > E /e,
sets a lower limit to I" (which depends on R and E). Relating the source radius
R to an observed variability time (of the radiation emitted by the source) through

R = 2I"%¢6t, the lower limit is [100]

/4 ~1/4
» E } ot
r>10 (—1020 ~ o : (3.8)

This implies that the sources must be relativistic, unless their characteristic variabil-
ity time exceeds ~ 10° s.
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2.6 Summary of Source Constraints

The evidence for a transition to a light composition, consistent with protons, at
few x10'® eV (Sect.2.1), the consistency of the spectrum above ~10'° eV with
adn/dE o 1/E? generation spectrum modified by the GZK suppression (Sect. 2.2),
and the hints for a light composition from the anisotropy signal (Sect. 2.3), suggest
that the UHECRs are protons produced by extra-Galactic sources. If this is indeed
the case, the discussion of the preceding sections implies that their sources must
satisfy several constraints:

e The sources should produce protons with a local (z = 0) rate and spectrum
(averaged over space and time) E2drg/dE ~ 10 erg/Mpclyr;

* The density of sources (contributing to the flux at ~5 x 10'° eV) should satisfy
ng > 10~*Mpc—3;

* The power output of the individual sources should satisfy L > 10¥- 2B~ Terg /s;

+ The Lorentz factor of the flow driven by the source must satisfy I" > 10°
(81/10ms)~'/4 where 8t is the characteristic source variability time.

No sources that satisfy the constraint L > 10*®erg/s are known to lie within
a ~100 Mpc distance. One may argue, of course, that there are “dark sources”,
i.e. sources that produce such power output (and UHECRSs) but do not produce
much radiation and are hence not known. One can not rule out the existence of
such sources. On the other hand, we do not have direct evidence for their existence
either. Putting aside such a caveat, the lack of known sources of sufficient luminosity
suggests that the sources are transient. The transient duration 7 must be shorter than
the time delay between the arrival of photons and protons from the source. The
protons are delayed due to magnetic field deflection by At ~ 62d/c, where 8 is
estimated in Eq. 3.5. This yields

d 2 E -2
4
At(E,d) ~ 10 (100 Mpc) (1020 eV) year. (3.9

Due to the random energy loss of the protons during their propagation, and due
to the possibility of multiple paths between source and observer, the arrival of
protons of energy E is delayed and spread over a similar time A¢(E,d). For T < At,
the effective number density of sources contributing to the flux at energy E is
~n;At[E,desr(E)], where i is the transient rate (per unit volume) and deg(E) ~

cteg(E).

2.7 “Suspects”, Predictions

Only two types of sources are known to satisfy the above minimum power
requirement: active galactic nuclei (AGN) — the brightest known steady sources, and
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gamma-ray bursts (GRBs) — the brightest known transient sources.” Both AGN (e.g.
[83]) and GRBs [73,90, 100] have therefore been suggested to be UHECR sources.
The absence of AGN with L > 1046 erg s~! within the GZK horizon had motivated
the suggestion [44] that UHECRs may be produced by a new, yet undetected, class
of short duration AGN flares resulting from the tidal disruption of stars or accretion
disk instabilities. The existence of tidal disruption flares is likely. However, they are
yet to be detected and whether their properties are consistent with the constraints
derived above is yet to be determined (see also [105]).

Let us consider then the GRB transients. First, consider the minimum power
and minimum speed constraints that should be satisfied by individual sources:
Eqgs. 3.7 and 3.8. For GRBs, the (luminosity function averaged) peak luminosity
is Ly ~ 10°%erg/s ([51,92], note that [51] gives Lso_300 kev Which is ~ 0.1 of
Lo.1-10Mev given in [92]), and typical values of I" and &t are I ~ 10?° and
St ~ 10 ms [70,71,82,93]. Thus, both constraints are satisfied. It is worth noting
that I > 107 is inferred for GRBs based on the photon spectrum (in order to avoid
large pair production optical depth), i.e. based on arguments which are different than
those leading to the I" > 10? constraint of Eq. 3.8.

Next, let us consider the global constraints on the rate, Eq.3.6, and average
energy production rate, Eq.3.4, of the sources. The local, z = 0, GRB rate is
750 ~ 10~"Mpc3yr~! (assuming 7, evolves rapidly with redshift, following the
star formation rate, i.e 750 < #nZ=1 [51,92]), implying, using Eq.3.9, ny(E) ~
WOALE, degr(E)] ~ 10™*(degr /200 Mpc)?(E /0.5 x 10?0 eV)">Mpc 3, consistent
with Eq.3.6. The local, z = 0, GRB energy production rate in ~1 MeV photons
is given by ﬁ?ZOLyAt, where At is the effective duration (the average ratio of the
fluence to the peak luminosity) corrected for redshift (the observed duration is
1+ z larger than the duration at the source), At ~ 10s/(14z) ~ 4 s (using z = 1.5
as a characteristic redshift). This yields E, = LyAr ~ 10°*%erg and Q% grs =
W3=YE, ~ 10%3erg/Mpcyr, similar to the required UHECR energy production
rate given in Eq.3.4, onlg v = = (E%dny/dE). g1oey ~ 10%%erg/Mpciyr (for a
more detailed discussion see [67, 95, 96]; for additional energy production by
“low-luminosity GRBs” and “heavy baryon loading GRBs” see [77] and [106]
respectively, and references therein).

As noted at the end of Sect. 2.2, if the generation spectrum of XG CRs extends
over many decades below 10! eV, the total XG CR energy production rate,
QXG , may exceed signiﬁcantly the UHECR production rate, Oxg/Q;¢19ey ~ 10
Estimating the ratio of Q 9 to the total photon energy production by GRBs, QV GRB’

as 058/ Qy orp = 058/ 00 Grp ~ 10 is, however, quite uncertain. This is due
to uncertainties in the redshlft evolution of the GRB rate and luminosity function,

2It was recognized early on ([55] and references therein) that while highly magnetized neutron
stars may also satisfy the minimum power requirement, it is difficult to utilize the potential drop in
their electro-magnetic winds for proton acceleration to ultra-high energy (see, however, [18]).
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in the “bolometric correction” for the CR production rate, and in the bolometric
correction, Qﬁ?RB / Qf\fe({,’GRB > 1, that should also be applied to the photons.

If GRBs are the sources of UHECRs, then some interesting predictions can
be made regarding the spectrum and angular distribution of events at the highest
energies [97]. Due to the rapid decrease of d.g with energy, the total number of
sources contributing to the flux, ~(47/3)d2,At|E,det(E)] drops rapidly with
energy. This implies that, for 7z ~ 1072 Mpc~3yr~! and adopting the estimate
of Eq.3.5 for the deflection angle, only a few sources contribute to the flux
above ~3 x 1020 eV. Moreover, the spectrum of these sources should be rather
narrow, AE/E ~ 1, since the energy dependent time delay A7(E,d) implies that
higher (lower) energy particles arrived (will arrive) in the past (future). Testing this
prediction, which requires a large number of events detected above ~3x10%° eV,
may require large exposure, exceeding even that of PAO, which may be provided by
space born detectors [81, 87].

3 High Energy Neutrino Astronomy

UHECR sources are likely to be sources of high energy neutrinos. The interaction
of high energy protons (nucleons) with radiation or gas, either at or far from the
source, leads to production of charged pions, via py and pp(n) interactions, which
decay to produce neutrinos (e.g. p+y—n+n", 1t - put+ vy — et + v, +
Vi + Ve). In Sect. 3.1 we estimate the minimum detector size, which is required to
detect such neutrinos. In Sect. 3.2 we comment on the importance of the detection of
“GZK neutrinos”. The prospects for detection of GRB neutrinos, and the possible
implications of such detection for the study of GRBs, are discussed in Sect.3.3.
Prospects for the study of fundamental neutrino properties using high energy GRB
neutrinos are discussed in Sect. 3.4. For most of the discussion of this section, we
adopt the assumption that UHECRs are protons.

3.1 Neutrino Flux Upper Bound, Detector Size, Detectors’ Status

The energy production rate, Eq. 3.4, sets an upper bound to the neutrino intensity
produced by sources which, as GRBs and AGN jets, are for high-energy nucleons
optically thin to py and pp(n) interactions. For sources of this type, the energy
generation rate of neutrinos can not exceed the energy generation rate implied by
assuming that all the energy injected as high-energy protons is converted to pions
(via py and pp(n) interactions). Using Eq. 3.4, the resulting upper bound (v, + vy,
neglecting mixing) is [25, 102]

1 c _,dn _
E‘z,(pv < ZéZtHHEz—O ~ 10 852

E’dny/dE
dE

—2.-1_.—1
W) GeVem™ “s™ 'sr .

(3.10)
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Here ty is the Hubble time and the 1/4 factor is due to the fact that charged
and neutral pions (which decay to photons) are produced with similar probability,
and that muon neutrinos carry roughly half the energy of the decaying pion. In
the derivation of Eq.3.10 we have neglected the redshift energy loss of neutrinos
produced at cosmic time ¢ < ¢y, and implicitly assumed that the cosmic-ray
generation rate per unit (comoving) volume is independent of cosmic time. The
quantity &z in Eq. 3.10 has been introduced to describe corrections due to redshift
evolution and energy loss. For source evolution following the star-formation rate
evolution, o< (1 +2)3, & ~ 5.

The upper bound is compared in Fig. 3.8 with the current experimental limits and
with the expected sensitivity of planned neutrino telescopes. The figure indicates
that km-scale (i.e. giga-ton-scale) neutrino telescopes are needed to detect the
expected extra-Galactic flux in the energy range of ~1 TeV to ~1 PeV, and that
much larger effective volume is required to detect the flux at higher energy. The
Baikal, AMANDA, and ANTARES optical Cerenkov telescopes have proven that
the construction of km-scale neutrino detectors is feasible, and the IceCube detector,
the construction of which is well underway, is expected to reach its designed target
effective mass of ~1 Gton in 2011.

3.2 GZK Neutrinos

As discussed in Sect.2.2, protons of energy exceeding the threshold for pion
production in interaction with CMB photons, ~5 x 10!9 eV, lose most of their
energy over a time short compared to the age of the universe. If UHECRs are
indeed protons of extra-Galactic origin, their energy loss should produce a neutrino
intensity similar to the upper bound given by Eq.3.10. Since most of the pions are
produced in interactions with photons of energy corresponding to the A-resonance,
each of the resulting neutrinos carry approximately 5% of the proton energy. The
neutrino background is therefore close to the bound above ~5 x 10'8 eV, where
neutrinos are produced by ~10?° eV protons. The intensity at lower energies is
lower, since protons of lower energy do not lose all their energy over the age of the
universe (The GZK intensity in Fig.3.8 decreases at the highest energies since it
was assumed that the maximum energy of protons produced by UHECR sources is
10?! eV). The results of detailed calculations of the expected GZK neutrino intensity
[43] are in agreement with the qualitative analysis presented above.

The detection of GZK neutrinos will be a milestone in neutrino astronomy. Most
important, it will allow one to test the hypothesis that the UHECRs are protons
(possibly somewhat heavier nuclei) of extra-Galactic origin (e.g. [75] and references
therein). Moreover, measurements of the flux and spectrum would constrain the
redshift evolution of the sources. Finally, detection of ultra-high energy neutrinos
may allow one to test for modifications of the neutrino interaction cross section due
to new physics effects at high (100 TeV) energies [15,27, 65].
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Fig. 3.8 The upper bound imposed by UHECR observations on the extra-Galactic high energy
muon neutrino (v, + Vy) intensity [25,102] (red lower-curve: no evolution of the energy production
rate, red upper curve (WB): assuming evolution following star formation rate), compared with
the atmospheric muon-neutrino background and with several experimental upper bounds (various
solid lines). The theoretical bound does not include the effect of neutrino oscillations. Such
oscillations are expected to change the V. : vy : v flavor ratio from 1:2:0to 1:1:1 (e.g.
[68]), leading to an upper bound which is ~1/2 that shown in the figure for each flavor. Shown are
the muon and all flavor upper bounds of the optical Cerenkov observatories AMANDA [9, 11] and
BAIKAL [22], the all flavor upper bounds of the coherent Cerenkov radio detectors RICE [63]
and ANITA [46], and the v; upper bound of the PAO [6]. The curve labelled “GZK” shows the
muon neutrino intensity (not corrected for oscillations) expected from UHECR proton interactions
with micro-wave background photons [30]. Black dashed curves show the expected sensitivity
(for few years operation) of 0.1 Gton (ANTARES, http://antares.in2p3.fr/) and 1 Gton (IceCube,
http://icecube.wisc.edu/; Km3Net, http://www.km3net.org/home.php) optical Cerenkov detectors.
The blue dashed curve is the expected sensitivity of detectors of few 100 Gton (few 100 km?)
effective mass (volume), that may be achieved with proposed radio detectors [12, 26, 27, 66]
or with proposed (optical) extensions of IceCube [53]. For a detailed discussion of the current
experimental status see [16,56]

3.3 Neutrinos from GRBs

GRB gamma-rays are believed to be produced within a relativistic expanding wind,
a so called “fireball”, driven by rapid mass accretion onto a newly formed stellar-
mass black hole. It is commonly assumed that electrons are accelerated to high
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energy in collisionless shocks taking place within the expanding wind, and that
synchrotron emission from these shock accelerated electrons produces the observed
y-rays (see [70, 71, 82, 93] for reviews). If protons are present in the wind, as
assumed in the fireball model, they would also be accelerated to high energy in
the region where electrons are accelerated. If protons are indeed accelerated, then
high energy neutrino emission is also expected.

3.3.1 100 TeV Fireball Neutrinos

Protons accelerated in the region where MeV gamma-rays are produced will interact
with these photons to produce pions provided that their energy exceeds the threshold
for pion production,

EyE ~0.2I'*GeV?. (3.11)

Here, Ey is the observed photon energy. The I 2 factor appears since the protons
and photon energies in the plasma rest frame (where the particle distributions are
roughly isotropic) are smaller than the observed energy by the Lorentz factor I' of
the outflow. For I' ~ 102 and Ey, =1 MeV, proton energies ~10'% eV are required
to produce pions. Since neutrinos produced by pion decay typically carry 5% of the
proton energy, production of ~10'% eV neutrinos is expected [101].

The fraction of energy lost by protons to pions, fr, is fr ~ 0.2 [48, 101].
Assuming that GRBs generate the observed UHECRs, the expected GRB muon and
anti-muon neutrino flux may be estimated using Eq.3.10 [101, 102],

s fu E?diy/dE -

E%cbv ~ 10 8% (Wl\//lpcﬁyr) GeVem 2s ler . (3.12)
This neutrino spectrum extends to ~10'% eV, and is suppressed at higher energy due
to energy loss of pions and muons [86, 101, 102] (for the contribution of Kaon decay
at high energy see [19]). Equation 3.12 implies a detection rate of ~10 neutrino-
induced muon events per year (over 4x sr) in a 1 Gton (1 cubic-km) detector
[13,28,50,76, 101]. The upper limit on the GRB neutrino emission provided by
the AMANDA (~0.05 Gton) detector approaches the flux predicted by Eq.3.12,
see Fig.3.9, and the 1 Gton IceCube detector, which will be completed at the
beginning of 2011, will reach a sensitivity that may allow one to test this model’s
predictions [1].

Since GRB neutrino events are correlated both in time and in direction with
gamma-rays, their detection is practically background free. The main background is
due to atmospheric neutrinos, which produce neutrino-induced muons, travelling in
a direction lying within a cone of opening angle A8 around some direction, at a rate

A0\? E P
A -3 21
Jy—u=4x10 <0.50) (100 Te > km™“year™ ", (3.13)
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Fig. 3.9 AMANDA flux upper limits (solid lines, 90% confidence) for muon neutrino energy
spectra predicted by the models of [76, 101] for the ~100 TeV internal shock fireball neutrinos
(Sect. 3.3.1), and for the muon neutrino energy spectrum predicted by Razzaque et al. [84] for the
precursor supernova (“supranova”) model (Sect. 3.3.2). The upper bounds are compared with the
fluxes predicted by the models ([94,101]— thick dotted line, [76]— thin dotted line, [84]- dot-dashed
line) (Adapted from Achterberg et al. [10])

with § = 1.7 for E < 100 TeV and 8 = 2.5 for E > 100 TeV. At high energies,
the neutrino induced muon propagates at nearly the same direction as the incoming
neutrino, and km-scale neutrino telescopes will be able to determine the incoming
neutrino direction to better than ~0.5°. For a known source direction, therefore, the
neutrino search is practically background free.

3.3.2 TeV Neutrinos

The 100 TeV neutrinos discussed in the previous sub-section are produced in the
same region where GRB 7y-rays are produced and should therefore accompany the
10 to 100 s y-ray emission phase (note, however, that it was pointed out in [78] that
if the late, ~10* s, X-ray/UV flares are produced by late internal shocks within the
fireball, the emission of 100 TeV neutrinos may be extended to accompany these
flares). Their production is a generic prediction of the fireball model: it is a direct
consequence of the assumptions that energy is carried from the underlying engine
as kinetic energy of protons and that y-rays are produced by synchrotron emission
of shock accelerated particles. Neutrinos may be produced also in other stages
of fireball evolution, at energies different than 100 TeV. The production of these
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neutrinos is dependent on additional model assumptions. We discuss below some
examples of ~1 TeV neutrino emission predictions, that depend on the properties
of the GRB progenitor. For a discussion of ~10'® eV neutrino emission during the
afterglow phase see [40, 74,91, 103] and the reviews [70,71,94].

The most widely discussed progenitor scenarios for long-duration GRBs involve
core collapse of massive stars. In these “collapsar” models, a relativistic jet breaks
through the stellar envelope to produce a GRB. For extended or slowly rotating stars,
the jet may be unable to break through the envelope. Both penetrating (GRB pro-
ducing) and “choked” jets can produce a burst of ~10 TeV neutrinos by interaction
of accelerated protons with jet photons, while the jet propagates in the envelope
[17,72,85] (it was pointed out in [17] that neutrino production by kaon decay
may dominate over the pion decay contribution, extending the neutrino spectrum to
~20 TeV). The estimated event rates may exceed ~ 10> events per yr in a km-scale
detector, depending on the ratio of non-visible to visible fireballs. A clear detection
of non-visible GRBs with neutrinos may be difficult due to the low energy resolution
for muon-neutrino events, unless the associated supernova photons are detected.

In the two-step “supranova’ model, interaction of the GRB blast wave with the
supernova shell can lead to detectable neutrino emission, either through nuclear
collisions with the dense supernova shell or through interaction with the intense
supernova and backscattered radiation field [42, 49, 84]. As indicated by Fig. 3.9,
the upper limits provided by AMANADA on the muon neutrino flux suggest that
“supranova’s do not accompany most GRBs.

3.4 Neutrino Physics Prospects

In addition to testing the GRB model for UHECR production and to providing a
new handle on the physics of GRB sources, detection of high energy GRB neutrinos
may provide information on fundamental neutrino properties [101].

Detection of neutrinos from GRBs could be used to test the simultaneity of
neutrino and photon arrival to an accuracy of ~1s. It is important to emphasize
here that since the background level of neutrino telescopes is very low, see Eq.3.13,
the detection of a single neutrino from the direction of a GRB on a time scale
of months after the burst would imply an association of the neutrino with the
burst and will therefore establish a time of flight delay measurement. Such a
measurement will allow one to test for violations of Lorentz invariance (as expected
due to quantum gravity effects) [14,38,57, 101]), and to test the weak equivalence
principle, according to which photons and neutrinos should suffer the same time
delay as they pass through a gravitational potential. With 1 s accuracy, a burst at
1 Gpc would reveal a fractional difference in (photon and neutrino) speed of 10717,
and a fractional difference in gravitational time delay of order 10~ (considering the
Galactic potential alone). Previous applications of these ideas to supernova 1987A
(see [24] for review), yielded much weaker upper limits: of order 108 and 102
respectively. Note that at the high neutrino energies under discussion deviations of
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the propagation speed from that of light due to the finite mass of the neutrino lead to
negligible time delay even from propagation over cosmological distances (less than
~10719 5 at 100 TeV).

High energy neutrinos are expected to be produced in GRBs by the decay of
charged pions, which lead to the production of neutrinos with flavor ratio @, :
CDVH : @y, =1:2:0 (here @, stands for the combined flux of v; and ;). Neutrino
oscillations then lead to an observed flux ratio on Earth of @, : CDVH P, =
1:1:1 [21,68] (see, however [58]). Up-going 7’s, rather than u’s, would be a
distinctive signature of such oscillations. It has furthermore been pointed out that
flavor measurements of astrophysical neutrinos may help determining the mixing
parameters and mass hierarchy [108], and may possibly enable one to probe new
physics [20, 68].

4 Outlook: Open Questions and Multi-messenger Astronomy

The validity of the constraints imposed on the properties of candidate UHECR
sources, as summarized in Sect. 2.6, depends on the validity of the inference that
the highest energy particles are protons, and on the validity of the assumption
that the particles are accelerated by some electromagnetic process, for which the
constraints derived in Sect.2.5 are valid. The inference that the highest energy
particles are protons is supported by the HiRes and PAO UHECR spectrum, by
the properties of air showers as measured by HiRes, and by the anisotropy hints.
However, the shower properties reported by PAO appear to be inconsistent with
a pure proton composition at the highest energy (and possibly also with a heavy
nuclei composition, see Sect. 2.1). Given this, and the fact that the pp cross section
at the high energies under discussion is not well known, the possibility that the
highest energy particles are heavy nuclei can not yet be excluded. If the particles are
indeed heavy nuclei of charge Z, the minimum power requirement, Eq. 3.7, would
be reduced by a factor Z2, and could possibly be satisfied by local steady sources
like AGN (e.g. [80]).

Thus, although we have strong arguments suggesting that UHECR sources are
protons produced by transient XG sources, and that the sources should satisfy the
constraints given in Sect. 2.6, which point towards GRBs being the likely sources,
we are still missing a direct proof of the validity of these conclusions. The open
questions that require conclusive answers are:

e Composition. Is the composition indeed dominated by protons, or is there a
transition back to heavier nuclei at the highest energies? What is the cross section
for pp interaction at high, >100 TeV, energy?

* Galactic- XG transition. At what energy does the flux become dominated by XG
sources?

e Sources. Are the sources indeed transient? If so, are the sources GRBs or other
transients?
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Fig. 3.10 GRBs and AGN are believed to be powered by black holes. The accretion of mass
onto the black hole, through an accretion disk, releases large amounts of gravitational energy. If
the black hole is rotating rapidly, another energy source becomes available: The rotational energy
may be released by slowing the black hole down through interaction with the accretion disk. The
energy released drives a jet-like relativistic outflow. The observed radiation is produced as part
of the energy carried by the jets is converted, at large distance from the central black hole, to
electromagnetic radiation

* Acceleration. Are UHECRSs accelerated, as suspected, in collisionless (relativis-
tic) shocks? A theory of such shocks based on basic principles is not yet available
(e.g. [98] and references therein).

In addition to the open questions listed above, the physics of the candidate
UHECR sources is also not well understood. As we have shown, UHECR sources
are required to produce very large power and are likely to be driving relativistic
outflows, see Eqgs.3.7 and 3.8. These requirements suggest that the sources are
powered by the accretion of mass onto black holes, as believed to be the case
for GRBs and AGN. GRBs are most likely powered by the accretion of a fraction
of a Solar mass on a ~1 s time scale onto a newly born Solar mass black hole
[70, 71, 82, 93]. Recent observations strongly suggest that the formation of the
black hole is associated with the collapse of the core of a very massive star.
AGN are believed to be powered by accretion of mass at a rate of ~1 Solar
mass per year onto massive, million to billion Solar mass, black holes residing
at the centers of distant galaxies [64]. As illustrated in Fig. 3.10, the gravitational
energy released by the accretion of mass onto the black hole is assumed in both
cases to drive a relativistic jet, which travels at nearly the speed of light and
produces the observed radiation at a large distance away from the central black
hole. The models describing the physics responsible for powering these objects,
though successful in explaining most observations, are largely phenomenological:
the mechanism by which the gravitational energy release is harnessed to drive
jets, the mechanism of jet collimation and acceleration, and the process of particle
acceleration (and radiation generation), are not understood from basic principles.
In particular, the answer to the question of whether the jet energy outflow is
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predominantly electromagnetic or kinetic, which has major implications to our
understanding of the mechanism by which the jets are formed, is not known despite
many years of photon observations.

These open questions are unlikely to be answered by UHECR observatories
alone. For example, given the uncertainties in the high energy pp cross section, it is
not clear that studying shower properties would determine the primary composition.
The composition could be constrained by an energy dependent anisotropy study
(see Sect.2.3). However, the conclusions of such an analysis would depend on
some assumptions regarding the sources [69]. In addition, UHECR observatories
are unlikely to identify the sources. Although they may provide a conclusive
evidence for the correlation between the distribution of UHECR sources and that of
matter in the local universe, and possibly discriminate between steady and transient
sources (which may require large exposure that can be provided only by space-
born detectors, see Sect.2.7), this would not determine which type of objects the
sources are. It should be emphasized that electromagnetic observations are equally
unlikely to resolve the open questions: despite many years of observations we are
still lacking direct evidence for acceleration of nuclei in any astrophysical object,
and fundamental questions related to the physics of the sources (e.g. the content of
relativistic jets) remain unanswered.

Thus, resolving the UHECR puzzles would require a “multi-messenger”
approach, combining data from UHECR, y-ray and neutrino detectors. Neutrino
astronomy is likely to play an important role in this context: detection of GZK
neutrinos (see Sect.3.2), combined with accurate measurements of the UHECR
flux and spectrum, may allow us to determine the UHECR composition (and
constrain the UHE pp and neutrino interaction cross sections); detection of
high energy neutrino emission from electromagnetically identified sources may
allow us to identify the UHECR sources; neutrino observations will provide new
constraints on the physics driving the sources, which can not be obtained using
electromagnetic observations, since they can escape from regions which are opaque
to electromagnetic radiation (see Sect. 3.3 for examples related to GRBs).

Finally, it should be realized that if the UHECR sources are steady, identifying
the sources by directly detecting their neutrino emission is highly improbable, due
to the fact that the effective area of a 1km? neutrino detector is ~ 3 x 10~*km?
at 10% TeV, ~10~7 of the area of >10!° eV CR detectors (hence, neutrinos will
not be detected unless the neutrino luminosity of the sources exceeds their UHECR
luminosity by a factor >10%). In this case, identifying the sources will require a
theoretical analysis combining electromagnetic, CR and neutrino data.

References

1. R. Abbasi, Y. Abdou, T. Abu-Zayyad, J. Adams, J.A. Aguilar, M. Ahlers, K. Andeen,
J. Auffenberg, X. Bai, M. Baker, et al., Astrophys. J. 710, 346 (2010). doi:10.1088/0004-
637X/710/1/346



3 High Energy Cosmic Ray and Neutrino Astronomy 65

2.

[S¥]

10.

11.

12.

13.

14.

15.

16.
17.

18.
19.
20.
21.

22.

R.U. Abbasi, T. Abu-Zayyad, M. Al-Seady, M. Allen, J.E. Amman, R.J. Anderson,
G. Archbold, K. Belov, J.W. Belz, D.R. Bergman, S.A. Blake, O.A. Brusova, G.W. Burt,
C. Cannon, Z. Cao, W. Deng, Y. Fedorova, C.B. Finley, R.C. Gray, W.E. Hanlon, C.M.
Hoffman, M.H. Holzscheiter, G. Hughes, P. Hiintemeyer, B.F. Jones, C.C.H. Jui, K. Kim,
M.A. Kirn, E.C. Loh, J. Liu, J.P. Lundquist, M.M. Maestas, N. Manago, L.J. Marek,
K. Martens, J.A.J. Matthews, J.N. Matthews, S.A. Moore, A. O’Neill, C.A. Painter, L. Perera,
K. Reil, R. Riehle, M. Roberts, D. Rodriguez, N. Sasaki, S.R. Schnetzer, L.M. Scott,
G. Sinnis, J.D. Smith, P. Sokolsky, C. Song, R.W. Springer, B.T. Stokes, S. Stratton,
S.B. Thomas, J.R. Thomas, G.B. Thomson, D. Tupa, A. Zech, X. Zhang, Phys. Rev. Lett.
104(16), 161101 (2010). doi:10.1103/PhysRevLett.104.161101

. R.U. Abbaisi et al. (HiRes Collaboration), Astrophys. J. 622, 910 (2005). doi:10.1086/427931
.R.U. Abbasi et al. (HiRes Collaboration), Phys. Rev. Lett. 100(10), 101101 (2008).

doi:10.1103/PhysRevLett.100.101101

. J. Abraham et al. (Pierre Auger Collaboration), Astropart. Phys. 29, 188 (2008). doi:10.1016/

j-astropartphys.2008.01.002

. J. Abraham, P. Abreu, M. Aglietta, C. Aguirre, E.J. Ahn, D. Allard, 1. Allekotte, J. Allen,

P. Allison, J. Alvarez-Muiiiz, et al., Phys. Rev. D 79(10), 102001 (2009). doi:10.1103/
PhysRevD.79.102001

. J. Abraham et al. (Pierre Auger Collaboration), arXiv:0906.2347 (2009)
. J. Abraham, P. Abreu, M. Aglietta, E.J. Ahn, D. Allard, I. Allekotte, J. Allen, J. Alvarez-

Muiiiz, M. Ambrosio, L. Anchordoqui, et al., Phys. Rev. Lett. 104(9), 091101 (2010).
doi:10.1103/PhysRevLett.104.091101

. A. Achterberg, M. Ackermann, J. Adams, J. Ahrens, K. Andeen, J. Auffenberg, X. Bai,

B. Baret, S.W. Barwick, R. Bay, et al., Phys. Rev. D 76(4), 042008 (2007). doi:10.1103/
PhysRevD.76.042008

A. Achterberg, M. Ackermann, J. Adams, J. Ahrens, K. Andeen, J. Auffenberg, J.N. Bahcall,
X. Bai, B. Baret, S.W. Barwick, et al., Astrophys. J. 674, 357 (2008). doi:10.1086/524920
A. Achterberg, M. Ackermann, J. Adams, J. Ahrens, K. Andeen, J. Auffenberg, X. Bai,
B. Baret, S.W. Barwick, R. Bay, et al., Phys. Rev. D 77(8), 089904 (2008). doi:10.1103/
PhysRevD.77.089904

P. Allison, J. Beatty, P. Chen, A. Connolly, M. Duvernois, P. Gorham, F. Halzen, K. Hanson,
K. Hoffman, A. Karle, J. Kelley, H. Landsman, J. Learned, C. Miki, R. Morse, R. Nichol,
C. Rott, L. Ruckman, D. Seckel, G. Varner, D. Williams, Nucl. Instrum. Methods Phys. Res.
A 604, 64 (2009). doi:10.1016/j.nima.2009.03.031

J. Alvarez-Muiiiz, F. Halzen, D.W. Hooper, Phys. Rev. D 62(9), 093015 (2000). doi:10.1103/
PhysRevD.62.093015

G. Amelino-Camelia, J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, S. Sarkar, Nature 393,
763 (1998). doi:10.1038/31647

L.A. Anchordoqui, J.L. Feng, H. Goldberg, Phys. Rev. Lett. 96(2), 021101 (2006).
doi: 10.1103/PhysRevLett.96.021101

L.A. Anchordoqui, T. Montaruli, Annu. Rev. Nucl. Part. Sci. 60, 129 (2010)

S. Ando, J.FE. Beacom, Phys. Rev. Lett. 95(6), 061103 (2005). doi:10.1103/PhysRevLett.
95.061103

J. Arons, Astrophys. J. 589, 871 (2003). doi: 10.1086/374776

K. Asano, S. Nagataki, Astrophys. J. 640, L9 (2006). doi:10.1086/503291

H. Athar, M. Jezabek, O. Yasuda, Phys. Rev. D 62(10), 103007 (2000). doi:10.1103/
PhysRevD.62.103007

H. Athar, C.S. Kim, J. Lee, Mod. Phys. Lett. A 21, 1049 (2006). doi:10.1142/
S021773230602038X

A.V. Avrorin, V.M. Aynutdinov, V.A. Balkanov, [.A. Belolaptikov, D.Y. Bogorodsky,
N.M. Budnev, R. Wischnewski, O.N. Gaponenko, K.V. Golubkov, O.A. Gres, T.I. Gres,
O.G. Grishin, I.A. Danilchenko, Z. Dzhilkibaev, G.V. Domogatsky, A.A. Doroshenko, A.N.
D’Yachok, V.A. Zhukov, A.M. Klabukov, A.I. Klimov, K.V. Konishchev, A.A. Kochanov,



66

23.
24.

25

26.
217.

28.

29.
30.

31.

32.
. D.J. Bird, S.C. Corbato, H.Y. Dai, B.R. Dawson, J.W. Elbert, B.L. Emerson, K.D. Green,

34.
35.
36.

37.
. S. Coleman, S.L. Glashow, Phys. Rev. D 59(11), 116008 (1999). doi:10.1103/PhysRevD.59.

38

39.

40.

41

42.

43.

44,
45.

46.

E. Waxman

A.P. Koshechkin, L.A. Kuzmichev, V.F. Kulepov, D.A. Kuleshov, E. Middell, M.B. Milenin,
R.R. Mirgazov, S.P. Mikheev, E.A. Osipova, A.l. Panfilov, L.V. Pan’kov, G.L. Pan’kov,
D.P. Petukhov, E.N. Pliskovsky, V.A. Poleshchuk, E.G. Popova, P.G. Pokhil, V.V. Prosin,
M.IL. Rozanov, V.Y. Rubtsov, O.V. Suvorova, B.A. Tarashchansky, S.V. Fialkovsky, B.A.
Shaibonov, A.A. Sheifler, A.V. Shirokov, C. Spiering, I.V. Yashin, Astron. Lett. 35, 651
(2009). doi:10.1134/S1063773709100016

W.I. Axford, Astrophys. J. Suppl. 90, 937 (1994). doi:10.1086/191928

J.N. Bahcall, Neutrino Astrophysics (Cambridge University Press, Cambridge, 1989)

. J. Bahcall, E. Waxman, Phys. Rev. D 64(2), 023002 (2001). doi:10.1103/PhysRevD.
64.023002
S.W. Barwick, J. Phys. Conf. Ser. 60, 276 (2007). doi:10.1088/1742-6596/60/1/060

S.W. Barwick, Nucl. Instrum. Methods Phys. Res. A 602, 279 (2009). doi:10.1016/j.nima.
2008.12.039

J.K. Becker, M. Stamatikos, F. Halzen, W. Rhode, Astropart. Phys. 25, 118 (2006).
doi: 10.1016/j.astropartphys.2005.12.006

V. Berezinsky, Adv. Space Res. 41, 2071 (2008). doi:10.1016/j.asr.2007.02.065

V.S. Beresinsky, G.T. Zatsepin, Phys. Lett. B 28, 423 (1969). doi:10.1016/0370-
2693(69)90341-4

K. Bernlohr, W. Hofmann, G. Leffers, V. Matheis, M. Panter, R. Zink, Astropart. Phys. 8, 253
(1998). doi:10.1016/S0927-6505(98)00002-4

P. Bhattacharjee, Phys. Rep. 327, 109 (2000). doi:10.1016/S0370-1573(99)00101-5

M.A. Huang, D.B. Kieda, M. Luo, S. Ko, C.G. Larsen, E.C. Loh, M.H. Salamon, J.D.
Smith, P. Sokolsky, P. Sommers, J.K.K. Tang, S.B. Thomas, Astrophys. J. 424, 491 (1994).
doi: 10.1086/173906

R. Blandford, D. Eichler, Phys. Rep. 154, 1 (1987). doi:10.1016/0370-1573(87)90134-7

J. Bluemer, for the Pierre Auger Collaboration, arXiv:0807.4871 (2008)

T.H. Burnett, S. Dake, J.H. Derrickson, W.F. Fountain, M. Fuki, J.C. Gregory, T. Hayashi,
R. Holynski, J. Iwai, W.V. Jones, A. Jurak, J.J. Lord, O. Miyamura, H. Oda, T. Ogata,
T.A. Parnell, EE. Roberts, S. Strausz, T. Tabuki, Y. Takahashi, T. Tominaga, J.W. Watts,
J.P. Wefel, B. Wilczynska, H. Wilczynski, R.J. Wilkes, W. Wolter, B. Wosiek, The JACEE
collaboration. Astrophys. J. 1349, L.25 (1990). doi:10.1086/185642

Y. Butt, Nature 460, 701 (2009). doi:10.1038/nature08127

116008

A. Cuoco, S. Hannestad, T. Haugbglle, M. Kachelrie3, P.D. Serpico, Astrophys. J. 702, 825
(2009). doi:10.1088/0004-637X/702/2/825

Z.G. Dai, T. Lu, Astrophys. J. 551, 249 (2001). doi:10.1086/320056

. B.R. Dawson, R. Meyhandan, K.M. Simpson, Astropart. Phys. 9, 331 (1998). doi:10.1016/

S0927-6505(98)00031-0

C.D. Dermer, A. Atoyan, Phys. Rev. Lett. 91(7), 071102 (2003). doi:10.1103/PhysRevLett.
91.071102

R. Engel, D. Seckel, T. Stanev, Phys. Rev. D 64(9), 093010 (2001). doi:10.1103/
PhysRevD.64.093010

G.R. Farrar, A. Gruzinov, Astrophys. J. 693, 329 (2009). doi:10.1088/0004-637X/693/1/329
T.K. Gaisser, T. Stanev, S. Tilav, S.C. Corbato, H.Y. Dai, B.R. Dawson, J.W. Elbert,
B. Emerson, D.B. Kieda, M. Luo, S. Ko, C. Larsen, E.C. Loh, M.H. Salamon, J.D. Smith,
P. Sokolsky, P. Sommers, J. Tang, S.B. Thomas, D.J. Bird, Phys. Rev. D 47, 1919 (1993).
doi:10.1103/PhysRevD.47.1919

P.W. Gorham, P. Allison, S.W. Barwick, J.J. Beatty, D.Z. Besson, W.R. Binns, C. Chen,
P. Chen, J.M. Clem, A. Connolly, P.F. Dowkontt, M.A. Duvernois, R.C. Field, D. Goldstein,
A. Goodhue, C. Hast, C.L. Hebert, S. Hoover, M.H. Israel, J. Kowalski, J.G. Learned,
K.M. Liewer, J.T. Link, E. Lusczek, S. Matsuno, B.C. Mercurio, C. Miki, P. Mioc¢inovi¢,
J. Nam, C.J. Naudet, J. Ng, R.J. Nichol, K. Palladino, K. Reil, A. Romero-Wolf, M. Rosen,



3 High Energy Cosmic Ray and Neutrino Astronomy 67

47.
48.
49.

50.

51

54.
55.
56.
57.
58.
59.
60.
61.
62.

63.

64.
65.
66.
67.
68.

69.

70.

71

73.
74.

75

76.

L. Ruckman, D. Saltzberg, D. Seckel, G.S. Varner, D. Walz, Y. Wang, F. Wu, Phys. Rev. Lett.
103(5), 051103 (2009). doi:10.1103/PhysRevLett.103.051103

K. Greisen, Phys. Rev. Lett. 16, 748 (1966). doi:10.1103/PhysRevLett.16.748

D. Guetta, M. Spada, E. Waxman, Astrophys. J. 559, 101 (2001). doi:10.1086/322481

D. Guetta, J. Granot, Phys. Rev. Lett. 90(20), 201103 (2003). doi:10.1103/PhysRevLett.
90.201103

D. Guetta, D. Hooper, J. Alvarez-Muiilz, F. Halzen, E. Reuveni, Astropart. Phys. 20, 429
(2004). doi:10.1016/S0927-6505(03)00211-1

. D. Guetta, T. Piran, E. Waxman, Astrophys. J. 619, 412 (2005). doi:10.1086/423125
52.
53.

F. Halzen, D. Hooper, Rep. Prog. Phys. 65, 1025 (2002). doi:10.1088/0034-4885/65/7/201

F. Halzen, D. Hooper, J. Cosmol. Astropart. Phys. 1, 2 (2004). doi:10.1088/1475-7516/2004/
01/002

D. Harari, S. Mollerach, E. Roulet, Mon. Not. R. Astron. Soc. 394, 916 (2009). doi:10.1111/
j-1365-2966.2008.14327.x

AM. Hillas, Ann. Rev. Astron. Astrophys. 22, 425 (1984). doi:10.1146/annurev.aa.22.
090184.002233

K.D. Hoffman, New J. Phys. 11(5), 055006 (2009). doi:10.1088/1367-2630/11/5/055006

U. Jacob, T. Piran, Nat. Phys. 3, 87 (2007). doi:10.1038/nphys506

T. Kashti, E. Waxman, Phys. Rev. Lett. 95(18), 181101 (2005). doi:10.1103/PhysRevLett.95.
181101

T. Kashti, E. Waxman, J. Cosmol. Astropart. Phys. 5, 6 (2008). doi:10.1088/1475-7516/
2008/05/006

B. Katz, R. Budnik, E. Waxman, J. Cosmol. Astropart. Phys. 3, 20 (2009). doi:10.1088/1475-
7516/2009/03/020

H.B.J. Koers, P. Tinyakov, J. Cosmol. Astropart. Phys. 4, 3 (2009). doi:10.1088/1475-7516/
2009/04/003

K. Kotera, M. Lemoine, Phys. Rev. D 77(12), 123003 (2008). doi:10.1103/PhysRevD.
77.123003

I. Kravchenko, C. Cooley, S. Hussain, D. Seckel, P. Wahrlich, J. Adams, S. Churchwell,
P. Harris, S. Seunarine, A. Bean, D. Besson, S. Graham, S. Holt, D. Marfatia, D. McKay,
J. Meyers, J. Ralston, R. Schiel, H. Swift, J. Ledford, K. Ratzlaff, Phys. Rev. D 73(8), 082002
(2006). doi:10.1103/PhysRevD.73.082002

J.H. Krolik, Active Galactic Nuclei: From the Central Black Hole to the Galactic Environment
(Princeton University Press, Princeton, 1998)

A. Kusenko, T.J. Weiler, Phys. Rev. Lett. 88(16), 161101 (2002). doi:10.1103/PhysRevLett.
88.161101

H. Landsman, L. Ruckman, G.S. Varner, in International Cosmic Ray Conference, vol. 4,
ed. by R. Caballero et al. (Universidad Nacional Autnoma de Mexico, Mexico, 2008),
pp. 827-830

T. Le, C.D. Dermer, Astrophys. J. 661, 394 (2007). doi:10.1086/513460

J.G. Learned, S. Pakvasa, Astropart. Phys. 3,267 (1995). doi:10.1016/0927-6505(94)00043-3
M. Lemoine, E. Waxman, J. Cosmol. Astropart. P. 11, 9 (2009). doi:10.1088/1475-7516/
2009/11/009

P. Mészaros, Ann. Rev. Astron. Astrophys. 40, 137 (2002). doi:10.1146/annurev.astro.
40.060401.093821

. P. Mészdros, Rep. Prog. Phys. 69, 2259 (2006). doi:10.1088/0034-4885/69/8/R01
72.

P. Mészaros, E. Waxman, Phys. Rev. Lett. 87(17), 171102 (2001). doi:10.1103/PhysRevLett.
87.171102

M. Milgrom, V. Usov, Astrophys. J 449, L374 (1995). doi:10.1086/309633

K. Murase, Phys. Rev. D 76(12), 123001 (2007). doi:10.1103/PhysRevD.76.123001

. K. Murase, J.F. Beacom, Phys. Rev. D 81(12), 123001 (2010). doi:10.1103/PhysRevD.

81.123001
K. Murase, S. Nagataki, Phys. Rev. D 73(6), 063002 (2006). doi:10.1103/PhysRevD.
73.063002



68

77

78.

79.
80.

81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
100.
101.
102.
103.
104.
10s.

106.

107
108
109

E. Waxman

. K. Murase, K. Ioka, S. Nagataki, T. Nakamura, Phys. Rev. D 78(2), 023005 (2008).
doi:10.1103/PhysRevD.78.023005

K. Murase, S. Nagataki, Phys. Rev. Lett. 97(5), 051101 (2006). doi:10.1103/PhysRevLett.
97.051101

M. Nagano, A.A. Watson, Rev. Mod. Phys. 72, 689 (2000). doi:10.1103/RevModPhys.72.689
A. Pe’Er, K. Murase, P. Mészaros, Phys. Rev. D 80(12), 123018 (2009). doi:10.1103/
PhysRevD.80.123018

A. Petrolini, Nucl. Instrum. Methods Phys. Res. A 588, 201 (2008). doi:10.1016/j.nima.
2008.01.040

T. Piran, Rev. Mod. Phys. 76, 1143 (2004). doi:10.1103/RevModPhys.76.1143

J.P. Rachen, PL. Biermann, Astron. Astrophys. 272, 161 (1993)

S. Razzaque, P. Mészdros, E. Waxman, Phys. Rev. Lett. 90(24), 241103 (2003). doi:10.1103/
PhysRevLett.90.241103

S. Razzaque, P. Mészaros, E. Waxman, Phys. Rev. D 69(2), 023001 (2004). doi:10.1103/
PhysRevD.69.023001

J.P. Rachen, P. Mészdros, Phys. Rev. D 58(12), 123005 (1998). doi:10.1103/PhysRevD.
58.123005

Y. Takahashi, the JEM-EUSO Collaboration, New J. Phys. 11(6), 065009 (2009).
doi:10.1088/1367-2630/11/6/065009

H. Takami, T. Nishimichi, K. Yahata, K. Sato, J. Cosmol. Astropart. Phys. 6, 31 (2009).
doi:10.1088/1475-7516/2009/06/031

R. Ulrich, R. Engel, S. Miiller, F. Schiissler, M. Unger, Nucl. Phys. B Proc. Suppl. 196, 335
(2009). doi:10.1016/j.nuclphysbps.2009.09.064

M. Vietri, Astrophys. J. 453, 883 (1995). doi:10.1086/176448

M. Vietri, Phys. Rev. Lett. 80, 3690 (1998). doi:10.1103/PhysRevLett.80.3690

D. Wanderman, T. Piran, Mon. Not. R. Astron. Soc. 406, 1944 (2010). doi:10.1111/j.1365-
2966.2010.16787.x

E. Waxman, in Supernovae and Gamma-Ray Bursters, ed. by K. Weiler. Lecture Notes in
Physics, vol. 598 (Springer, Berlin, 2003), pp. 393418

E. Waxman, Nucl. Phys. B Proc. Suppl. 118, 353 (2003)

E. Waxman, Astrophys. J. 606, 988 (2004). doi:10.1086/383116

E. Waxman, ArXiv:1010.5007 (2010)

E. Waxman, J. Miralda-Escude, Astrophys. J. 472, L89+ (1996). doi:10.1086/310367

E. Waxman, Plasma Phys. Contr. F. 48, B137 (2006). doi:10.1088/0741-3335/48/12B/S14

E. Waxman, Phys. Scripta Vol T 121, 147 (2005). doi:10.1088/0031-8949/2005/T121/022

E. Waxman, Phys. Rev. Lett. 75, 386 (1995). doi:10.1103/PhysRevLett.75.386

E. Waxman, J. Bahcall, Phys. Rev. Lett. 78, 2292 (1997). doi:10.1103/PhysRevLett.78.2292
E. Waxman, J. Bahcall, Phys. Rev. D 59(2), 023002 (1999). doi:10.1103/PhysRevD.
59.023002

E. Waxman, J.N. Bahcall, Astrophys. J. 541, 707 (2000). doi:10.1086/309462

E. Waxman, K.B. Fisher, T. Piran, Astrophys. J. 483, 1 (1997). doi:10.1086/304205

E. Waxman, A. Loeb, J. Cosmol. Astropart. P. 8, 26 (2009). doi:10.1088/1475-7516/2009/
08/026

S.D. Wick, C.D. Dermer, A. Atoyan, Nucl. Phys. B Proc. Suppl. 134, 81 (2004). doi:10.1016/
j-nuclphysbps.2004.08.013

. G. Wilk, Z. Wlodarczyk, ArXiv e-prints (2010)

. W. Winter, Phys. Rev. D 74(3), 033015 (2006). doi:10.1103/PhysRevD.74.033015

. G.T. Zatsepin, V.A. Kuz’min, Sov. J. Exp. Theor. Phy. Lett. 4, 78 (1966)



Chapter 4
Interdisciplinary Aspects of High-Energy
Astrophysics

Giinter Sigl

Abstract Modern astrophysics, especially at GeV energy scales and above is a
typical example where several disciplines meet: the location and distribution of
the sources is the domain of astronomy. At distances corresponding to significant
redshift cosmological aspects such as the expansion history come into play. Finally,
the emission mechanisms and subsequent propagation of produced high energy
particles is at least partly the domain of particle physics, in particular if new
phenomena beyond the Standard Model are probed that require baselines and/or
energies unattained in the laboratory. In this contribution we focus on three
examples: highest energy cosmic rays, tests of the Lorentz symmetry and the search
for new light photon-like states in the spectra of active galaxies.

Keywords Acceleration of particles ¢ Astroparticle physics ¢ Cosmic rays
* Relativistic processes * Elementary particles

1 Introduction

High energy astrophysics is nowadays a very interdisciplinary research field which
either uses input from or provides new output to other fields including astronomy,
cosmology, particle physics and even philosophy and (astro)biology. Examples of
where this becomes especially obvious include the use of active galactic nuclei to
probe the formation of structure at very high redshift of order ten, high energy
cosmic rays as probes for the annihilation or decay of dark matter and the use
of “standard candles” (see Chap.2) such as exploding white dwarfs and (more
recently) gamma-ray bursts to probe the expansion history of the Universe.
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A particular problem that sometimes occurs at these intersections arises from
the different languages spoken by the different communities. In general, however,
a lot of progress has been made in that respect. This is the case in particular
in astroparticle physics, a still young but meanwhile well established research
discipline in its own right. This can be seen not least from the fact that funding
agencies in most countries have developed programs and instruments aiming
specifically at this field.

The present paper can naturally cover at most a tiny fraction of interesting
examples for such interfaces between neighboring research fields. We specifically
focus on three topics at the interface between astronomy, high energy astrophysics
and particle physics: first, ultra-high energy cosmic rays, traditionally understood
as particles with energies above 10'8 eV, have been observed with energies up to a
few times 10?° eV, which is a macroscopic energy of about 50 J, presumably of just
one elementary particle. Therefore, very likely, the sources of these ultra-energetic
particles have to be exceptionally powerful and visible in other wavelengths and
channels. The search of these sources has thus a strong relation to astronomy.

Second, the macroscopic energies of these particles make them natural test
beams for particle physics at energies that cannot be achieved in the laboratory in
the foreseeable future. In particular, tiny violations of fundamental symmetries of
Nature, such as the Lorentz symmetry, may become magnified at large energies. We
are still lacking a description of gravity that is consistent with quantum mechanics
and the way gravity unifies with the electromagnetic, weak and strong interactions
may only manifest itself at energies approaching the Planck scale. In this case,
high energy astrophysics may be an indispensable tool for the phenomenology of
quantum gravity.

Finally, at the opposite, low energy end, new physics may also exist in the
form of very light particles that may morph into photons and vice versa. The
strongest constraints on such possibilities that are often motivated by models of
fundamental physics such as string theory and loop quantum gravity often come
from astrophysical and cosmological observations which offer the largest baselines
and the highest energies.

2 Astronomy with the Highest Energy Particles of Nature?

The research field of ultra-high energy cosmic rays started in 1938 when Pierre
Auger proved the existence of extensive air showers (EAS) caused by primary
particles with energies above 103 eV by simultaneously observing the arrival of
secondary particles in Geiger counters many meters apart [21]. Since that time,
ultra-high energy cosmic rays (UHECRs) have challenged the imagination of physi-
cists and astrophysicists alike. The first cosmic ray with energy above 10%° eV was
discovered by John Lindsley in 1963 at the Volcano Ranch Observatory [57]. The
record holder is probably still the famous “Fly’s Eye event” of ~3 x 10?% eV [22]
and quickly, scientists were looking for astronomical sources [32]. Around the same
time, the Akeno Giant Air Shower Array (AGASA) caused excitement because it
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observed an UHECR spectrum continuing seemingly as a power law around 10?° eV
[46]. This was contrary to expectations because the famous Greisen-Zatsepin-
Kuzmin (GZK) effect [44] predicts that nucleons loose their energy within about
20 Mpc above a threshold of ~6 x 10'° eV [81] due to pion production on the cosmic
microwave background which is a relic of the early Universe. As long as we do
not live in a strong over-density of UHECR sources, this would predict a strong
suppression of the UHECR flux above that threshold, often somewhat misleadingly
called the “GZK cutoff”. Meanwhile, a flux suppression consistent with the GZK
effect has been observed by the more recent High Resolution Fly’s Eye [2] and
Pierre Auger [6] instruments and it is likely that the AGASA spectrum was due to
an overestimate of the UHECR energies.

These more recent, higher statistics data, however, raised other, no less inter-
esting questions: For the first time, the Pierre Auger Observatory which observes
the Southern hemisphere from Argentina has accumulated enough statistics at the
highest energies to see signs of anisotropy: a significant correlation with the 12th
edition of the Véron-Cetty and Véron catalog of nearby AGNs was observed for
events with energies above 56 EeV [5]. This is very suggestive because it is also the
energy scale above which the GZK effect limits the range of primary cosmic rays to
~50Mpc. This does not necessarily mean that these objects represent the sources,
but it suggests that the real UHECR sources follow an anisotropic distribution that is
similar to nearby AGNs. This may not be surprising if the sources are astrophysical
accelerators which follow the local large scale structure. Unfortunately, with
accumulation of more data, these correlations have weakened [9]. The fraction
of events above 55EeV correlating with the Véron-Cetty and Véron Catalog has
came down from 69f{§% to 38Jjg% compared to 21% expected for isotropy. If
one divides the sky distribution into a component correlating, for example, with the
2MASS redshift survey and an isotropic component, this corresponds to a relatively
large isotropic fraction of 60—70% [9]. Still, an excess of correlations is seen with
2MASS redshift survey at 95% confidence level. On the other hand, in the Northern
hemisphere, the HiRes experiment has not seen any correlations [1].

The nature and location of UHECR sources is thus still an open question in which
general theoretical considerations play a significant role. Accelerating particles of
charge eZ to an energy Enmax requires an induction & > Enax/(eZ). With Zy ~ 100Q
the vacuum impedance, this requires dissipation of a minimal power of [23, 58]

2 2
Lin =~ i—o ~10¥ 772 (1(]):;m0asv) ergs*1 . “.1)
When expressing the square of the product of the magnetic field in an accelerator
with its size in terms of a luminosity, this condition can be expressed in terms of
the Hillas-criterium [47] which states that the gyro-radius of a charged particle
at the maximal acceleration energy must fit within the accelerator. Equation 4.1
suggests that the power requirements are considerably relaxed for heavier nuclei
which is easy to understand because an estimate solely based on motion of charged
particles in magnetic fields can only depend on their rigidity E/Z. However, the
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Hillas criterion and Eq.4.1 are necessary but in general not sufficient since they
do not take into account energy loss processes within the source. Extensions of
the conditions on UHECR sources that include energy-loss processes have recently
been discussed in Ref. [71]. An interesting argument linking UHECR sources to
their luminosity at radio frequencies has been put forward by Hardcastle [45]. He
concludes that if UHECRs are predominantly protons, then very few sources should
contribute to the observed flux. These sources should be easy to identify in the
radio and their UHECR spectrum should cut off steeply at the observed highest
energies. In contrast, if the composition is heavy at the highest energies then many
radio galaxies could contribute to the UHECR flux but due to the much stronger
deflection only the nearby radio galaxy Centaurus A may be identifiable.

In fact, the Pierre Auger data reveal a clustering of super-GZK events towards
the direction of Centaurus A (NGC 5128) [9, 65], whereas other directions on
the sky with an overdensity of potential UHECR accelerators such as the Virgo
cluster containing the prominent radio galaxy M87 show an apparent deficit in
such events [42]. This is somewhat surprising since, although Cen A is the closest
radio galaxy and the third-strongest radio source in the sky, it is a relatively weak
elliptical radio galaxy (see, e.g., [72]), making it difficult to reach the required
UHECR energies. However, one should note that the UHECR events observed
towards Cen A could at least partly originate from sources within the Centaurus
galaxy cluster which is located just behind Cen A and is itself part of the Hydra-
Centaurus supercluster. In any case, due to its closeness, Cen A has been observed
in many channels. For example, its lobes have been detected in 200 MeV gamma-
rays by Fermi LAT [36], and its core was observed by Fermi LAT [35]. These
observations and its potential role as a major local UHECR accelerator has lead
to many multi-messenger model building efforts for Cen A [52,72]. As an example,
in Ref. [52] it was pointed out that proton acceleration in the jet of Cen A is hard to
reconcile with Cen A observations in TeV gamma-rays by HESS [11] if gamma-
rays are produced by proton-proton interactions. Instead, p—7 interactions in the
core are consistent with these observations.

We note in passing that another potential UHECR source are gamma-ray bursts
(GRBs) (see, e.g., [30]). Although GRBs individually have more than adequate
power to achieve the required maximal acceleration energies, they may be disfa-
vored in terms of local power density compared to an UHECR origin in AGNs and
radio galaxies.

Another interesting new question concerns the chemical composition of highest
energy cosmic rays: the depth in the atmosphere where particle density in the
giant air showers observed by the Pierre Auger Observatory is maximal, and in
particular the fluctuations of the depth of shower maximum from event to event,
when compared with air shower simulations, point towards a heavy composition for
energies 10%eV < E < 4 x 10'%eV. At higher energies statistics is insufficient to
determine the variance of the depth of shower maximum [8]. On the other hand,
HiRes observations are consistent with a light composition above ~1.6 x 10'8eV
and up to ~5 x 10! eV above which statistics is insufficient to determine composi-
tion [3]. This could indicate that statistics is still too limited to draw firm conclusions
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or that the Northern and Southern hemispheres are significantly different in terms
of UHECR composition. In addition, there are significant uncertainties in hadronic
cross sections, multiplicities and inelasticities that can influence predicted air
shower shapes and none of the existing hadronic interaction models consistently
describes the shower depth and muon data of the Pierre Auger experiment [84, 85].
Note that the center of mass energy for a UHECR interacting in the atmosphere
reaches a PeV = 10'° eV, which is still a factor of a few hundred higher than the
highest energies reached in the laboratory, at the Large Hadron Collider (LHC) at
CERN. It is therefore not excluded that the true chemical composition is light on
both hemispheres and the UHECR data teaches us something fundamental about
hadronic interactions at energies unattainable in the laboratory.

The question of chemical composition is linked to other observables such as the
UHECR spectrum. Unfortunately, the current statistics is still insufficient to gain
significant information on the chemical composition from the observed spectrum.
The flux suppression observed above ~4 x 10 eV is qualitatively consistent
with either proton or nuclei heavier than carbon up to iron nuclei [16, 18, 19].
In the latter case, the main energy loss process responsible for the “cut-off” is
photo-disintegration on the CMB and infrared backgrounds. It should be noted,
however, that the observed flux suppression could also be due to the intrinsic
maximal acceleration energies attained in the sources, although it would possibly
be somewhat of a coincidence that this energy should be close to the GZK energy.

The UHECR chemical composition can in principle also be tested independently
with the flux of secondary cosmogenic neutrinos [12,15,18,55] and photons [40,49]:
These secondaries are essentially produced by pion production on the constituent
nucleons of a nucleus with a given atomic number A. Therefore, if the maximal
acceleration energy Epay is not much larger than 10%! eV then for mass numbers A
approaching iron group nuclei, the energy of the constituent nucleons will be below
the GZK threshold for pion production on the CMB and secondary gamma-ray and
neutrino production can only occur by interactions with the infrared background,
with a rate suppressed by the relative target photon number density which is a
factor of a few hundred. As a result, the cosmogenic neutrino and photon fluxes
depend strongly on injection spectrum, maximal acceleration energy and chemical
composition, but it may not always be easy to break the resulting degeneracies.

Finally, the question of chemical composition of UHECRs is strongly linked
with the question of deflection angles in cosmic magnetic fields. In a field with
rms strength B and coherence length /. the rms deflection angle of a cosmic ray of
energy E and charge Ze traveling a distance d is given by Waxman and Miralda-
Escude [86]

(2d1./9)'/?

Tg

-1 1/2 1/2
~08°z( L d e L, 4.2)
1020eV 10Mpc 1 Mpc 10-°G

0(E,d) ~
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where r;, = E /(ZeB) is the Larmor radius. For an order of magnitude estimate for
the deflection angles in the Galactic magnetic field we use /. ~ 100 pc, d ~ 10kpc,
B ~ 3uG which gives 8(E) ~ 1°Z(10*°eV/E). Thus, protons around the GZK
cut-off, E ~ 60 EeV, will be deflected by a few degrees or less, whereas iron nuclei
can be deflected by several dozens of degrees. This immediately raises the issue
that the Galactic magnetic fields are likely to destroy any possible correlation with
the local large scale structure in case of a heavy composition. Detailed numerical
simulations demonstrate that the relatively large deflections of a heavy composition
can considerably distort the images of individual sources and even of the local large
scale structure as a whole [41].

Large scale extra-galactic magnetic fields (EGMF) are much less well known
than Galactic magnetic fields [56]. One reason is that one of the major detection
methods for the EGMF, the Faraday rotation of the polarization of radio emission
from a distant source which is a measure of the line of sight integral of the plasma
density times the parallel magnetic field component, is only sensitive to fields at
a given location stronger than ~0.1 uG. Fields below that strength require much
higher statistics data than currently available, but still have a strong effect on
UHECR deflection, as obvious from Eq. 4.2. As a statistical average over the sky, an
all pervading EGMF is constrained to be <3 x 107 (I./Mpc)'/2G [24]. Assuming
an EGMF whose flux is frozen and follows the large scale structure gives the more
stringent limit B < 10~ — 1078 G, but the fields in the sheets and filaments can in
this case be up to a micro Gauss. This is also the scale which is routinely observed
in galaxy clusters which are the largest virialized structures in the Universe. Beyond
galaxy cluster scales at best only hints exist on the EGMF properties, for example in
the Hercules and Perseus-Pisces superclusters [88]. It is expected, however, that
in the future large scale radio telescopes such as Lofar and SKA will improve
observational information on the EGMF in the large scale structure dramatically.
We note in this context that the EGMF in the voids is expected to be very weak and
uncontaminated by astrophysical processes. This makes voids excellent probes of
relic seed magnetic fields from the early Universe [43]. It is exciting that the non-
observation at GeV energies by Fermi of certain distant blazars that were seen at
TeV energies by HESS suggests a lower limit E > 3 x 107'°G on the EGMF in
the voids [66]. This is because the TeV gamma-rays seen by HESS would initiate
electromagnetic cascades that should be detectable by Fermi unless an EGMF of
that strength deflects these cascades into a diffuse halo around the source whose
flux is then below the Fermi sensitivity. However, void fields at that level are not
relevant for UHECR propagation.

As long as better observational information on the EGMF is not available, one
way of proceeding is to build models of the EGMF using large scale structure
simulations. Two major techniques for doing this are a magnetohydrodynamic
version of a constrained smooth particle hydrodynamics code [31] and Eulerian
grid-based hydro+n-body codes [78]. The magnetic fields are followed passively
and are seeded either uniformly or around cosmic shocks through the Biermann
battery mechanism. The normalisation is then constrained by the largest fields
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Fig. 4.1 A cross section through a typical large scale structure simulation such as the ones
discussed in Ref. [61, 74] on a scale of 70 Mpc in both directions. Ten sources marked with
diamonds in the environment of a massive galaxy cluster. The black cross indicates the observer.
The color contours represent the magnetic field strength in units of Gauss, as indicated

observed in galaxy clusters. Alternatively, it has been assumed that the EGMF
follows the local vorticity and turbulent energy density of the matter [27]. These
numerical approaches agree on the fact that these fields tend to follow the large
scale galaxy structure, i.e. the fields tend to be strongest around the largest matter
concentrations. A cross section through one of these simulations [61, 74] is shown
in Fig. 4.1. However, they disagree on certain aspects that are relevant for UHECR
deflection, most notably the filling factor distributions, i.e. the fraction of space
filled with EGMF above a certain strength, as a function of that strength [79]. While
this causes considerable differences in the size of the deflection angles predicted
between the source and the observed events, the deflections tend to be along and
within the cosmic large scale structure of the galaxy distribution. This can be seen in
Fig. 4.2 where the upper panel shows how the arrival directions relate to the source
positions on the sky and the lower panel shows the distribution of the deflection
angles between these two directions. In this scenario the deflected UHECR arrival
directions tend to follow arc-like structures that result from deflections within the
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Fig. 4.2 Upper panel: Simulated arrival directions of UHECR above 10?° eV in a scenario where
the sources shown in Fig. 4.1 inject a pure iron composition with an E~2? spectrum and equal
luminosity up to 1022 eV. The density of discrete sources in this simulation is ~2.4x10~¢ Mpc 3
and the maximal distance the primary cosmic rays were allowed to propagate is 3,000 Mpc. The
arrows point from the source to the detected event. Lower panel: Distribution of deflection angles
between arrival direction and source position. The average deflection angle is ~21° with a scatter
of ~26°

large scale cosmic filaments. In other words, as long as the sources are not very
nearby, the EGMF is unlikely to deflect UHECRs out of the large scale structure
since the fields in the voids are very small. This means that the overall UHECR
arrival direction distribution arriving outside the Galaxy is likely to still correlate
with the local large scale structure even in the scenarios with large EGMF, heavy



4 Interdisciplinary Aspects of High-Energy Astrophysics 77

nuclei and large deflection angles, although the events do in general not point back
to the sources. On the other hand, since deflections in the Galactic field are unlikely
to correlate with extragalactic deflections, large deflections of heavy nuclei in the
Galactic field are expected to have a much stronger influence on correlations with
the local large scale structure.

3 Testing Fundamental Symmetries: Lorentz-Invariance
and Cosmic Gamma-Rays

Both loop quantum gravity and string theory often break the Lorentz symmetry or
realize it in ways different from special relativity. Typically, such effects manifest
themselves through new terms in the dispersion relation, the relation between energy
E and momentum p of a particle of mass m, that are suppressed by some power n of
the Planck mass Mpj,

E? = m?+p? [Hn(MLm” : (4.3)

where 1) is a dimensionless number (we use natural units in which the vacuum speed
of light ¢g = 1). Such terms can modify both the free propagation of particles and
their interactions.

The propagation velocity now depends on energy in a different way than in case
of Lorentz invariance. In fact, in the relativistic limit keeping only terms to first
order in m? and 1, the group velocity for Eq. 4.3 is

OE m? EN  m?
_5_1ﬁ+5(n+1)<M—m>_1ﬁ+5(E), (4.4)

v
where 8(E) = n(n+ 1)(E/Mp)"/2 is the deviation from the Lorentz-invariant
velocity. For photons, m = 0, this can lead to arrival time-delays between photons
of different energies emitted by GRBs or by flares of active galactic nuclei. Such
time delays have indeed been observed from space by Fermi LAT and Fermi GBM
in the 10-100GeV region [4] and from the ground, for example, by the MAGIC
telescope above 150 GeV [13]. They have been used to establish upper limits on the
Lorentz invariance violating (LIV) terms. For n = 1 these are typically of order one,
< 141

Furthermore, the kinematics of interactions can be modified which typically
happens when the LIV terms become comparable to the particle rest mass, E 2
Ey = (szgf 2)1/ ". As a result, the larger the particle mass the higher the energy
at which LIV effects come into play. Therefore, TeV electrons and positrons, but
not protons, can be used to constrain n = 1 LIV effects (see, e.g., [59]), and
UHE protons are required to obtain constraints on hadronic LIV terms with n = 2
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scaling. A particularly interesting case is the superluminal motion which occurs
for §(E) > m?/(2E?) or E > m/(28)'/?, where for the general case §(E) is the
difference of the LIV term for the particle and the photon: At such energies a
charged particle would emit vacuum Cherenkov radiation, similar to the motion
of an ultra-relativistic charge in a medium with index of refraction larger than
one. The resulting rapid energy loss would imply that particles cannot reach such
energies in astrophysical environments. Their observation in turn allows to rule out
the corresponding LIV parameters.

The arguments above make it clear that LIV effects with n > 1 increase with
energy. The highest energies in Nature are observed in high energy astrophysics, in
particular TeV gamma-ray astrophysics and UHE cosmic rays and neutrinos. There
is thus a new field emerging at the interface of quantum gravity phenomenology,
string theory and astrophysics. In fact, many of the LIV terms of the form of
Eq.4.3 have already been strongly constrained (for reviews see, e.g., [17]). We
mention in particular constraints based on the flux suppression feature observed in
UHECRSs that is consistent with the GZK effect: A tiny Lorentz invariance violation
with 8z(Ex) — 8,(E,) = 5 x 1072 would lead to a significant shift of the GZK
feature and would thus be ruled out (for a review see, e.g., [82]). In terms of
n, for n = 2, LIV effects should thus be suppressed by a factor >10°. LIV can
also lead to spontaneous decay, vacuum Cherenkov-radiation and modified photo-
disintegration reactions of very high energy nuclei, thereby influencing UHECR
chemical composition. This makes future UHECR composition measurements also
relevant for testing Lorentz invariance violation [76].

In the following we will focus on photons for which the most important
interaction in an astrophysical and cosmological context is pair production on low
energy target photons (for a review see, e.g., [77]). The highest energy photons
we know should be produced are the ones resulting from the decay of 7° mesons
produced by the GZK effect. A certain fraction of the UHECR flux should thus
be photons. Due to pair production on the CMB and infrared backgrounds and
subsequent inverse Compton scattering of the produced electrons and positrons
an electromagnetic cascade develops which quickly shifts the electromagnetic flux
below the pair production threshold on the CMB, ~10'3 eV. As a result, the expected
photon fraction of the UHECR flux is rather small, less than 10% around 1020 eV
and less than 1% around 10'° eV (see, e.g., [40]). In fact, only experimental upper
limits are currently available consistent with the experimental sensitivity [7].

However, a tiny Lorentz symmetry violation can inhibit pair production such that
the predicted UHE photon fraction would be much larger, of the order of 20% for
10"”eV < E < 10%° eV, because any photon produced by pion production, even at
cosmological distances, would only be subject to redshift and thus contribute to the
local UHE photon flux. This contradicts the observational upper limits and can thus
be used to constrain the LIV parameters in the electromagnetic sector. The resulting
constraints are very strong, in fact much stronger than the ones obtained from arrival
time dispersion of gamma-rays from GRBs [4]: Typically, for LIV terms suppressed
to first order in the Planck scale, n =1, values |n| > 10~ % are ruled out, whereas for
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second order suppression, n = 2, values || 2> 10~° tend to be constrained [38, 39].
Since such dimensionless coefficients would be expected to be of order one if they
are not forbidden by some symmetry, this suggests that LIV is most likely absent
altogether at first and second order suppression with the Planck scale.

4 Searching for New Light States in Electromagnetic Emission
of Astrophysical Sources

Many extensions of the Standard Model of particle physics, in particular scenarios
based on supergravity or superstrings, predict a “hidden sector” of new particles
interacting only very weakly with Standard Model particles. Such scenarios do not
necessarily only contain Weakly Interacting Massive Particles (WIMPs), new heavy
states at the TeV scale and above, some of which are candidates for the dark matter,
but often also predict Weakly Interacting Sub-eV Particles (WISPs) that can couple
to the photon field A, (for a recentreview see, [51]). The most well-known examples
include pseudo-scalar axions and axion-like particles a and hidden photons that mix
kinetically with photons.
Axion-Like Particles (ALPs) are described by a Lagrangian of the form

1 - 1, 2 1 1 2
jay:maF“vFﬂerzm 0" =5 faaE B+ - m 4.5)

with Fyy = dyAy — dyA, the electromagnetic field tensor, F*V its dual, E and B
the electric and magnetic field strengths, respectively, f, a Peccei-Quinn like energy
scale and m,, the axion mass. In addition, ALPs in general have similar couplings to
gluons giving rise to mixing between axions and neutral pions 7°. The actual axion
was proposed to solve the strong CP-problem, a problem of phase cancellation in
quantum chromodynamics, and exhibits a specific relation between coupling and
mass, m, ~ 0.6 (10'°GeV/f,) meV [67].

A hidden photon field X,, describes a hidden U(1) symmetry group and mixes
with the photon through a Lagrangian of the form

1 1 sin cos?

Ly = =R — X XHY X PR

m XuX* + jemAy
(4.6)

where X,y is the hidden photon field strength tensor, m,, the hidden photon mass
and y a dimensionless mixing parameter and jt, is the electromagnetic current.
Typical values for the mixing parameter range from ~10~2 down to 10~ 1°,

These couplings to photons can induce many interesting effects that are relevant
for astronomy and astrophysics: in the presence of electromagnetic fields, in
particular of magnetic fields, photons can oscillate into axions and vice-versa, an
effect known as Primakoff-effect [70]. In fact, for a while this possibility was
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even entertained as a possible explanation of the disturbing observation that the
explosions of white dwarfs (Supernovae of type Ia — see Chap. 2) which can serve as
“standard candles” because of their roughly constant explosion energy are dimmer
than expected in a decelerating Universe that would otherwise lead to the conclusion
that the expansion of the Universe must accelerate [68, 73]. Although meanwhile
this possibility is basically excluded because it predicts other signatures, notably
distortions of the CMB, which have not been observed [62], photon-ALPs mixing
can still play a role at higher energies.

Photons can also oscillate into hidden photons even in vacuum. These oscillations
can be modified in the presence of a plasma which gives the photons an effective
mass whereas the WISP mass is essentially unchanged. This can give rise to matter
oscillations reminiscent of the MikheyevSmirnovWolfenstein effect for neutrino
oscillations [60, 87]. In particular, even if the mixing in vacuum is very small, one
can have resonant conversions of photons into WISPs within a plasma. Such photon
conversions in vacuum and in matter can have effects both within astrophysical
sources and during propagation of photons from the source to the observer.

The coupling of WISPs to photons and (in case of axions) also to fermions can
have an influence on the evolution and structure of astrophysical objects. Due to
their weak coupling to ordinary matter, once produced, these hidden sector particles
can leave most objects without significant reabsorption, providing an efficient
cooling mechanism. This has lead, for example, to strong limits on axion masses
and couplings from the requirement that core-collapse supernovae should not cool
much faster than predicted if their cooling is dominated by neutrino emission, in
order to be consistent with the few neutrinos observed from the cooling phase of
SN1987A (see, e.g., [53]).

Even if the physics of the astronomical objects is not significantly modified,
the photon rates and spectra observable at Earth can be influenced either within
the source or during propagation to the observer. A sensitive probe of photon-
WISP oscillations requires as detailed an understanding of the emission process
as possible. In this context, one of the best understood radiation sources in the
Universe is the cosmic microwave background (CMB). Its spectrum deviates from
a perfect blackbody by less than ~10~4, distortions that have been measured by the
COBE-FIRAS experiment [37], and whose deviations from isotropy are of the order
of 107> and have themselves been measured at the percent level by WMAP [54].
This radiation essentially comes from the surface of last scattering, at a distance of
a Hubble radius today, and any photon-WISP mixing at a level of ~10~* would
induce a spectral distortion or an anisotropy in conflict with the observations. This
has lead to some of the strongest limits on the parameters of Eqgs. 4.5 and 4.6: For
107%eV < m, < 107*eV one has £, > 10" (Byys/nG) 10'° GeV which strengthens
to f, = 10'2(Byys /nG) 10! GeV for 10~ 4eV < m, < 107! eV [63]. Since photon-
ALP mixing requires the presence of a magnetic field, the absence of significant
effects on the CMB imposes an upper limit on the combination Byms/fs, with
Bims the rms large scale extra-galactic magnetic field. Furthermore, requiring the
distortions of the CMB induced by photon-hidden photon mixing to be smaller than
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the COBE-FIRAS limit leads to a bound on the mixing angle y < 1077 — 107>
for hidden photon masses 10~1%eV < my S 10~7eV [64]. In contrast to the case
of ALPs, these constraints only depend on the vacuum mixing angle y since no
external magnetic fields are necessary for photon-hidden photon mixing.

Most other relevant astrophysical sources are non-thermal in nature and thus
much less well understood. This is the case in particular for X-ray and gamma-
ray sources. Still, if the photon spectra from these objects can be well approximated
by power laws, photon-ALPs mixing can induce steps in the spectra that may be
detectable. Depending on the strength of magnetic field within the sources, for ALP
masses m, ~ 107 eV significant effects on spectra between keV and TeV energies
can occur for f, < 1013 eV [48,50]. These effects are complementary and potentially
more sensitive compared to more direct experimental bounds the best of which come
from helioscopes: photons from the sun are converted to ALPs in the solar magnetic
field which in turn can be reconverted to photons in an artificial magnet in front
of a telescope on Earth which then detects these photons. For m, < 0.02eV the
CERN Axion Solar Telescope (CAST) experiment provided the strongest constraint,
fa > 109GeV [20].

Since photon-ALP mixing is energy dependent, ALP signatures are best revealed
when comparing luminosities at different energies. In particular, it has been pointed
out that the scatter of correlations of luminosities in different energy bands deviates
from a Gaussian if photon-ALP mixing occurs. In fact, considerable deviations
from Gaussian scatters have recently been found in the correlations between the
luminosities of AGNs in the optical/UV and X-rays [25]. If these sources are located
in galaxy clusters which are known to contain magnetic fields of micro Gauss
strength, photon-ALP mixing could explain this observation if m, < 10712eV
and f, < 10'°GeV. In this case, almost energy independent photon-ALP mixing
would occur at energies above ~2 keV, whereas the mixing would be highly energy
dependent at energies <0.5keV, thereby inducing non-Gaussian correlations.
Similar effects would occur with photon-ALP conversion in magnetic fields within
AGNSs if m, < 1077 eV and fa =3 X 108 GeV. It has been pointed out, however,
that the scatter in the correlation between optical and X-ray luminosities observed
in AGNSs can also be explained by X-ray absorption [69].

Another possible signature for photon mixing with a new light state has been dis-
cussed in the context of high energy gamma-ray observations by the ground-based
telescopes MAGIC, H.E.S.S., VERITAS and CANGAROO-III. The absorption
of such gamma-rays in the infrared background appears weaker than expected
based on models for the infrared background [10, 83], although this is currently
inconclusive [14, 26]. If gamma-ray absorption is indeed weaker than computed
for the real infrared background, this could be explained if part of the gamma-
rays are converted into ALPs around the source which in turn are reconverted into
gamma-rays in the Galactic magnetic field [80]. This works for ALP parameters
1079V < m, < 107%eV and f, ~ 10°GeV Alternatively, conversion and re-
conversion could be induced by the EGMF if m, < 107'%eV and 5 x 10'°GeV <

~

fa <108 GeV [28,29]. A recent detailed study on these effects has been performed
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in Ref. [75]. We note, however, that an apparently reduced absorption of y—rays
from high redshift sources can also be explained if these y—rays are produced near
Earth by primary TeV-PeV cosmic rays from the same source which interact much
less frequently with the low energy target photons than TeV y—rays [33]. This is
possible provided that cosmic ray deflection is sufficiently small, corresponding to
large scale EGMFs of strength B < 3 x 10714 G [34].

5 Conclusions

In this contribution we have discussed three examples in which astronomy plays
an interdisciplinary role at the intersection with the neighboring scientific fields
of cosmology and particle physics: The nature and origin of the highest energy
particles observed in Nature, tests of the Lorentz symmetry which is one of the
pillars of modern science tiny breakings of which may yield fundamental insights
into Nature and may lead to observable effects at the highest energies, and, at the
opposite end of the energy scale, the mixing of photons with new light states such
as axion-like particles or hidden photons. While this list is certainly not exhausting
and does not include other important topics such as the search for dark matter, it
hopefully gives an idea about the role of interdisciplinarity in astronomy. With the
first results coming in from the Large Hadron Collider, the most powerful existing
particle physics experiment in terms of energy and luminosity, new levels of cross-
fertilization between astronomy and particle physics are expected for the near future.
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Chapter 5
Gravitational Wave Astronomy

Alessandra Buonanno

Abstract Spacetime is a dynamic and elastic entity both influencing and influenced
by the distribution of mass and energy that it contains. As a consequence the
accelerated motion of mass and energy can generate ripples or gravitational waves
in the fabric of spacetime propagating at the speed of light. Those ripples encode
unique information about the source, whatever it is a rapidly rotating neutron star,
a binary black-hole system, a supernova or a rapidly changing gravitational field.
Today, those ripples could be detected for the first time by instruments monitoring
displacements on a scale one million times smaller than a single atom. The ongoing
research on gravitational waves will improve our ability to detect and extract
unique information from the observed waveforms, test fundamental equations of
general relativity, and design increasingly sensitive detectors. The direct detection
of gravitational waves is now in sight. It will constitute one of the major scientific
discoveries of the next decade.

Keywords Gravitational waves ¢ Black hole physics

1 The Search for Gravitational Waves: A Long Journey
Started Half a Century Ago

Gravitational waves were predicted by Einstein in 1916 [56,57], but have never yet
been directly observed. However, strong indirect evidence for their existence comes
from observations of binary pulsars [65]. In those relativistic two-body systems the
variation of the orbital period is measured to exquisite precision and it is found to
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be fully consistent with predictions of general relativity — which are that the orbital
period will diminish, and the system will lose energy, as a result of the emission
of gravitational waves. Thanks to theoretical and experimental progress made by
the gravitational-wave community during the last 40 years, the direct detection of
gravitational waves is now in sight. This will constitute one of the major scientific
discoveries of the next decade, as it will permit a new kind of observation of the
cosmos quite different from today’s electromagnetic and particle observations.

The effect of gravitational waves on closely separated free-falling test masses is
characterized by a time-dependent tidal force. The gravitational-wave interferome-
ters currently operating are detectors of astonishing sensitivity, designed to detect
a passing gravitational wave through almost inconceivably small displacements
of the instruments’ mirrors. To catch the tiny gravitational-wave signal buried
in the instrumental noise of the detector requires both a reliable knowledge of
the signal shape and a thorough monitoring of all possible sources of noise
mimicking a gravitational-wave signal. This requires a deep knowledge of both how
the interferometer functions and of the physical source of the gravitational-wave
emission.

The quest for direct observation of gravitational waves began in the 1960s with
the pioneering work of Joseph Weber [116] at the University of Maryland, and
for almost three decades it has been pursued solely using meter-scale resonant-
bar detectors [100, 102]. These detectors are cylindrically shaped bars whose
mechanical oscillations can be driven by a passing gravitational wave oscillating
at a frequency around 1 kHz. During the last 10 years a network of ground-based
laser-interferometer gravitational-wave detectors has been built and has taken data
at design sensitivity. It is a worldwide network composed of the Laser Interferometer
Gravitational wave Observatory (LIGO) [105], Virgo [111], GEO-600 [103],! and
TAMA [110], and it has operated in the frequency range of 10-10°Hz. Within
the next 5 years those detectors will be upgraded to a sensitivity such that event
rates for coalescing binary systems will increase by a factor of one thousand, thus
making very likely the first detection and establishing the field of gravitational-wave
astronomy.

Research and development of more sensitive detectors operating at or below the
so-called standard-quantum limit has already started [101], and may well result
eventually in gravitational-wave laboratories operating for decades and routinely
detecting gravitational waves from several astrophysical and cosmological sources.

Within the next 15 years, the ground-based detectors will likely be complemented
by the laser-interferometer space antenna (LISA) [104], a joint venture between
NASA and European Space Agency, and the Japanese Deci-hertz Interferometer

'LIGO is a National Science Foundation (NSF) project operated by Caltech and MIT. In 1999
LIGO and GEO-600 formed the LIGO Scientific Collaboration, bringing together ~ 400 scientists
worldwide. The number of researchers involved is comparable to that participating in high-energy
physics collaborations. In 2008, the LSC and Virgo formed the LSC/Virgo Collaboration to share
data and software.
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Gravitational Wave Observatory (DECIGO). Those detectors will search for
gravitational waves in the frequency range 3 x 107°-1Hz, and 1072-1Hz,
respectively. At much lower frequencies, 10~°-10~8 Hz, scientists around the world
are currently using millisecond pulsar timing to detect gravitational waves, and the
large number of millisecond pulsars that may be discovered in the near future with
the square kilometer array [109] would provide us with an ensemble of clocks that
can be used as multiple arms of a gravitational-wave detector. Finally, current [108]
and future cosmic microwave background probes might detect gravitational waves
at frequencies of ~10~!7 Hz by measuring the cosmic microwave background
polarization.

Although skewed by the author’s own background, expertise and personal
experience, this review focuses on areas in which there have been astonishing and
exciting developments during the last 10 years.

2 The Production and Typical Strength of Gravitational Waves

Whereas electromagnetic waves are produced by accelerated charges, gravitational
waves are produced by accelerated (gravitational) masses. The generated gravi-
tational waves can be expressed in terms of time-changing multipole moments
of the source. At linear order in G, the first non-trivial time-changing multipole
moment is the second time derivative of the mass quadrupole-moment, instead
of the dipole moment as in electromagnetic theory.” Thus, if a distribution of
mass M has characteristic size r and is subject to periodic motion with period P,
the dimensionless gravitational-wave strength or strain is & ~ € G/c* (M r*/P?)/R,
with € the deviation from sphericity and R the distance to the source. Introducing
the kinetic energy Eyin ~ Mr*/P?, we have h ~ € G/c? (Exin/c?)/R. For Ey ~
1M c?, € ~0.01 and R ~ 33Mpc which is the distance to the Virgo cluster, we
obtain & ~ 10~!°, Laser-interferometer gravitational-wave experiments monitor the
differential displacement AL of the mirrors hanging at the extremities of the arm
cavities, with AL ~ hL, L being the length of the interferometer’s arm cavities.
For LIGO and Virgo L = 4,3km, respectively. Thus, to detect strains # ~ 10~
detectors must monitor displacements on a scale one million times smaller than a
single atom!?

If we compute the gravitational-wave luminosity, we obtain Lgw~¢&> G/c> (M r?/
P3)? which can be re-written as Lgw ~ €2¢°/G(GM w/c)® (rc?/GM)* with

2 At linear order in G, the mass monopole, mass dipole and current dipole multipole moments do
not produce gravitational waves because they do not vary in time due to the conservation of energy,
linear momentum and angular momentum. This result is also true if one assumes the equivalence
principle. In fact, in electromagnetic theory there is no dipole radiation if the charged particles have
e/m constant, with e the electric charge and m the mass.

3The currently most sensitive LIGO detector has achieved a strain noise of & = 3 x 10722 in its

most sensitive band from 100 Hz to 200 Hz. This result was obtained by employing Fabry-Perot
cavities which increase the length of the interferometer cavities by almost two orders of magnitude.
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® ~ 1/P. The factor ¢°>/G ~ 3.6 x 10° erg/s is huge (it is 10?° times larger
than the electromagnetic luminosity of the Sun). However, the dimensionless
factor GM w/c? is generally tiny unless the speed of the source is close to the
speed of light. For binary systems moving on a circular orbit the characteristic
binary velocity is v/c ~ (GM ®/c®)'/? and binary separation GM/rc? ~ v?/c?,
thus Lgw ~ ¢ /G (v/c)'°. For binary systems composed of compact bodies,* —
including black holes if they carry spin — v/c can reach values of 0.4-0.6 without
the bodies being tidally disrupted. As a consequence, the gravitational luminosity
in the merger of two black holes can be ~ 10°* erg/s, which is only two orders
of magnitude smaller than the electromagnetic luminosity of all galaxies in the
observable Universe ~10° erg/s!

The above description of the generation of gravitational waves applies to binary
systems, rapidly rotating neutron stars and collapsing stars, and it is based on
classical general relativity. In the early Universe gravitational waves could be pro-
duced through classical mechanisms such as the collision of bubbles of true vacuum
formed at first order phase transitions or time-changing density inhomogeneities, but
also through amplification of quantum vacuum fluctuations, a typical phenomenon
of quantum field theory in curved spacetime.

3 Coalescing Compact Binary Systems

Binary systems made of black holes and/or neutron stars, spiraling in toward each
other and losing energy through the emission of gravitational waves, are among
the most promising detectable sources of gravitational waves. In the case of binary
black holes, the most dynamic and non-linear phase of their evolution occurs when
the holes end their long inspiral with a plunge, merge with each other, and leave
behind a deformed black hole. The latter eventually settles down to a spherical or
oblate shape after getting rid of its deformations by emitting gravitational waves
in the surrounding spacetime. This final stage is generally referred to as ringdown
phase. In the case of binary neutron stars or binary systems composed of a neutron
star and a black hole, depending on the mass ratio and the spin, the evolution may
end up with the neutron star being tidally disrupted, the subsequent formation of
a disk or bar-like structure, the system eventually leaving behind a newborn black
hole or neutron star.

The detectors’ noise level and the weakness of the waves prevent observing
the waveforms directly. For this reason the search for gravitational waves from

4Compact bodies are bodies for which the compactness parameter ¥ = GM /Rc? is close to one,
with R the characteristic size of the body. For black holes y = 0.5, for neutron stars y ~ 0.2-0.4.
The Sun is certainly not a compact body since its radius is several thousand times larger than
GM;/c* ~3km, thus ¥ < 1.
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binary systems and the extraction of parameters, such as the masses and spins, are
based on the matched-filtering technique, which requires accurate knowledge of the
waveform of the incoming signal.

3.1 Solving the Two-Body Problem and Computing
the Waveforms

The post-Newtonian expansion is the most powerful approximation scheme in
analytical relativity capable of describing the two-body dynamics and gravitational-
wave emission of inspiraling compact binary systems [17]. The post-Newtonian
approach expands the Einstein equations in the ratio of the characteristic velocity
of the binary v to the speed of light. However, as the black holes approach each
other towards merger, we expect the post-Newtonian expansion to lose accuracy
because the velocity of the holes approaches the speed of light. Today, the two-
body dynamics and gravitational energy flux of non-spinning objects are known up
to 3.5PN order (i.e., (v/c)’), allowing the gravitational-wave phasing for circular
orbits to be computed at 3.5PN order beyond the leading 2.5PN term [17].% Several
calculations at high PN order also exist for spinning objects and binary systems
moving in eccentric orbits.

The difficulty of solving the Einstein equation analytically lies mainly in its
non-linear structure. Solving the Einstein equation numerically can overcome this
problem. The last 5 years have seen dazzling breakthroughs in numerical relativity,
and today several groups are able to simulate on a computer the evolution of two
compact objects during the last stages of inspiral, merger, and ringdown, and to
extract the emitted gravitational-wave signal. Furthermore, a new community has
formed at the interface between numerical and analytical relativity. The new synergy
has led to a deeper understanding of the two-body problem, disclosing unexpected
effects such as the 1,000 km/s recoil velocity gained by the newborn hole when two
black holes carrying spin merge [37, 61]. The original breakthrough in 2005 was
obtained by Pretorius [89] using a particular formulation of the Einstein equation.
After 6 months, two groups could independently simulate the merger of two black
holes [14,35] — the University of Brownsville group (today at the Rochester Institute
of Technology), and the Goddard-NASA group — both using the so-called moving-
puncture technique. Thus, after more than 30 years of unsuccessful attempts that
nevertheless provided the community with the essential foundations of knowledge,
the gold rush in numerical relativity came to an end.

It is interesting to consider that whereas advances in numerical relativity are
generally due to the work of several people, the breakthrough was a single-person
success [89]. Moreover, three of the people responsible of the breakthrough at the
University of Brownsville and Goddard-NASA had participated in the so-called

3 Powers of (v/c)" correspond to (1/2) PN order with respect to the leading Newtonian term.
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Lazarus projectin 2001 [12,13]. This project consisted in evolving in full numerical-
relativity the binary system for less than an orbit just prior to merger, and then
stopping the evolution, extracting from the results of the simulation the spacetime
metric of a deformed black hole, and using perturbation theory calculations to
complete the evolution during ringdown. It turns out that the waveform of the
Lazarus project compared very well with the merger waveform computed in full
numerical relativity years later [15].

Furthermore, prior to the numerical-relativity breakthrough and the Lazarus
project, a new method was proposed in analytical relativity to describe the dynamics
and gravitational-wave emission of binary black holes during inspiral, merger and
ringdown: the effective-one-body approach [28,29,31,47,51]. This approach uses
the very accurate results of post-Newtonian theory. However, it does not use those
results in their original Taylor-expanded form (i.e., as polynomials in v/c), but
instead in some appropriate resummed form. In particular, the effective-one-body
approach [16,29,47,51,52] maps the dynamics of two compact objects of masses
my and my, and spins S; and S;, into the dynamics of a test-particle of spin S,
moving in a deformed Kerr® metric with spin Sker;. The deformation parameter is
the symmetric mass ratio mj my/(m; + mz)2 which ranges between 0 (test particle
limit) and 1/4 (equal-mass limit). The effective-one-body approach relies on the
assumption that the comparable mass case is a smooth deformation of the test-
particle limit case. The resummation of the conservative dynamics is obtained
through a canonical transformation and naturally includes in the final stage of the
binary evolution a plunge, an innermost-stable-circular orbit, a photon orbit, also
called the light ring,” and a horizon. The other crucial aspect of the effective-
one-body approach is the way it builds the full waveform, including merger and
ringdown. Inspired by results in the 1970s on the radial infall of test particles in
a Schwarzschild black hole, and by the close-limit approximation,® the effective-
one-body approach assumes that the merger is very short in time, although broad in
frequency, and builds the merger-ringdown signal by attaching to the plunge signal
a superposition of quasi-normal modes. This match happens at the light ring where
the peak of the potential barrier around the newborn black hole sits.

The analyses of the numerical simulations have revealed that several predictions
of the effective-one-body approach are indeed correct. These include the adiabatic
transition from inspiral to plunge to merger, the extremely short merger phase,
and the absence of high-frequency features in the merger waveforms, the burst of
radiation produced at merger being filtered by the potential barrier surrounding the
newborn black hole. The flexibility of the model and the fact that the quasi-circular

5The Kerr metric describes the geometry of spacetime around a rotating massive body.

"The light ring is the unstable circular orbit of massless particles such as photons and gravitons in
Schwarzschild or Kerr spacetime. The Schwarzschild metric describes the geometry of spacetime
around a non-rotating massive body.

8The close-limit approximation assumes that the merged object can be approximated as a perturbed
black hole or neutron star during the ring-down phase of the coalescence.
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Fig. 5.1 Left panel: Trajectories for the evolution of an equal-mass, non-spinning black hole
computed by the Caltech/Cornell/CITA group using their spectral code (Reprinted figure with
permission from Boyle et al. [20]; http://link.aps.org/abstract/PRD/v76/p124038. Copyright (2007)
by the American Physical Society) Right panel: Comparison between the numerical-relativity
waveform computed by the Caltech/Cornell/CITA group and the calibrated effective-one-body
(EOB) waveform. A¢ and AA/A are the phase difference and fractional amplitude difference be-
tween the numerical and analytical waveforms (Reprinted figure with permission from Buonanno
et al. [34]; http://link.aps.org/abstract/PRD/v79/p124028. Copyright (2009) by the American
Physical Society)

motion is described mostly by the radial potential, makes it possible to change
the duration of the plunge, the positions of the innermost stable circular orbit, the
light ring and the horizon by properly reshaping the potential. This is achieved
by including unknown higher-order PN terms in the potential and calibrating
them to numerical-relativity simulations. In this way effective-one-body waveforms
reproduce numerical-relativity waveforms within the numerical error (see Fig.5.1).

The analyses and theoretical progress made in Refs. [16, 21, 32-34, 48,49, 53—
55,86-88,91], have demonstrated that it is possible to devise and calibrate analytical
effective-one-body waveforms for use in detection protocols. This is crucial, since
thousands of waveform templates need to be computed to extract the signal from the
noise, an impossible demand for numerical relativity alone. The effective-one-body
templates developed in Ref. [33] have been used in LIGO to search for the first time
for merging black holes. Furthermore, phenomenological templates [9,94] have also
been developed and used in LIGO searches.

When black holes in binary systems carry intrinsic rotation or spin, and the spins
are not aligned with the orbital angular momentum, the spins induce precession of
the orbital plane. This adds substantial complexity to the gravitational waveforms,
extending the parameter space and increasing substantially the number of templates.
Given the high computational cost of running numerical simulations, template
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construction directly based on numerical simulations is currently impractical. The
goal is to produce a smaller survey of numerical waveforms and use them to
calibrate analytical templates which can then be used to generate efficiently and
faithfully tens of thousands of templates. To achieve this goal the numerical and an-
alytical relativity (NRAR) communities have formed the NRAR collaboration [107].
The NRAR has been awarded computational time by the NSF and is currently
performing simulations on a large region of the parameter space, focusing on
spinning black-hole systems.

The work at the interface between numerical and analytical relativity is also
having an impact in astrophysics. In fact, today, thanks to analytical formulae
obtained in PN theory and calibrated to numerical results, we can sample a
large volume of black-hole parameter space and predict the distribution of recoil
velocities attainable in black-hole mergers [36, 37, 61, 62]. This has important
implications for the hierarchical growth of supermassive black holes and first
galaxies.

3.2 A Simple Picture. Where Are the Non Linearities?

The numerical-relativity results have revealed an intriguing simplicity in the
transition from inspiral to merger and from there to ringdown. This simplicity was
anticipated by studies in the 1970s, by the close-limit approximation, the effective-
one-body approach, and the Lazarus project. However, this expectation of a simple
result was not shared by many people. The majority of the gravitational-wave
community expected to see complex merger waveforms with high-frequency details.

The real picture turns out to be quite the opposite. After a long adiabatic
quasi-circular inspiral, the two objects follow a rather blurred innermost stable
circular orbit and make a still adiabatic plunge. As they approach each other, their
motion generates rotational gravitational perturbations around the light ring which
eventually excite by resonance the quasi-normal modes of the newborn black hole.’
Once the two black holes are inside the potential barrier which peaks around the
light ring, the direct gravitational radiation from the two holes is strongly filtered by
the potential barrier. Part of the energy produced in the strong merger-burst remains
stored in the resonant cavity of the geometry, i.e., inside the potential barrier, and
what is released outside is just the ringdown signal.

Does this simplicity mean that the non-linearities of general relativity are absent?
Not at all! Comparisons with analytical PN models and the effective-one-body
model during the last 15 orbits of evolution have demonstrated that the best

°In Schwarschild, in the eikonal approximation (¢ >> 1, £ ~ m), the frequency of the least damped
quasi-normal mode is related to the orbital frequency at the light ring through @y, ~ [ ®right—ring,
and the gravitational modes with ¢ ~ m peak around the light ring. However, gravitational modes
with ¢ # m behave differently.
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agreement with the numerical-relativity results is obtained when corrections up to
the highest PN order available today are included. Thus, as expected, non-linear
effects are present and dominant in the strong-field phase. The waveform simplicity
is the result of (i) the absence of characteristic scales close to merger when radiation
reaction, orbital and precession time scales become of the same order of magnitude;
(i1) the formation of a potential barrier filtering the direct radiation from the merger
burst, and (iii) the highly dissipative nature of disturbances in black-hole spacetime.

3.3 Evolution of Binary Systems in the Presence of Matter
and Electromagnetic Fields

The breakthrough of numerical relativity in 2005 has also opened the possibility of
investigating several physical processes produced by binary systems that are coupled
to matter and/or electromagnetic fields.

Binary systems containing neutron stars have been simulated for a variety of
equations of state, mass ratios and spins [58, 59, 93,97, 98] (see Fig.5.2). In the
case of a black-hole/neutron-star binary, an accretion disk can form. Depending on
the mass of the accretion disk, the disk can engine the production of short gamma-
ray bursts [59]. LIGO detectors have searched for short-duration gravitational-wave
bursts associated with a large number of gamma-ray bursts, but have found no
evidence of gravitational radiation [5]. LIGO detectors have also searched for
gravitational radiation from GRB 070201, the electromagnetically determined sky
position of which was coincident with the spiral arms of the Andromeda Galaxy [4].
Again, no signal was found.
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Fig. 5.2 Left panel: Isodensity contours during the merger of two neutron stars [93]. Right panel:
Magnetic and electric field lines around inspiralling equal-mass non-spinning black holes prior
to merger (Reprinted figures with permission from C. Palenzuela, L. Lehner and S. Yoshida
[85]; http://link.aps.org/abstract/PRD/v81/p084007. Copyright (2010) by the American Physical
Society) The electric field lines are twisted around the black holes, while the magnetic fields are
mostly aligned with the direction perpendicular to the orbital plane
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If a binary black hole is surrounded by an accretion disk, the binary dynamics,
notably the energy lost during coalescence and/or the recoil velocity gain by the
newborn black hole, can affect the disk — creating shocks and thus electromagnetic
signals. The latter will be a counterpart signal to the gravitational-wave signal. These
processes are of great interest in astrophysics, but also in cosmology because if ob-
served and if the host galaxy is identified, we could extract the redshift, and measure
from the gravitational-wave observation the luminosity distance of the binary.

Quite recently, numerical relativity simulations have contributed to the under-
standing of mechanisms predicted in the 1970s, such as the Blandford-Znajek
effect [18]. In Ref. [84] the authors have simulated a binary black hole coupled to
the electromagnetic field of the circumbinary disk and found dual jets. The latter
are due to the electromagnetic field extracting energy from the orbiting black holes.
Finally, the electromagnetic field can be affected by the orbiting black holes. The
binary’s dynamics can induce variability in possible electromagnetically induced
emissions during the merger epoch [85,95] (see Fig. 5.2).

4 If Mountains on Neutron Stars Were Centimeters Tall

As reviewed in Sect. 2, at leading order gravitational waves are generated by the
variation in time of the quadrupole moment of the source. The rapid rotation of
highly magnetized neutron stars (or pulsars) can produce gravitational waves if the
pulsar shape deviates from axisymmetry. It is common to quantify the oblateness of
the pulsar through the ellipticity parameter € = (I; — ) /I3 where [; with i = 1,2,3
are the principal moments of inertia of the rotating body [22].

If the pulsar rotates around one of its principal axes, the gravitational-wave
signal is emitted at twice the pulsar rotation frequency. The value of the ellipticity
depends on the neutron star properties, in particular the maximum strain that can
be supported by its crust. Pulsars are thought to form in supernova explosions.
The outer layers of the star crystallize as the newborn pulsar cools by neutrino
emission. Anisotropic stresses during this phase could lead to values £ <1076
although with exotic equations of state £ ~ 107-107%. Values of & on the order
of 1076 correspond to perturbations or mountains on the surface of the neutron star
a few centimeters tall!

The detection of continuous, monochromatic frequency waves is achieved
in gravitational-wave detectors by constructing power spectrum estimators and
searching for statistically significant peaks at fixed frequencies for very long time.
If T is the observation time, the signal-to-noise ratio grows like v/7'. The detection
is complicated by the fact that the signal received at the detector is not perfectly
monochromatic due to the Earth’s motion. Because of Doppler shifts in frequency,
the spectral lines of fixed frequency sources spread power into many Fourier bins
about the observed frequency. Given the possibility that the strongest sources of
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continuous gravitational waves may be electromagnetically invisible or previously
undiscovered, an all sky, all frequency search for such unknown sources is very
important, though computationally very expensive.

Quite interestingly, LIGO and Virgo have been able to set astrophysically
relevant limits on the ellipticity of the Crab pulsar [3], and also to the neutron star
in the supernova remnant Cassiopea A [2].

5 Waiting for the Next Supernova in the Milky Way
or Nearby Galaxies

Supernovae are triggered by the violent collapse of a stellar core,'? and eventually
form a neutron star, or a black hole. The core collapse proceeds extremely quickly,
lasting less than a second and the dense fluid of the core undergoes motions with
relativistic speeds. Small deviations from spherical symmetry during this phase can
generate gravitational waves (see e.g., Refs. [11,83] and references therein).

Numerical simulations have predicted strains on the order of & =6 x 10717, /T
(M/M)"/? (10kpe/R)"/? (1kHz/ f) (10mS/ Teoliapse) /> where M is the mass of the
collapsed star, R is the distance to the source, and f is the frequency of the burst of
radiation. Finally, if a certain amount of energy is released in gravitational waves
during the explosion, we have AEgw = Nefr M ¢2, with typically Neg ~ 107°-107.
LIGO and Virgo in their advanced configuration could detect signals from core-
collapse supernovae in the Milky Way and nearby galaxies. Current results of all-sky
searches for gravitational-wave bursts with LIGO-GEO-Virgo are summarized in
Ref. [1].

More recent results indicate that gravitational waves could also be produced by
neutrino emission during the supernovae explosion. In this case, the gravitational-
wave signal would extend toward lower frequencies ~ 10Hz [79]. Moreover,
the superposition of independent gravitational-wave signals from supernovae at
cosmological distances may give rise to a stochastic gravitational-wave background.
While the estimates remain uncertain within several orders of magnitude, this
background may become detectable with future detectors in space [30].

After a supernovae explosion or a collapsar a significant amount of the ejected
material can fall back, subsequently heating the neutron star or spinning the black
hole. Quasi-normal modes can be excited in this process. There is also the possibility
that the collapsed material might fragment into clumps that orbit for some cycles
like a binary system or form bar-like structures that also produce gravitational-wave
signals.

19Except for supernovae Ia.
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6 Disclosing the Dark Age of the Early Universe

What we know with confidence today about the early Universe goes back as far as
the big-bang nucleosynthesis time when light elements first formed, the Universe
had a temperature around 1MeV, it was ~1s old and dominated by radiation.
The cosmic microwave background radiation (CMB) that we measure today with
amazing accuracy was emitted when the Universe had a temperature around 1eV,
and it was ~10°-10° years old. We have never detected any relic background
produced prior to the time the CMB was generated. Even the background of
cosmological neutrinos emitted at the time the Universe had a temperature of 1 MeV
has never been observed.

Gravitational waves interact very weakly with matter. If they were produced in
the dark age'! — that is, the age prior to big bang nucleosynthesis when we know
the Universe was radiation dominated — they would travel unchanged and provide
us with a snapshot of the Universe at that time.

A stochastic background of gravitational waves could have been produced by
the rapidly changing gravitational field during the inflation stage through the
mechanism of amplification of quantum vacuum fluctuations [63, 99]. Today this
background would span the frequency range 10~'°~10'Hz, which covers the
frequency band of current and future detectors on the ground and in space. The
cosmological gravitational-wave background could have left signatures in the CMB
polarization that could be detectable with future CMB probes.

Gravitational waves could have been generated at the end of inflation during
the preheating phase [71]. The latter is a highly non-thermal phase during which
transient density inhomogeneities are created whose time-changing mass multipoles
emit gravitational waves. Cosmic strings or superstrings could have formed in
the early Universe at symmetry-breaking phase transitions or at the end of brane
inflation scenarios [43,50]. If so, due to their large tension (e.g., ~10%2 g/cm), loops
of strings will oscillate relativistically, emit gravitational waves, shrink in size and
disappear, but they will be constantly replaced by small loops broken off very long
loops (longer than Hubble radius). Moreover, if strong first order phase transition
occurred in the early Universe, bubbles of true vacuum will form, travel and collide
with each other producing gravitational waves [66].

The signals described above carry information on otherwise unexplored physics
between ~10° GeV and ~10'® GeV. The detection of gravitational waves from the
dark age would be a revolutionary discovery.

LIGO and Virgo detectors have achieved sensitivities such that they can start
excluding regions of the parameter space of the expected signals and constrain the
equation of state of the Universe during the dark age [19] in a physically significant
way [7,8].

"Note that dark age is also used in astronomy to denote the epoch before stars formed.
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7 How to Beat the Standard Quantum Limit
in Gravitational-Wave Detectors

Current gravitational-wave detectors are highly accurate position-measurement
instruments. They are already so sensitive that limitations from quantum mechanics
must be considered when upgrading them. As pointed out by Braginsky in his
seminal papers of the 1970s, the Heisenberg uncertainty principle, if applied naively
to the test masses in gravitational-wave interferometers, produces a free-mass
standard quantum limit on the interferometer’s sensitivity: the more accurately one
measures the test-mass displacement at a given time, the larger the disturbance that
is imposed on the velocity and the less accurately one can measure the test-mass
displacement at later times. It is however possible to circumvent the standard-
quantum limit by changing the optical design of the instrument and introducing
appropriate readout schemes (quantum—-non-demolition techniques).

The last 40 years have seen major developments in the area of quantum non
demolition. The initial works by Caves and collaborators [38—-40] introduced the
formalism to describe the quantum optical noise in gravitational-wave detectors,
notably shot noise and radiation-pressure noise.!> In subsequent years scientists
have proposed several schemes to beat the standard quantum limit [23, 24, 72],
including ways of injecting squeezed light with frequency-dependent squeezed
angles in laser interferometer gravitational-wave detectors to reduce the shot noise.

Quite surprisingly for the research community, at the beginning of 2000,
Refs. [25,26] found that the optical configuration of the next generation of LIGO
detectors (i.e., advanced LIGO) can already beat the free-mass standard-quantum
limit, provided thermal noise can be suppressed sufficiently. This is because
of correlations between photon shot noise and radiation pressure noise created
by the signal-recycling cavity in the advanced-LIGO optical configuration. The
study in Refs. [25, 26] revealed an optomechanical effect subsequently verified
experimentally in the 40-m interferometer at Caltech [78] and in table-top optical-
cavity experiments at MIT [44]. This effect was termed in Ref. [25] the optical
spring effect: The dynamics of the system composed of arm-cavity mirrors and
optical fields resemble those of a free test mass (mirror motion) connected to a
massive spring (optical fields), which can resonate at two pairs of finite frequencies.
As the light power is increased the (coupled) mechanical resonant frequency moves
away from zero, while the (coupled) optical resonant frequency does not vary
much, being present already as pure optical resonance in the limit of low light
power (see Fig.5.3). Near these resonances the noise curve can beat the free

12Quantum-vacuum phase fluctuations in the interferometer result in photon shot noise. Quantum-
vacuum amplitude fluctuations in the interferometer produce fluctuating radiation pressure noise on
the test-mass mirrors. The standard quantum limit characterizes the regime in which the quantum
measurement error (shot noise) becomes equal to the back action noise (radiation pressure noise).
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Fig. 5.3 Left panel: The square root of the quantum-noise spectral density for advanced-LIGO
versus frequency for various choices of the light power. The standard-quantum limit line is also
shown for comparison. Right panel: The magnitude response of the 40 m interferometer at Caltech
in the same optical configuration of advanced-LIGO, for different values of the light power in
Watts (Reprinted figures with permission from Miyakawa et al. [78]; http://link.aps.org/abstract/
PRD/v74/p022001. Copyright (2006) by the American Physical Society)

mass standard-quantum limit. This phenomenon is not unique to signal-recycling
interferometers; it is a generic feature of detuned cavities [67] and was used in
proposing the optical bar gravitational-wave detectors [24].

During the last several years, a variety of optical configurations have been
designed to beat the free-mass standard quantum limit in detectors beyond advanced
LIGO [27,41,64,68,69,72,90,92,113]. More recently, theoretical and experimental
work has also focused on designing gravitational-wave detectors or table-top
experiments that can probe optomechanical effects, work toward the standard
quantum limit, and test quantum mechanics with macroscopic objects [6, 45, 46,
70, 77, 80, 811.!3 Finally, several experiments [75, 114, 115] have demonstrated
the possibility of creating and controlling squeezed light in the frequency band of
gravitational-wave detectors.

Today, research groups working on mechanical systems ranging in size from
nanometer-scale oscillators [76, 82], to centimeter-scale optical cavities [10, 45,
60, 73], to kilometer-scale gravitational-wave detectors [6] are all approaching a
regime in which either the mechanical system or its interaction with the environment
must be described quantum mechanically. Thus, researchers from backgrounds as
diverse as astrophysics, mesoscopic condensed matter physics, and quantum optics
are converging on common goals related to quantum effects in mechanical systems.

3A typical LIGO/Virgo mirror weighs ~10-30kg, while mirrors employed in table top experi-
ments weigh on the order of a few grams.
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8 The Universe Viewed Through Gravitational Waves

What can we learn about astrophysics, cosmology and gravity through the direct
detection of gravitational waves? And how will the Universe look like from a
gravitational-wave observatory?'*

Gravitational waves encode detailed information about the sources that have
generated them. On one hand, the waveform’s sensitivity to the source’s parameters
increases the waves’ complexity and their number, making harder to catch them. On
the other hand, the dependence of the signal shape on the source’s parameters is a
blessing. The detection of gravitational waves from coalescing black holes will tell
us how heavy each of the black holes was, how fast the holes were spinning, the
shape of their orbit (circular? elongated?), where the holes were in the sky, and how
far they were from the Earth [112].

The observation of gravitational signals from binary systems composed of a
neutron-star and black hole would allow us to measure the equation of state of
the neutron star, because the signal would have specific signatures depending on
how the neutron star is tidally disrupted by the companion. By measuring the
frequency and decay time of the quasi-normal modes during the ringdown, and
the binary parameters during the long inspiral, we could infer whether the object
formed through merger was a black hole or not. By localizing the binary in the
sky with high precision, and by associating it with an electromagnetic counterpart,
we could compute the luminosity distance and use binary systems as standard
candles (or sirens) to extract cosmological parameters [42, 74]. In the absence of
an electromagnetic counterpart, the detection of a large number of binary systems
may still allow us to extract the Hubble parameter and do cosmology [96]. Accurate
measurements of gravitational waves would allow to test general relativity in the
strong-field regime.

With the formation of large collaborations like the LIGO Scientific Collaboration
and Virgo Collaboration, and the efforts of the Numerical INJection Analysis
(NINJA) [106] and NRAR, the gravitational-wave community has entered a new era.
The construction of gravitational-wave observatories, the solution of the two-body
problem in general relativity and its analytic description, and the discovery of new
techniques to beat the standard quantum limit in gravitational-wave detectors, have
established new synergies and areas of research at the interplay between numerical
relativity, data analysis, astrophysics and analytical relativity, and also between
high-precision measurements, quantum optics, and experimental gravity.

It is worth considering that the field of gravitational waves is perhaps the only
field in theoretical and experimental physics that has achieved such remarkable

I4If gravitational-wave detectors operating in the frequency band ~10-10% Hz were converting
online gravitational signals from merging binary systems into audial signals, our ears would hear
chirping signals — that is, a signal with increasing amplitude and frequency — lasting a few seconds
or a few minutes. Audial signals from pulsars would be periodic and continuous, lasting the entire
life of the observatory. Pursuing these signals would certainly be an entertaining activity.
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results, developed such unprecedented and sophisticated technology, and opened
new areas of research, before its holy grail — the gravitational waves themselves —
have even been found. It is the great eagerness of the research community for the
knowledge that gravitational waves will provide that keep the community together
and drives its research forward.

Whenever research has opened a new window on the Universe, we have found
surprises that have revolutionized and enriched our understanding. The vistas we
will see through gravitational waves will surely afford similar revelations.
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Astronomy in Society



Chapter 6
A History of Observatory Sciences
and Techniques

David Aubin

Abstract The aim of this chapter is to present a survey of the issues that have
concerned the historians of the observatory sciences over the last few years. As
an instituted place of knowledge, the observatory has a longer history than either
laboratory or field, but has not been the focus of as many studies. After raising
the question “What is an observatory?”’, some findings about the epistemology of
the observatory sciences are discussed. The notion of “observatory techniques”
is introduced and discussed in order to account for the diversity of practices to
be found in observatories. The history of the observatory in the western world is
divided into three periods: (1) the age of the pioneers between the seventeenth and
the end of the eighteenth century; (2) a period of triumph and crisis in the nineteenth
century during which the observatory was very prominent in the social panorama of
science; and (3) the age of specialization that followed. We mostly focus on the first
two periods and speculate whether we might recently have entered a new period,
especially with the rise of the environmental sciences.

Keywords History and philosophy of astronomy ¢ Sociology of Astronomy

1 Introduction: Visiting the Observatory

King Friedrich Wilhelm III of Prussia was a practical man. While his troops
occupied Paris in the spring of 1814, he hastily raced through the Invalides, Notre-
Dame, and the Pantheon. His guide was his countryman, the naturalist Alexander
von Humboldt who, upon his return from the Americas in 1804, had settled in
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Paris to prepare the publication of the wealth of data brought back from his travels.
Devoting little more than 15 min to the painting galleries of the Louvre museum,
the king was, however, keen to see the scientific institutions that had helped
establish French military supremacy in the previous decade. He visited the Ecole
polytechnique and the Institut de France. But the doors of the Observatory remained
closed to him as, although he was a dear friend of Humboldt’s, the astronomer
Frangois Arago refused to meet the man whose army had toppled Napoleon 1.

One day, Humboldt told Arago he was leaving town. The next morning, he
showed up at the Observatory and said to his friend: “I wished to shake your hand
one last time; I’m leaving with this man .... My travel companion ... is rather
curious to visit the Observatory, can you show him the observation rooms, Lenoir’s
sextant, etc.?” Wearing a travel cap, the king of Prussia was thus shown around,
while Arago, much to Humboldt’s alarm, heatedly expressed his disapproval at the
occupying forces’ policies [23].

The lessons of Jena had been learned by Friedrich Wilhelm: this is why he was
willing to go along this humiliating stratagem to be able to visit the observatory.
The king was well aware of the importance for the conduct of modern warfare of
new geodetic and cartographic techniques developed by French astronomers [21]. In
the nineteenth century, however, State leaders rarely needed to put on a disguise to
step in the observatory. On the contrary, observatories had become central scientific
institutions of the modern states. From Gottingen to Konigsberg, from Brussels to
St. Petersburg, from Rio de Janeiro to Petchaburi (Thailand), it became increasingly
clear that the endowment of expansive observatories was an inescapable requirement
for any modern state intent to preserve its political independence and be integrated
into the emerging world-system. In the nineteenth century alone, the number of
observatories rose exponentially from less than three dozen to more than 200 [24],
without taking into account the increasingly large number of observatories devoted,
not primarily to astronomy, but to meteorology, geomagnetism, geodesy, navigation,
or, toward the end of the century, aeronautics.

Visiting observatories became a favorite occupation for princes, scientists and
foreign dignitaries. “The afternoon in Greenwich,” the physicist Hermann von
Helmbholtz wrote to his wife on September 8, 1853, “belonged to the most interesting
and agreeable of my trip” to England [29]. Formal inspections of the Royal
Observatory at Greenwich were called “visitations.” First instituted in 1710, only
in the nineteenth century did they become elaborate social events. Before 1830,
prominent politicians had frequently figured among the so-called Visitors. Later,
formal members of the Board of Visitors were mostly drawn from the Royal
Society and the Royal Astronomical Society, whilst up to 200 guests were admitted
in the Observatory and were shown the telescopes and other instruments by the
staff [33].

Visitors also came from all over the world to see the observatories of Western
Europe. The Chinese emissary Li Shuchang who spent 7 years in Europe in the
1880s is one of them. Among other marvels of industrial societies he paid attention
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to, observatories figured in good position. He visited the observatories in Greenwich
and Paris; he was allowed to use the telescope in the observatories of Berlin and
Madrid; he observed the moons of Jupiter, Saturn’s rings, and the phases of Venus.
“I made these observations with my own eyes,” he wrote. “Concerning the western
theory according to which each planet is an earth, even though one does not want to
believe in it, it is a bit difficult to refuse it” ([37], my translation from the French).
As the century drew to a close, observatories had become so attractive to the general
European public that astronomers feared that this infatuation threatened their work.
Ole Molvig has shown how this led the Berlin scientific community to establish
new institutions for scientific popularization ([6], pp. 325-343). Very recently, the
occurrence count of the word “observatory” in a sizable chunk of the literature in
English has been made possible by the use of the Google Books database. The graph
produced is striking, showing a marked increase from very low count before the
1790s to a peak before 1820 followed by renewed interest throughout the nineteenth
century and a decline thereafter. Clearly, this widespread interest in the observatory
is the sign that it played an important part in the science and culture of the nineteenth
century.

Over the last decades, historians of science have focused on the material culture
in which science was pursued [18]. They have emphasized the importance of
instruments, practices and tacit knowledge. In the course of such studies, it was
realized that to pay close attention to the places where science was pursued deepened
our understanding of the dynamic at play in scientific development [20,40]. Much
work was devoted to the study of the laboratory sciences [27] and of the field
sciences [30] demonstrating that very specific epistemologies were rooted in these
places of knowledge. The interaction between field and laboratory has also given
great insights in the development of biology [28].

In the last few years, historians of science have developed a similar approach
to the history of the observatory [6, 7]. As an instituted place of knowledge,
the observatory has a longer history than either laboratory or field with which it
interacted greatly [2]. The result of such investigation is a reconsideration of the
place of the observatory in the history of science. In the following, some findings
about the epistemology of the observatory sciences will be discussed. The notion
of “observatory techniques” will be introduced and discussed in order to account
for the diversity of practices to be found in observatories. The history of the
observatory in the western world can be divided into three periods: (1) the age
of the pioneers between the seventeenth and the end of the eighteenth century;
(2) a period of triumph and crisis in the nineteenth century during which the
observatory was very prominent in the social panorama of science; and (3) the age
of specialization that followed. We shall mostly focus on the first two periods and
speculate whether we might recently have entered a new period, especially with
the rise of the environmental sciences. But first, let us ask the question: what is an
observatory?



112 D. Aubin
2 What Is an Observatory?

In The Poet at the Breakfast-Table, first published in the Atlantic Monthly in 1872,
the American writer Oliver Wendell Holmes assumed that observatories were well
known to his readers, but nevertheless gave an interesting description of the place:

I suppose everybody who reads this paper has visited one or more observatories, and of
course knows all about them. But as it may hereafter be translated into some foreign tongue
and circulated among barbarous but rapidly improving people, people who have yet no
astronomers among them, it may be well to give a little notion of what kind of place an
observatory is.

To begin then: a deep and solid stone foundation is laid in the earth, and a massive pier of
masonry is built up on it. A heavy block of granite forms the summit of this pier, and on this
block rests the equatorial telescope. Around this structure a circular tower is built, with two
or more floors which come close up to the pier, but do not touch it at any point. It is crowned

with a hemispherical dome . . . cleft from its base to its summit by a narrow, ribbon-like
opening, through which is seen the naked sky . ... No place, short of the temple of the living
God, can be more solemn .. .. [The observatory] is the material image of the Christian; his

heart resting on the Rock of Ages, his eye fixed on the brighter world above [26].

Holmes’ account is striking because it quickly moves from a material description
of the observatory emphasizing the stone pier, the cupola, and the instrument that
sat in between to a mystical image of its place in the contemporary imagination.
Knowledge of astronomy was a criterion of demarcation between the civilized and
the uncivilized as is amply demonstrated by the case of Thailand in the 1860s ([6],
pp- 86—117). Observatories had a symbolic function, but this function was rooted in
a very specific material culture.

Observatories came in many gazes. There are the monuments established in
the seventeenth century near great metropolitan capitals, such as the Paris and
Greenwich observatories. The history of such institutions is well known [15, 17].
They depended on the State and generated a vast amount of documents which
were generally well preserved. Astronomers working in these observatories were
often figures of international stature in their field, members of scientific Academies,
and the authors of many textbooks. For all these reasons, we know much about
the history of such institutions. Some remarkable monographs have been published
recently about the history of other observatories [16,31].

What has been less emphasized, however, is the fact that national observatories
were often concerned with much more than just astronomy. Crucial experiments
in physics took place in observatories: Coulomb’s work with torsion balances
or Gauss’ with magnetometers, for example. Mathematical statistics was in part
developed by observatory scientists, such as Laplace and Quetelet [5]. In the
eighteenth century, the gigantic cartographic project headed by the Cassinis had led
to important geodetic operations to determine the meter by Delambre and Méchain,
and then by Biot and Arago himself [1]. Geodesy and cartography would continue
to play crucial parts in nineteenth-century observatories. Observatory scientists had
always paid attention to weather conditions in order to correct the readings of their
telescope; they had always been interested in geomagnetism as an offshoot of their
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official concern for navigation. In the first half of the nineteenth century, they would
try to apply observatory routines and techniques to the study of the physics of the
earth, launching the modern era of meteorology and geomagnetism.

But national observatories were not alone in the picture. Private observatories
started to multiply. The eighteenth century private observatory was usually a room
in palace or a rooftop terrace [22]. In the following century, private observatories
became much grander in size and ambition. The gentlemanly tradition persisted
as can be attested by the famous Leviathan built for Lord Rosse in Parsonstown.
But perhaps more interesting from a sociological viewpoint was the proliferation of
amateur astronomers able to equip themselves with small working observatories.
One of them Hermann Goldschmidt discovered 14 new asteroids from a small
observatory in the center of Paris from 1852 to 1861 [25]. Instrument makers also
built their own observatories where scientists who were not able to afford them could
use a variety of instruments. As the century unfolded, a great deal of observatories
were established, temporarily or permanently, in remote places such as in the
colonies or on the top of the highest mountains. As the extreme and problematic
case of the Mont Blanc Observatory from 1893 to 1909 has allowed to highlight
[34], the quality of an observatory depended on a few important characteristics:
observation carried out on a routine basis; non-mobile instrumentation around which
the observatory was built and about which much technical information was known;
and deep insertion in a network through which information transited efficiently.

3 Observatory Techniques: The Tychonic and Hevelian Models

Concerns about the proper location of observatories have always been a pressing
matter for astronomers. The first important European observatory was Tycho
Brahe’s Uraniborg erected in the late sixteenth century [13]. As has been observed,
this place already had some of the crucial characteristics of later observatories,
such as the great instruments it held, the interdisciplinary nature of the research
pursued there, and the strict division of labor it adopted to carry its routine task
of observation. But historians have not emphasized as much the fact that this
observatory was extremely isolated. Located on an island owned by Tycho between
Sweden and Denmark, it was not built close to the port but stood alone in the middle
of the island. It was moreover surrounded by imposing walls.

While the Tychonic observatory cherished isolation, another model emerged
in the seventeenth century with the Hevelian observatory. Erected on a platform
above three contiguous houses he owned in the center of Dantzig (now Gdarsk),
the observatory of Hevelius relied on the set of skills directly available in the city
for grinding his glass, sketching his maps or printing his books. This observatory
was built in symbiosis with the early modern urban culture. When Imperial powers
such as France and England set up their own observatories in Paris and Greenwich
later in the seventeenth century, both models were in the minds of the founders.
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Both achieved a compromise between isolation and immersion in urban culture by
establishing themselves close but outside of the capital city [3]. But what made them
“observatories”?

Let us consider what early observatories produced before the beginning of the
nineteenth century, which made them so valuable for so many people. The most
obvious product of the observatory was the numerical table. Observatories have long
before the laboratory for example been specialized in the production of quantitative
data. Numbers produced by the observatory could come from instruments specially
designed for such purpose, divided circles being the privileged instruments allowing
to assign a numerical value to an angle [11]. Various graduated instruments and
clocks peopled the observatory and churned out a continuous output of data that
were noted, copied, collected, and preserved. But the observatory’s numerical
tables almost never consisted in raw data arranged in columns, no more than there
were simple derivation of predictions from theory. Whether they were from an
observational or theoretical origin, the numbers tabulated by observatory scientists
almost always were the results of long computational procedures.

Computing therefore was consubstantial with the observatory culture and its
emphasis on numerical data. The computing procedures that were developed have
several aspects that one may be interested in. First, there are purely mathematical
aspects to them, such as the way in which perturbation theory was developed in
the eighteenth and nineteenth centuries to turn the intractable analytical three-
body problem into a problem that could be approximately solved numerically.
Second, there were statistical aspects developed at the very end of the period under
consideration: the least-square method introduced by Laplace and Gauss allowed
observatory scientists to fix the constants in the theory on the basis of necessarily
faulty data. But statistical methods were not always as mathematical as the Laplace-
Gauss method and could sometimes involve a practice that is closer to art, such
as the spreadsheet method devised and used by Tobias Mayer in the production
of his lunar tables [45]. Finally, computing methods were also transformed into
social practices whereby rather unskilled computers were asked to carry out specific
algorithms developed by observatory scientists [14].

The observatory scientists were also heavily involved in the production of maps.
It is interesting to notice that while the Tychonic observatory seemed geared toward
the production of numerical tables, the Hevelian observatory was more inclined to
produce very elaborate and beautiful maps [47]. Similarly, the Paris observatory,
which was closer to the city than Greenwich spent much effort under the Cassinis
on the production of maps of France, while Greenwich was more concerned with
tables. But the maps produced by observatories were different from all other maps
produced before in that they were based on the very same techniques used to produce
tables. In fact, one may go as far as saying that maps produced by observatories
were just another way of representing numerical tables. The location of every
star on Hevelius’ maps, the location of every village on the Cassinis’ maps were
equivalent to their coordinates. They were determined with the same instruments
with graduated circles and they were the result of extensive computing.
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The products of observatories were therefore highly dependent on this instru-
mental technology. In fact one may claim that the technology also was a product
of the observatory culture. Although instrument makers in Paris and London
were nominally independent from the observatories, their work was carried in
close interaction with astronomers. As Guy Boistel has shown, the result of this
colloboration produced instruments of greater precision as well as computing
techniques that soon spread through the world, especially among navigators ([6],
pp. 148-173).

Observatories, finally, produced cosmologies. Tycho is famous for having sug-
gested a new geo-heliocentric model to compete with the Ptolemaic and the
Copernican models. Of course, the Copernican model was later adopted by as-
tronomers and popularized in a large number of publications. The cosmology of
the observatory, however, was not entirely that of the Newtonian philosophes of
the Enlightenment. A crucial aspect of this cosmology was again the special place
it had for numbers. Gravitational theories were not wholly adopted by working
astronomers as long as other procedures produced more accurate predictions. In
this sense, one may say that the cosmologies of the observatory left room for the
pragmatic elements that were missing from more elaborate systems, but better suited
to the messiness of dealing with actual data.

4 Triumph and Crisis of the Observatory
in the Nineteenth Century

At the beginning of the nineteenth century, as we have seen above, observatories had
acquired a renewed importance for the modern State. Some documents attest that
astronomers were now on the search for a new model for designing observatories. In
1810, Jean-Dominique Cassini who had been ousted from the Paris observatory by
the French Revolution published a memoir titled “Project and description of a new
observatory” [9]. Five years earlier, the German architect Georg Henrich Borheck
also produced an extensive analysis of The Principles for the installation of the
new observatory ... of the university of Gottingen [8]. What is most noticeable
about these two documents is the way in which they insisted upon combining the
requirement of architecture with the practice of astronomy (Borheck included in his
report a long excerpt from the Gotha astronomer Xaver von Zach). The principles on
which the construction of new observatories should be based clearly emphasized the
need to put the activities of the professional observer at the center of the builders’
concerns. Everything starting from the size and the location of the building to the
materials used were subsumed to those needs. The observatory was being turned
into a fully professionalized space.

Of course, this transformation of the observatory hardly occurred in an instant.
Often, political demands and matters of convenience forced astronomers to make
compromise about the quality of the observation in favor of a location that was
closer to political powers, universities, and academies. In the 1840s, the expensive
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observatory built by the Tsar in Pulkovo became in the eyes of the astronomers
the model of what money could buy. As Simon Werrett wrote, even such a model
had serious flaws ([6], pp. 33—57). Later in the century the astronomical eldorados
moved west, to the United States [41].

Established observatories were hard pressed to adapt to these standards. Some
reacted to this pressure by greatly enlarging the scope of their investigations. Obser-
vatories became the locus of a great variety of pursuits in positional astronomy, but
also in astrophysics which emerged after the experiments of Bunsen and Kirchhoff
in 1859. They were the centers of calculation, to use Bruno Latour’s phrase [32],
around which meteorological as well as oceanographical networks were established.
They provided the resources to carry out increasingly extended geodetic surveys.
They also were heavily involved in increasing the precision of metrological units
(of time, temperature and length). As we mentioned above, observatories were
important places where physical experiments were performed and statistical data
gathered and analyzed.

The diversity of the pursuits in the nineteenth-century observatory raises the
question: what did unite these various activities? Significantly, observatory scientists
and others who were close to the observatory culture of the time also raised
the question of the unity of science. It was in his course of popular astronomy
that Auguste Comte produced his Positivist thought which sought to unify the
sciences on the basis of the empirical method. As John Tresch has argued ([6],
pp- 253-284), it was in a monumental work titled Cosmos that Humboldt suggested
that a unified instrumental approach could unlock a new understanding of the whole
universe. It was Angelo Secchi, a Jesuit astronomer, director the observatory of the
Collegio Romano in the Vatican who suggested that all physical phenomena could
be understood as the interaction between force and matter. ..

To tackle the complex technical space that was the observatory, it is useful to
focus on “observatory techniques” [6]. They include the whole set of physical,
methodological, and social techniques rooted in the observatory as focus of inquiry.
Observatory techniques included the set of practices required to perform success-
fully at the telescope eyepiece; the calibration, manipulation, and coordination
of precision instruments for making observations and taking measurements. They
embraced methods of data acquisition, reduction, tabulation, conservation, as well
as complex mathematical analyses (error analysis and celestial mechanics). They
also included various techniques of representation for the production of maps,
drawings, or photographs, but also of material, numerical, and textual — indeed
poetic — representations of the heavens and the earth, that ultimately shaped the way
in which the world, society, and science itself could be construed. Finally, these
techniques incorporated the social management of personnel within the observatory
as well as international collaborations.

Observatory techniques were developed inside and outside of observatories —
by instrument makers in their workshops, navy officers on ships, civil engineers in
the field, or physicists in their cabinets. But in the observatory they were uniquely
assembled to form a coherent set of techniques. Thereby these techniques helped
define a space of knowledge: the observatory. Observatory techniques reveal the
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perpetually re-engineered cohesion of the observatory sciences. They formed a
consistent foundation to a unified science of the heavens and the earth practiced by
observatory scientists in the first part of the nineteenth century and later publicized
in widely popular works such as Arago’s Popular Astronomy and Humboldt’s
Cosmos.

Observatory techniques therefore required that the space be reconfigured to
accommodate them. In the middle of the nineteenth century, both the Greenwich and
Paris observatories were converted by George Biddell Airy and Urbain Le Verrier,
respectively, into fully professional spaces. The model of the factory has often been
evoked to describe this new space where division of labor was organized around the
main production [42,43]. At the same time, instrumental technologies were greatly
developed [12]. One may here mention the case of the physicist Léon Foucault who
was allowed to develop his great 80 cm telescope at the Paris Observatory in the
1860s [44]. All these developments were put at the service of the values of precision
characteristic of the age [48].

In a sense, one can say that the observatory was turned into a number factory.
As I have argued elsewhere, this led to the development of what can be called
“observatory mathematics” [5]. According to Airy, indeed “every part of the
operation of an observatory is mathematical.” The construction of instruments was
reliant on mathematical mechanics, the construction and the proper understanding
of the defaults of a telescope required a knowledge of mathematical optics. The
discussions and interpretation of observations were done through mathematical
astronomy. The higher problems finally, such as the discovery of a comet’s orbit
from observations, required the high mathematics of gravitational astronomy and
mathematical analysis. As a consequence, Airy argued, the hierarchical place one
occupied within the observatory was determined by one’s mathematical knowledge.

The nineteenth century, however, also saw a great change in the culture of
representation in the observatory. In the early part of the century, Humboldt
introduced the isothermal lines: a system of lines supposed to show the distribution
of mean temperature across the surface of the globe. The image was not the
representation of an actual object to be found in the world but completely man made.
This system of lines was a simple way to represent pictorially observation points,
theoretical speculation and the result of computation. The historians Peter Galison
and Lorraine Daston have argued that the introduction of the photography can be
taken as exemplary of new period in the history of objectivity [19]. Although this
process occurred on a much larger scale than the observatory alone, one cannot but
be struck by the important part played by observatory scientists in the establishment
of photography as an instrument of scientific investigation [36]. Several approaches
coexisted among scientists with respect to the way in which this new means of
investigations could be integrated with the quantitative culture that dominated the
observatory [39]. In the end, as the use of photography during the transits of Venus
in 1874 and 1882 showed, it mostly was a quantitative analysis of the photographic
plates that imposed itself among observatory scientists [4].

While the quantitative culture of the observatory was adopted by a great
number of practitioners of others fields of science or by civil servants of the
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technocratic State, observatory scientists pioneered the networking techniques for
interrelating the data. Already in the eighteenth century, most notably during the
transit of Venus, the letter networks instituted by astronomers were impressive and
allowed the rapid exchange and coordination of information [46]. Over the course
of the nineteenth century, observatory scientists’ networking activities increased
significantly. Meaningful only as long as they were inserted in global networks,
new observatories always inaugurated their work by measuring their latitude and
longitude as precisely as possible. This often involved not only astronomical
observations but land surveying as well.

In the 1830s and 1840s, observatory scientists used their networking techniques
to establish a research program on geomagnetism. The goal of such program was to
produce accurate maps of geomagnetic fields across the globe, using in particular
Humboldt’s technique of the isolines. Scientists involved included John Herschel,
Adolphe Quetelet, Carl Friedrich Gauss and Humboldt. Observation protocols
were drafted and simultaneously followed by observers in various observatories.
As a result, geomagnetism was established on foundations that were similar to
astronomy’s: precise quantitative measurement, international coordination and high-
level analytical theories [10].

In the 1850s, a new technology became available to them: the telegraph. It
was immediately exploited by observatory scientists. Airy sought to determine the
difference in longitude between Greenwich and Paris as soon as the submarine
telegraphic line was opened, but his attempt was slowed down by the political
turmoil in France. The first international telegraphic determination of a longitude
difference therefore occurred between Greenwich and Brussels in 1853. The
combination of the networking techniques and the telegraphic technology was a
powerful force that transformed the study of the weather by the last third of the
century [38].

Observatory scientists were led to reflect on the possibilities of international
scientific cooperation. In 1853, two congresses were convened in Brussels by
Quetelet: one was the first international congress in oceanography, the second the
first international congress of statistics. The two congresses established rules for
standardizing observations and analysis of data. Observatory scientists’ mastery
of such techniques for the manipulation of numbers, the production of precise
images and the networking of data were precious for nineteenth-century societies.
Industrialization and colonialism relied on similar techniques. Simon Schaffer has
for example shown how the observatory techniques deployed in the Paramatta
Observatory in Australia were very close to those needed for keeping control over
an Empire than spanned the planet ([6], pp. 118-147).

Last but not least, observatory scientists pioneered the way in which science
was communicated to an increasingly literate public. Not only that, they strongly
promoted worldviews in which God only played a small part, or no part at all. As
Charlotte Bigg has argued, this effort was not independent from research ([6], pp.
305-324). On the contrary, one can say that the public engagement of observatory
scientists was a central concern of theirs which made their scientific investigation
possible.
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5 The Age of Specialization and Contemporary
Neo-Humboldtianism

As the nineteenth century drew to a close, the unified culture of the observatory
had broken down. Astrophysical observatories in Meudon, South Kensington and
Postdam were established independently of older institutions. Meteorology had
given rise to large centralized administrations that kept observatories simply as
observing stations, but by and large developed independently from astronomical
observatories. Similarly, geomagnetism, vulcanology, mareology, oceanography,
geodesy, etc., branches of sciences which had emerged in close connection and
often within the observatory culture were endowed with their own institutions,
peopled by their own specialists, using their own instruments. .. The specialization
of knowledge at the end of the nineteenth century is a well known story which led
to the emergence of the modern scientific disciplines [35].

But would it be too daring to suggest that with the emergence of the environmen-
tal sciences one may be witnessing the rise of a “neo-Humboldtianism” of sorts?
Three aspects are worth emphasizing here. First contemporary climate science is
rooted in the use of representation techniques pioneered by Humboldt, most notably
the isoline. Without such a tool, it is difficult to imagine that climate scientist could
convey any message at all. The representation techniques they use rely on the combi-
nation of techniques for producing and manipulating numbers, representations, and
networks that were properly coordinated in the observatory culture of the nineteenth
century. The important reliance on various kinds of networking techniques is the
second aspect of contemporary neo-Humboldtianism which needs to be emphasized.
And the interdisciplinary character of climate science has indeed raised questions
about the unity of science that are not unlike those that agitated nineteenth-century
observatory scientists. Finally, climate science has also tended to involve the public
at large, not in the least because it raises questions about the place of humankind in
Nature. In this time when the scientific basis of climate change is so efficiently put
in question in the public arena, a second look at the way in which the observatory
culture succeeded in leaving such an imprint on western societies might be helpful.
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Chapter 7
Astronomy and Technical Progress

James Lequeux and Laurent Vigroux

Abstract Astronomy is perhaps the best example of fundamental research aiming
at increasing our knowledge well beyond our human neighborhood. But astronomy
is also a Big Science, which is partly technology-driven. Progress in observational
capabilities is due to progress in detectors, telescopes, satellites, etc. In the first part,
we remind of the use of astronomy in the past. Then, we use several examples to
describe the complex interactions between astronomy, technology development and
industry in the modern world. We conclude by a short description of the global
economic impact of astronomy.

Keywords Technology transfer * Adaptive optics ® Detectors ¢ Radio astronomy
e Astronomy: research and development

1 Introduction

Fundamental research is generally associated with pure science, with the aim of
increasing our knowledge of Nature without consideration of possible applications.
It is too often considered as an intellectual game played by selfish individuals dis-
connected from the real life. When considering big science like particle physics or
astronomy, one might also conclude that fundamental research uses very expensive
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toys and that public money should be spent on more fruitful activities. Conversely,
the intellectual and economical impact of fundamental science on society as a whole
is recognized by many governments which attempt to use fundamental research as
a development tool to improve economy.

Astronomy offers a good case for understanding the complex relationships be-
tween science, technique and industry. Its status amongst the different sciences has
evolved enormously with time. From Antiquity to the nineteenth century, astronomy
was considered as the science par excellence. Moreover, its practical usefulness was
universally recognized. The situation changed progressively during the nineteenth
century and later, due to the emergence of other sciences and to the fact that the
applications of astronomy narrowed considerably (see Chap.6). At present, the
situation is completely reversed: astronomy has lost most of its direct applications
and has become a pure science. On the other hand, its progresses depend strongly
on techniques most often developed for other purposes. However, the return from
astronomy to technical developments and to industry is not negligible, although
poorly known from the general public. In this paper, we will describe the interactions
between astronomy and technique on a few examples, and we will conclude by some
considerations on the global impact of this science on the society.

2 The Astronomy of the Past!

The astronomical phenomena of alternating day and night and the succession of
seasons regulate the life of man since the origins. The development of agriculture,
and later of urban civilisation, made necessary the measurement of time throughout
the year. The periods of the Sun and Moon were the natural units of time reckoning
and were used to define the calendar, depending on the civilization; sometimes,
other periods appeared, such as a Venus period with the early Mexicans or a Jupiter
period with the Indians. Stars were used by sailors and nomads for orientation: they
had to find ways to identify the stars and to determine their positions. The planets
were supposed to be of good or ill omens, and it was considered necessary for
this purpose to predict their position with respect to the stars. This rather complex
task stimulated very early the emergence of specialists, astronomers-astrologers,
who knew mathematics and were able to deal with these difficult calculations
(see Chap.17). Indeed astronomy was the first science, and a very useful one.
Its developments were triggered by practical considerations, and the results were
outstanding: during Greek Antiquity, correct orders of magnitude were obtained for
the shape and size of the Earth, the precession of its axis was discovered and the
prediction of planetary positions was possible with reasonable accuracy.

This situation remained essentially the same until the seventeenth century.
Mathematical and observational techniques and instruments were perfected, more

'For a more detailed description see [12,13,17].
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results were obtained, but the nature of astronomy was unchanged. Then its
horizon enlarged. Astronomy was now asked to measure longitudes, which requires
a comparison of clocks at different places. Good clocks were available thanks to
Christiaan Huygens, a physicist who was also an astronomer, but they were not
transportable. Fortunately, Galileo had discovered the satellites of Jupiter, whose
eclipses in the shadow of the planet are observable from large portions of the
Earth surface and provide the needed synchronizing signals for the local clocks,
allowing the determination of longitude differences. In view of the importance of
this problem for trade and economy in general, considerable efforts were devoted
to the observation and prediction of these eclipses, in particular in the newly
created observatories in Paris and Greenwich (a by-product of this work in Paris
was the discovery of the finite velocity of light). As a result, longitudes could be
determined accurately on the continents, allowing the construction of accurate maps.
But the motions of the ships prevented observations of Jupiter’s satellites at sea.
Astronomers were now in charge of the measurement of the Earth — geodesy and to
some extent cartography — and they did it well. They also developed the study of the
motion of the Moon with respect to the stars, allowing in this way some progress in
the determination of longitude at sea because the Moon could then provide universal
time signals, but this was difficult to use in practice and not very accurate: the
real breakthrough came with the invention by John Harrison of reliable marine
chronometers, in the middle of the eighteenth century. The interest of astronomical
observations for determining longitudes vanished, except for giving time to the
ships at the main harbours: astronomers were only left with the measurement of the
stability of marine chronometers. It was the first time when some outside technique
superseded the usefulness of astronomy.

During this period, astronomers were the first scientists to organize important
expeditions, first to measure longitudes of the main cities of France at the end
of the seventeenth century, then for measuring portions of meridians in northern
Sweden and in Peru at the middle of the following century. Other countries lead
similar expeditions. The preparation and logistics of these expeditions required
considerable, coordinated efforts from the governments, the scientific bodies and
the scientists themselves. This culminated in the voyages to observe the transits
of Venus in front of the Sun in 1761 and 1769. Observations of these transits
in different places of the terrestrial globe gave at that time the best possibility
to determine the distance of the Sun to the Earth. Not only the phenomena were
observed in many places of Europe and North America, but expeditions were sent
by nine European countries to China, India, Indonesia, Madagascar, North America
including Caribbean islands and Mexico, Siberia and Tahiti. It is remarkable that this
was possible in spite of bad relations between some of these countries, requiring the
delivery of safe-conducts. Then the results were assembled in order to determine the
distance to the Sun, a process which took many years. This is the first example of a
developed international cooperation. Later, Astronomy continued to be the leader in
such cooperation and can still be considered today as a model international science.

However, astronomy progressively lost ground during the nineteenth century
as far as practical applications were concerned. Cartography, and later geodesy,
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became the prerogatives of specialists, mainly military. Earth magnetism, which
was also amongst the attributions of astronomers who had to determine magnetic
declination for sailor’s compasses, also fell outside their range during the second
half of this century. For historical reasons, astronomers were also in charge of
meteorology. This culminated with the creation of the International meteorological
service by Urbain Le Verrier at the Paris Observatory, but did not survive his death
in 1877, after which the service became autonomous. The evolution was similar
in the rest of the world. The only remaining practical duty of astronomers was the
determination and distribution of time: this was, for example, the main activity of
the Paris Observatory until WW?2. This is still the case to some extent: astronomers,
not alone but now in collaboration with physicists, remain at the forefront of
the most accurate determinations of time and also, thanks to very long baseline
interferometry, of the measurements of the motions of the Earth and of the continent
drifts. The applications of celestial mechanics knew a temporary glory with the
launch of artificial satellites and space probes, but the accurate prediction of their
motions is now routine and the specialists do not belong anymore to astronomical
observatories. What remains to astronomers is the prediction of possible impacts of
asteroids on the Earth, something of obvious importance for mankind but a minor
activity for them.

With these few exceptions, the direct military-industrial-commercial usefulness
of astronomy is over. Astronomy is now essentially a “cultural” science, for
which there is, however, still a strong demand. Nevertheless there are still strong
interactions between astronomy, technique and industry: we will now discuss a few
examples of these interactions.

3 The Development of Radio Astronomy

The first example is the birth and development of a new field: radioastronomy.
Searches for a possible radio emission from the Sun were made around 1900 but
with no result because the detectors were not sensitive enough and because the
ionosphere, which blocks the propagation of long radio wavelengths from outside
the Earth, was not yet discovered. The first detection was made fortuitously in
1933 by Karl Jansky. Jansky was an engineer at the Bell Telephone Laboratories
which wanted to develop transatlantic wireless communications. He was asked to
study parasitic emissions at frequencies around 20 MHz. For this, he built a rotating
antenna supported by front-wheels and axles from an old Ford T and started looking
for sources of interferences. He actually discovered an emission by thunderstorms,
but was surprised to detect a faint periodic signal with a period close to one day.
Refining his observations, he found that the period was 23h 56 min, which was
exactly the period of the apparent rotation of stars in the sky: thus the signal was
of celestial origin. He also found that this signal came from the Milky Way, in
particular its centre in the constellation Sagittarius. Despite his own interest to
search for other astronomical sources, he was assigned other tasks by Bell Labs
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and could not continue. The discovery gained large attention from the public, but
astronomers showed no interest with only a few exceptions (see [8]).

It was another radio engineer who took the relay from Jansky: Grote Reber. Reber
wanted to work with Jansky at Bell Labs but could not obtain a position there. He
obtained instead a full job in a radio company in Chicago and decided to build
with his own funds a radiotelescope in his house backyard. This was the first radio
parabolic antenna, 9.5 m in diameter. With it he could confirm in 1938 the result of
Jansky at a higher frequency and made the first rough map of the radio emission
of the Milky Way. The origin of this emission remained a mystery until the early
1950s, when Karl Otto Kiepenheuer in Germany suggested that it was synchrotron
radiation, an emission by high-energy electrons moving in the Galactic magnetic
field. This emission had been discovered in 1947 in a synchrotron, an accelerator
of electrons, hence its name. The theory of synchrotron emission benefited to some
extent from the work done to understand the radio emission of celestial sources.
Synchrotron beams are now common tools to study the properties of materials,
especially in molecular biology.

In these two examples the discovery was made possible by technical progress.
That of Jansky was serendipitous, and Reber’s map of the Milky Way was obtained
just to make better observations, but without supporting theory. Later, the 21 cm line
of interstellar atomic hydrogen was discovered in 1951, after Henk Van de Hulst
calculated its exact wavelength, a work suggested by the famous Dutch astronomer
Jan Oort. However, the line was not found in Netherlands for lack of sensitivity
in the radioastronomy receivers, but in the USA where Harold Ewen and Edward
Purcell had built a complete receiving system especially adapted to the detection of
this line; in particular, they used a new modulation scheme by switching frequencies.
The result was confirmed within a short delay by the Dutch group and an Australian
one using this modulation technique (see e.g. [19]). In this case, the discovery
followed a theoretical prediction and was made by a dedicated instrument.

The subsequent history of radioastronomy abounds in similar examples (see e.g.
[12]). We will say a few words on the origin of the French-German-Spanish Institute
for Radio Astronomy at Millimeter wavelengths (IRAM) [5]. In the late 1960s,
Germany had developed a strong expertise in large parabolic antennas for radioas-
tronomy: German industry had built for Australia in 1963 the best radiotelescope
of the time (the 64 m diameter Parkes radiotelescope, still in operation) and was
now building a giant antenna for Germany (the 100 m radiotelescope at Effelsberg).
The latter antenna included a novel technique invented by the German-American
radioastronomer Sebastian von Hoerner: the homologic principle of controlled
deformation, which maintained a parabolic shape in spite of gravity when pointing
at different inclinations. On their side, French radioastronomers had good expertise
in interferometry, a technique that allows to obtain high angular resolving powers by
combining the signals from different antennas, and even to make radio images. Not
unexpectedly, both sides wanted to push their expertise to millimetre wavelengths,
mainly because it was a technical challenge. Their initial scientific motivations
were rather weak: it is only in 1970 that Arno Penzias and Bob Wilson (who
had obtained a Nobel prize for their discovery of the background radiation of the
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Universe) in a few weeks discovered a handful of interstellar molecules through their
radio emission lines at millimetre wavelengths because they had the best millimetre
receiver of the time. It was now clear that this wavelength range was promised to a
bright future. Each country had its own plan: a 30 m millimetre radiotelescope for
Germany and a millimetre interferometer with several 10—15 m movable antennas
for France. Due to money restrictions and political will, the two projects were forced
to merge as IRAM in 1979, while a European laboratory to produce critical detector
components (then only available in the USA) was set up in Cork (Ireland). It soon
turned out that the two instruments of IRAM, although located in different sites,
were perfectly complementary. IRAM was such a success that Spain decided to
join: this fostered a strong development of radioastronomy in this country, which is
presently at the forefront of research. The scientific results of IRAM are outstanding,
but will not be developed here.

IRAM gives a striking example of the development of a new scientific domain.
The initial motivation was essentially technical, the only scientific argument for
the project being the foreseen potentialities which materialized only progressively.
The promoters of the project were convinced of these potentialities from the
start, and it is their conviction (not shared by many astronomers of the time) and
their stubbornness, which lead the authorities to finance this project in a rather
unfavourable time. As a reward, technical progresses in the antenna design and in
the electronics acquired during the construction of IRAM gave a strong impetus to
the relevant industry and are quite useful in the design of a still more ambitious
world-wide instrument presently under construction: the Atacama Large Millimeter
Array (ALMA).

4 Adaptive Optics: At the Cross-Roads of Astronomical
and Defence Applications

Looking for the first time in the eyepiece of a telescope is disappointing: the images
seem blurred and have a fast erratic motion. This is due to atmospheric turbulence,
which distorts the images, and does not allow benefiting from the full resolving
power of the instrument. A concept to compensate for this phenomenon, called the
astronomical seeing, was proposed by Horace Babcock in 1953 [4]. But it was not
feasible at the time (see [15]).

Somewhat later, a strong interest developed for spy artificial satellites: the
USA launched 146 such satellites from 1960 to 1972, and the Soviets proba-
bly a comparable number. It was considered very important to watch carefully
the satellites in orbit. Ground-based telescopes for this faced the same image
degradation as astronomical telescopes. Military research was also engaged to
focus laser beams on distant targets, which is required to compensate for the
widening of the beam by atmospheric turbulence, a problem similar to that of
image correction. In order to perform real-time compensation of the atmospheric
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image degradation, American defence engineers developed the active correction of
the telescope optics. They developed a novel system based on a sensor to measure
the distortions of the incoming wavefront by turbulence, and on real-time correction
by a deformable mirror to compensate for these distortions. The first positive results
were obtained in 1982, but the system soon was strictly classified. During the
same period, astronomers (mainly in France) developed in parallel similar systems,
called adaptive optics, but more slowly and with much more limited means. They
achieved the crucial step in the early 1990s thanks to the declassification of some
adaptive optics components and to the availability of a new generation of infrared
detectors (adaptive optics is easier to implement at longer wavelengths). Adaptive
optics is presently an essential part of most modern telescopes [11]. The future
generation of extremely large telescopes (the European project has a diameter of
42 m) cannot be operated without efficient adaptive optics systems. The needs of
astronomy and defence have now diverged: astronomers are interested in correction
over a large field, essentially in the infrared, while the military require high adaptive
performances in the visible with very fast response time. Defence experts are still
working on the development of airborne laser systems to destroy ballistic missiles
or ground targets, requiring corrections similar to those given by adaptive optics.

Surprisingly, adaptive optics has now important applications in ophthalmology.
Inhomogeneities in the eye crystalline lens and in the cornea cause blurred images
on the retina, a phenomenon similar to atmospheric seeing which can be corrected
for in the same way. This correction allows a breakthrough in the diagnostic and
curing of retina diseases. Several astronomy groups in the world have created spin-
off companies to design adaptive optics systems for imaging and laser focusing in
collaboration with hospitals.

Adaptive optics gives a good example of a technical development initiated by
astronomers who identified the problem and established the theoretical bases for a
solution. But they were not able to build an operational system until declassification
of crucial components developed, essentially for defence applications.

S Detectors: A Symbiotic Activity

Most astronomical observations are limited by sensitivity. Progress often comes
from an increase of the size of the telescope or of the sensitivity of the detectors.
Modern detectors have an efficiency of nearly 100% instead of a few percent for
photographic plates: the gain is equivalent to using a 5 m diameter telescope instead
of a 1 m one [11]. However, the development of modern mosaic detectors is beyond
the capabilities of academic laboratories. Astronomers have to work in collaboration
with industry to develop detectors matching their needs. This is not new: in the
past, astronomers used to work with the Kodak research laboratories to obtain
photographic plates suited to their needs. However, the use of photographic plates
stopped in the late 1980s, to be replaced by mosaics of electronic detectors.
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The Charge Coupled Devices (CCD) were invented at the Bell laboratories,
initially as memory devices, but soon developed for imaging. The optimisation
of the performance of imaging CCDs was boosted by the decision of NASA to
have a CCD on board the Hubble Space Telescope. The first CCD cameras on
telescopes were operational in 1980, and in less than 10 years they replaced almost
all previous detectors for ground-based optical astronomy. The first-generation
CCDs had many problems: poor transfer efficiency, remanence after saturation,
high dark current, etc. All these defects were more apparent in astronomical CCD
cameras, which pushed the possibilities to their limits: they became the best testbeds
to understand the details of the physics of the CCDs [10]. The work done in
astronomy laboratories working closely with industry was essential in order to
build new-generation CCDs with improved performances. Thinning the CCDs, a
technique invented by astronomers, opened the possibility of using them in the
ultraviolet. Similar improvements of X-ray mosaic detectors were obtained thanks to
X-ray astronomy: these detectors are presently used for many applications, ranging
from control scanners in industry to medical imaging.

In the infrared, the first incentives for detector development were defence
applications. The high development cost of these detectors could only be supported
by the military, and the detectors used by astronomers were obtained as side-
products of the defence projects. As for the CCDs, the progresses in these detectors
have benefited from the use of infrared cameras by astronomers, and it is for this
reason that some astronomy groups were allowed to use them in spite of military
classification. The present generation of infrared detectors is affordable for many
civil applications: night vision, security, thermography, medical imaging, etc. One
of the most spectacular applications is the possibility to identify in a crowd a person
suffering from some disease provoking fever, by looking at the temperature of the
body through its infrared emission. It is very likely that in the future, the civil market
will become the driver for infrared devices, as it was the case of the development of
the CCDs.

A similar development arose for bolometers, which are thermal detectors sensi-
tive to radiations at all wavelengths, especially useful in the far infrared. For ultimate
sensitivity, they have to be operated at extremely low temperatures inside cooled
enclosures in order to limit the parasitic radiation of the surroundings. Progresses
in silicon etching and microelectronics make it possible to design two-dimensional
arrays of bolometers. Each bolometer is a very thin membrane of silicon, supported
from the main structure by insulating rods. At room temperature, they are now
used in thermal infrared cameras, and are available at a price compatible with
mass market. They were first developed in the USA but soon after, in France,
they have been manufactured by the LETI, an applied research department of the
French Atomic Energy Commission (CEA). In 1995, an array of microbolometers
was judged necessary for use on the HERSCHEL Space Observatory, a European
Space Agency satellite dedicated to far infrared and millimetre astronomical space
observations. The Service d’Astrophysique of the CEA, then headed by one of us
(LV), was in charge of providing the array [1]. The main technical challenge was to
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increase the size of each element from 30 to 750 um, which meant etching very large
and thin suspended membranes. This development was made by the LETI, while the
testing and characterization of the detectors was entirely done in the CEA at Saclay.
HERSCHEL has been now launched and the detectors are a full success (see [6]).
Now, the LETT is thinking of building similar microbolometer arrays for operation at
millimetre waves at room temperature. They can be used for many applications such
as detection of landmines, industrial control or security scanners. Such millimetre
wave scanners already exist, but they are very expensive and difficult to operate,
while a microbolometer camera would be as easy to operate as a normal TV camera.
The main limitation would be privacy control, since a person looks naked when seen
by a millimetre scanner: dispatching security scanners everywhere will be limited
by the public acceptance.

These developments provide a good illustration of the interaction between
applied research, which develops new techniques with immediate goals, and
astronomy, which pushes these techniques to their extreme limits. The improve-
ments made by astronomers are used in return by applied research: they help
in the development of manufacturing processes or are even at the origin of new
applications.

6 Large Projects and Industrial Developments

Large facilities developed for astronomy, as well as for other fundamental science
like particle and nuclear physics, are at the edge of new technologies and require
specific developments. The design, the construction and the operation of these
facilities are under the responsibility of public or international organizations, such
as NASA in USA and ESA in Europe for space science missions, or ESO or IRAM
in Europe for ground based astronomy. All these agencies have their own technical
division to develop specific components and to monitor the technical activities of
industrial contractors.

The construction of space observatories in Europe and in USA is under the
leadership of a space agency, ESA or NASA, which keeps the responsibility of
the observatory in-flight scientific performances. The satellite itself is built by the
industry under the management of a Prime Contractor, with specifications provided
by the Space Agency. Usually, the whole observatory is split in two main parts:
the satellite, which includes the service module providing attitude control, electrical
power and Earth communication, and the payload with the scientific instruments.
The limit between the two parts is somewhat arbitrary and mission dependent.
For example, a telescope can be included in the payload or not. The satellite is
always built by industrial contractors while the payload can be built by industry,
or by specialized research laboratories. In the USA, these laboratories could be
the NASA centres such as the Jet Propulsion Laboratory, in Europe the technology
division of the ESA or dedicated research laboratories present in several European
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countries. To illustrate the sharing of tasks between industry, space agencies and
research laboratories, we can again use the example of HERSCHEL launched by
ESA in 2009. This space observatory for observations in the far infrared includes
the largest telescope ever built for a space mission and three instruments. The 3.5 m
diameter telescope in silicon carbide, a new material for telescopes, was a specific
development made by a French company under an ESA contract. This company
had already built smaller size telescopes in this material, which have been used to
validate the different technological steps needed to manufacture the HERSCHEL
telescope. The success of the HERSCHEL telescope will be the base for future
developments of silicon carbide telescopes. The three instruments were built by
consortia of European Laboratories (the main laboratories involved were in Bel-
gium, France, Germany, Italy, Spain, The Netherlands, and the United Kingdom),
with participation of teams from the USA and Canada. These three instruments are
very innovative, and in many areas unprecedented. The technical skills required
for their manufacturing are beyond the capability of industrial companies. Only
research laboratories, used to Research and Technology developments, can take the
leadership and the associated risk of the design, the manufacturing and the assembly
of such instruments. The HERSCHEL instruments are cooled by superfluid helium
to temperature below 4 K. The superfluid helium tank and the heat exchanger with
the instruments were produced by a industrial company in Germany A company
in Italy was in charge of the service module. The industrial prime contractor was
a French company that was also in charge of the assembly and the verification
of the whole satellite before launch, as well as the in flight commissioning of the
spacecraft. The ESA project team had the key role of ensuring the final performance
of the observatory. This has required taking the responsibility of the industrial
procurements and the validation of the deliveries at each step of the integration. ESA
closely monitored the progress of the instruments in the participating laboratories,
and was responsible for the coupling of the instruments to the systems delivered by
industry. In parallel, ESA has developed, with the help of the instrument consortia
the ground segment needed for the flight operation of the observatory and the
technical and scientific data processing on ground. ESA is also the point of contact
with the astronomical community using the HERSCHEL observatory: selection of
observing proposals, execution of observations, delivery and archive of scientific
data.

This very complex organization requires a strong management and good under-
standing of the different practices in research laboratories and industry. This can
be achieved only by a long tradition of work in common between the industry, the
laboratories and ESA. This example shows that the technology transfer between the
research world, including the leading agency, and industry could be sorted in three
categories:

* Novel technologies originated in research laboratories, or novel association of
existing technologies that are used later by industry to push beyond customary
limits.
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* Technologies developed in collaboration between industry and research labora-
tories through development within a contract or collaboration agreement.

e Technologies developed or extended by industry through the execution of a
procurement contract

We have used HERSCHEL as an example, but similar conclusions could be
drawn for all large facilities in space or on ground. All these projects are the results
of common effort between research laboratories, industry and scientific agencies.
Each of the different parties has in charge a part of the project, corresponding to
their skill and capabilities.

7 The Impact of Astronomy on Economy

In the preceding sections, we have discussed the complexity of the relationships
between technical developments and astronomy. Astronomy has contributed to
technical advances in many areas: antennas, telescopes and optics in the whole
electromagnetic spectrum, cryogenic and vacuum techniques, detectors, signal and
image processing, communication techniques, etc. Astronomy is technically driven,
but it also drives the technique. We read in the recent Millennium Report from the
US National Academy of Science [2]: “In some areas, astronomers have pioneered
the technology, while in the others we have worked symbiotically with industry and
the defence sector in developing and perfecting the appropriate technologies.”

Another aspect of the impact of astronomy on economy simply comes from the
fact that it is big science where investments are accompanied by large industrial
returns. In Table 7.1, the cost of some recent astronomical projects is compared to
that of some other equipments.

A large fraction of the construction costs of these facilities goes to industry as
contracts for goods and services. This is a direct transfer, which is easy to quantify.
A good estimate of the overall budget of European astronomy has been obtained in

Table 7.1 Costs of large astronomical projects

Approximate costs (M€) of large astronomical facilities

ALMA 750 Ground based mm
interferometer
Herschel + Planck (ESA) 1,100 Cost for ESA only

European extremely Large Telescope (ESO) 900 Cost for ESO only

Costs for comparison

Aircraft carrier 300
Fighter aircraft 300
Airbus A380 250
Airbus A320 60

100 km of highway 600
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Table 7.2 Annual budget for European astronomy

Annual budget for European astronomy (M<€/year)

European Southern Observatory (ESO) (member state contributions) 150
Cost of National ground based facilities 250
European Space Agency (ESA) scientific program (member state 400
contributions)
Cost of national contributions to ESA payload and national space projects 200
Cost of scientific staff and laboratories 1,000
Total 2,000
Expenses in industrial contracts 500

2008 during the elaboration of the ASTRONET Infrastructure Road Map (see [7];
see also Chap.9). It is summarized in Table 7.2.

Dealing with the most costly infrastructure, ESO and ESA are the main providers
of large industrial contracts in astronomy. For both organizations, about half of
the contributions of the member states are returned to their industry as high-value
activities. one-thirds of the budget corresponds to running costs to operate existing
facilities. The situation differs for national astronomy institutes where the main
expenses are associated to manpower and running costs. But even in these cases
the return to industry is far from negligible.

Ground-based and space astronomy have a strong impact on the economical ac-
tivity in general. Detailed studies have been performed in Hawaii [9] and in Arizona
[18], where astronomy is very important; they show that aside the observatories
and public research organizations, many small companies dedicated to optics and
instrumentation developed to respond to the needs of the research institutes. In
Arizona, for ten direct jobs created in public astronomical organizations, another
six jobs are generated in the economy, and for every dollar of direct wages and
salaries in these organizations, 1.3$ is generated in the state economy. Similar
studies done on the CERN [16] and ESA [14] have shown that the overall gain
for the economy is 2-3 times what is directly generated by the contracts, or 1.2—
1.6 times the total budget of the organizations. Using data from Table 7.2, we see
that some 1,000 M€/year are generated in Europe in this way aside 500 M€/year
through contracts.

On the other hand, the importance of the stimulus created by astronomy for
obtaining products at the ultimate limits of the possibilities cannot be overstated.
More unexpected are the improvements of quality insurance or project control,
marketing benefits in terms of the image of industrial companies, and the increase
of the staff motivation through new challenges and non-conventional work. It might
well be that the main advantages for industrial companies of cooperation with
astronomers are not the financial gain (which in any case would be difficult to
quantify), but the benefits to their image and the overall improvement in skill and
motivation of the workers [3].
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8 Conclusion

Although astronomy was a directly useful science in the past, it is at present essen-
tially pure science. But astronomy is also big science, with a strong dependence
on technique. Progresses in astronomical observation capabilities are driven by
technique. However, the interactions between astronomy, technique and industry are
more complex, as demonstrated by the examples developed in this paper. Beyond its
main fundamental goals of astronomy, most of its advocates insist on its importance
in raising the interest of public and students for science. We hope to have shown that
astronomy is also important in stimulating advanced developments in industry and
has a large impact on economy in general (see also [20]). Whether of not this means
a progress for mankind is another point, which is beyond the scope of the present
article.
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Chapter 8

Up the Decade! Predictions, Prescriptions, and
International Collaborations by the American
Astronomical (and Other) Communities

Virginia Trimble

Abstract Astronomers have a 200+ year history of international collaborative
projects, some more successful than others. Section 1 looks briefly at earlier ones of
these, and we return to the topic at the end. The International Astronomical Union
remains unique among more than a dozen such organizations in that its primary
members are individual scientists (currently about 9,000) rather than nations,
academies of science, and other institutions. In addition, American astronomers
appear to have been the first community to engage in deliberate surveys of the
health of their subject, predictions for its future, and prioritization of widgets
required to make their predictions come true. Sections 2.1-5 look in detail at
those decadal reviews, their content, procedures, successes, and failures. Section 2.6
addresses very briefly the sixth survey and some of its implications for international
astronomy.

Keywords Astronomy: decadal surveys e Astronomy:  publications
* Bibliography ¢ Sociology of Astronomy * Scientometrics

1 International Introduction

The astronomers brought together at Seeger Observatory (outside Gotha, now a
small dot on the map of Thuringia, about three-quarters of an inch west of Weimar)
by Franz Xaver von Zach in 1798 may well have been the first modern international
scientific meeting [6]. Among its goals was the establishment of a “celestial police”,
selected at Lilienthal in 1799 [5], to hunt for the planet between Mars and Jupiter
predicted by Bodes Law. Giuseppi Piazzi, observing from Palermo, found Ceres
before he had been told he was one of the “policemen”.
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Jump ahead to 1887, when Admiral E.A.B. Mouchez (director at Paris) convened
the first meeting of representatives of, eventually, 22 observatories, none in the US.
Their goal was to take advantage of the new technology of dry-plate photography
to compile a Carte du Ciel and Astrographic Catalogue of the entire sky. The
photographs were completed over several decades, and can now serve as first
epoch plates for proper motion studies with a long base line, and the Permanent
International Committee of the Carte du Ciel was an important part of the world
community until 1914. The measurement of the plates and publication of the
Catalogue was finally completed in 1964, by which time the publication of the
Palomar Observatory Sky Survey (as glass and paper copies of the 48” Schmidt
plates) had largely rendered them unnecessary.

At the beginning of the twentieth century came George Ellery Hale’s Interna-
tional Union for Cooperation in Solar Research. It met in Oxford in 1905, Meudon
in 1907, and Pasadena in 1910, where Schwarzschild’s motion to expand its territory
to “Astrophysik in Allgemeinen” passed with no opposition [6].

Also before 1914, Jacobus Kapteyn proposed that the best way to determine the
overall structure of the “stellar system” (then generally thought to be the entire
universe) would be to focus measurements of positions, proper motions, radial
velocities, and brightnesses and colors of stars in certain key parts of the sky. His
1906 Plan of Selected Areas was a sound one. Although his goals were eventually
overtaken by Harlow Shapley’s use of globular clusters to map out the Milky Way
and the discovery of galactic rotation by Bertil Lindblad and Jan Oort, one still sees
studies of various stars and other sources focused in particular Selected Areas.

When the War was over,

With the Kaiser out of print,
So many bought some tortoises
To watch the beggars sprint.

But not George Ellery Hale who returned at once to the international fray. The
treaty of Versailles had officially abolished all previously-existing international
scientific organizations (including the Solar Union and the Carte du Ciel Com-
mittee), but urged the prompt establishment of new ones — exclusively by and
for the victors, with neutrals to be considered later, and the losers much later.
Hale was there in Brussels in 1919 for the establishment of what became ICSU
and participated in the organization of the first Triennial General Assembly of the
International Astronomical Union in Rome in 1922. Commission 32 of the new
union provided a home for the Selected Areas program, though the Carte du Ciel
had included too many German observatories to be fully incorporated into the IAU.
Germany, Austria, and Hungary were finally admitted after World War II, though
The Netherlands, the first neutral member, adhered from 1922 onward. Commission
32 eventually self-destructed, but Commission 33 is Structure and Dynamics of the
Galactic System.

Another relative failure belongs to the post-war period. While the plates for the
POSS were being exposed, Fritz Zwicky examined pairs systematically and thereby
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discovered about 100 supernovae. As the survey wound down, he attempted to
persuade colleagues at a number of observatories to carry on supernova surveys
in a uniform fashion, and he established a Working Group (under the Commission
on Galaxies) of the IAU to coordinate the efforts. But, very shortly before his death
[19], he opined that knowledge of rates vs. host galaxy type etc. had not improved in
20 years, because the searches were not sufficiently similar or systematic. The IAU
working group died with him; was re-established in 1982 in hopes of coordinating
follow-up studies so that the supernovae found would be maximally informative;
voted itself out of existence in 1991 because SN 1987A had made the world
adequately supernova-conscious; and was re-established at the Prague IAU in 2006.
I chaired the group in 1982-1991 and am (probably) still a member but am not quite
sure what the primary goals now are.

Several current supernova surveys worry mostly about following up on Type Ia
events for use as cosmological probes and, secondarily, learning about nucleosyn-
thesis by all types, so that the statistical issues are no longer regarded as terribly
important. The operation of LSST should, in due course, produce numbers vs.
anything you might care about for which statistical errors will be vanishingly small
(though, of course, we can still make systematic errors!).

It is difficult, I think, to declare any of these intended international projects
from before 1920 an unqualified success. In contrast, the IAU itself and the two
treaty-based European collaborations, ESO (European Southern Observatory) and
ESA (European Space Agency, originally ESRO, the European Space Research
Organization) have a great many accomplishments to their credit.

2 Predictions, Explanations, and Advice

Bagehot [3], has written that political commentary can serve three purposes,
(1) prediction of what is likely to happen, (2) explanation of the meaning of what
has happened, and (3) advice on what ought to be done in the future. These are not
independent. If your advice is taken (and you have understood the situation) then
your predictions have a fair chance of coming true; while the clarity with which you
explain the meaning of recent past events will affect the willingness of taxpayers
and their representatives to take your advice. The situation is quite similar for the
six decadal surveys of American astronomy and astrophysics, the last of which was
released even as I was writing. They have attempted to predict future discoveries,
to explain the significance of recent ones, and to urge funding agencies to go ahead
with the facilities the advisors regard as most important, with the third function
generally emphasized.

The following sections discuss how the process started with the 1964 Whitford
report [7] and how it has developed since; relationships between what they asked for
and what we got; commentary and predictions about the astronomical community
contained in the reports; and similar attempts at reporting and prioritizing for
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astronomy in other countries and other scientific communities in the USA. In ad-
dition to prioritizing facilities (which necessarily also to a certain extent prioritizes
the science that can be done) the decadal reports have attempted, to varying degrees
(a) to estimate the costs of what they want to do (usually underestimates, of course),
(b) to assess the size of the community available to do the work and its likely near-
term development, based on graduate enrollments, (c) to explain why the science
of the recent past and near future is exciting, even when the impact on GNP is
likely to be negligible, and (d) to find examples of contributions from astronomy
and astrophysics to science education and technology transfer (formerly “spin-offs™)
that may actually have enhanced the GNP or may do so in the future.

There seems to be a widespread opinion in the community that the earlier
reviews were more successful than the later ones, in the sense of their high-
priority items having gone forward. The data do not entirely support this impression
(Tables 8.1-8.6). The implication that the current review may be pointless could,
therefore, be (a) false, (b) true, or (c¢) true for different reasons.

A conflict of interest statement: I chaired the panel addressing topic (d) for
the fourth review and served on that same panel for the fifth, but have never
been part of any of the main committees or of the panels and working groups
prioritizing facilities or science. There have been some far more significant members
of the community never involved in the decadal process. S. Chandrasekhar (Nobel
Prize, Physics 1983) was active in teaching and research at the University of
Chicago for roughly half a century, and edited our most prestigious publication,
the Astrophysical Journal, for about 20 years. Near the end of his life, I asked him
(casually, at a conference reception) why he had never been a member of any of the
panels or committees. “No one ever asked me,” he responded, going on to quote a
verse of an English folk poem, “The Fair Young Maid”. His ApJ successor, Helmut
Abt, who carried the journal forward for another 20 years, was a member of the
main committee for the second review and chaired its panel on optical astronomy.
He was also a member of the topic (b) panel (Status of the Profession) for the fourth
review.

There has been a certain amount of continuity in the process, with at least a few
people having participated in three reviews.

2.1 An Outline of History

In late 1962, the US National Academy of Sciences, through its Committee
on Science and Public Policy (COSPUP), established a Panel on Astronomical
Facilities whose 1964 report, Ground-Based Astronomy: A Ten Year-Program, [7]
then fed back in the reverse direction, from the Panel (chaired by Albert Whitford
of Lick Observatory) to COSPUP (chaired by George Kistiakowsky, the Harvard
physicist) to NAS President Frederick Seitz (also a physicist). The product was
almost always called the Whitford Report, though his name appears nowhere on
the cover or title page.
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This same pattern, a commissioning from NAS to a subsidiary body to a decadal
committee and a report making its way back up the line for publication was followed
for subsequent reviews, given various titles as follows, but all generally called by
their chairs’ names:

1972: Astronomy and Astrophysics for the 1970s: Jesse L. Greenstein (Caltech) [8]

1982: Astronomy and Astrophysics for the 1980s: George B. Field (Harvard) [9]

1991: The Decade of Discovery in Astronomy and Astrophysics: John N. Bahall
(Inst. for Advanced Studies, Princeton) [10]

2001: Astronomy and Astrophysics in the New Millenium: Christopher F. McKee
(UC Berkeley) and Joseph H. Taylor, Jr. (Princeton University) [11]

2010: New Horizons in Astronomy and Astrophysics: Roger Blandford (Stanford
University) [12]

All are Academy members, and their institutions, you will notice, are not a
random sample of universities, colleges, observatories, and research laboratories
where astronomers are employed. This is also true, though to a lesser extent, of
the full memberships of the main panels, their subcommittees, and working groups.
All reports after the first were reviewed by some other body of the NAS before
publication, though McKee-Taylor was the first to list them by name. Not all
reviewers are Academicians, though they are widely known in the community.

The review processes have become gradually broader and more consultative
over the decades. From Greenstein onward there were subsidiary specialized panels
and/or working groups. From Field onwards there have been open meetings and/or
open letters to the community, inviting input. The number of people directly
involved peaked at 300+ for the Bahcall report, but the smaller numbers for McKee-
Taylor and Blandford have been balanced by more interaction with the community
at AAS meetings, etc., and, for the 2010 project, an opportunity for any astronomer
or group to submit white papers making the case for specific instruments and other
programs. For instance, folks hoping for the International X-Ray Observatory for
somewhere around 2021 submitted a couple of white papers to every disciplinary
panel from solar system to cosmology.

I will return to demographic issues in Sect. 2.5.

2.2 What They Asked for and What We Got

In order to determine these items, I dug out and re-read my own copies of Greenstein
[8], Bahcall [10], and McKee-Taylor [11]; borrowed Field [9] from our library, and
asked a handful of senior colleagues if by any chance they had a copy of Whitford
[71 1 could borrow. Most said no, mentioning possible library copies, but an utterly
charming answer came from Helmut Abt, who said he had had a copy until about
half an hour before, at which time he had put it in the mail to me. And indeed he
had.

What I learned is contained in Tables 8.1-8.5, with a summary in 6. The “what
they asked for” columns come as directly as possible from the prioritized lists
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Table 8.1 The Whitford report (1964)

V. Trimble

What they asked for

What we got

3 x 150-200" telescopes

one in south

48" Schmidt with it

4-year study for “largest possible” optical
telescope

4 x 60-86" telescopes at Universities or research
institutions on fairly good sites

8-12 38-48" telescopes at universities

Large array of pencil beams to 3 cm eg 100 85’
dishes

Owens Valley expanded from 2 dishes to 6 or
8,130’ each

2 x 300’ fully steerable parabloids usable down
to 3cm

15 smaller, special purpose radio facilities to
“redress balance” with NRAO

Design study for largest steerable radio
paraboloid
Improved detectors and other peripherals
Infrared

Radio receivers for shorter wavelengths
Better plates

Photoelectric cathodes

Image tubes

Bigger gratings

Fabry-Perot’s

Fast cameras (to f/1)

Improved seeing (AO not mentioned)
Automation and data reduction

KPNO 150", 1973

CTIO 150”7, 1976

(UKST, 1973)

On-going — now a 50-year study

U Tx 107" 1969; Las Campanas 100" 1975;
Steward 90” 1969; UHi 88" 1970;
KPNO 84" 1984

Catalina/UAz 5 x 60" 1965-1970, various
owners;

4 x 60" 1967-1971, various places and
owners

At least 18 built in US 1966-1971; ten
owned by universities

VLA 1978, 27 x 25-m dishes

OVRO eventually; BIMA; fused to
CARMA 2007 more dishes; various
sizes

Greenbank 300’ 1962; 140’ 1965; 3 x 85’
1965,

Goldstone 210" 1967, but mostly satellite
tracking

Clark Lake 1968; other U Md 1969-1970;
Haystack 1964; Hat Creek 1966-1968;
Stanford 1970; U 11l 1970; U Iowa
19687-1970; FCRAO 1970; Cornell
1970; Penn State 1968-1972; Harvard
1971

No (Arecibo 1963 + upgrades; nothing
larger than rebuilt 300" GBT)

Leighton-Neugebauer survey 1969,
Caltech 60"

NRAO 12-m mm dish, 1967

Most of these things eventually happened,
though not all in a decade
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Table 8.2 The Greenstein report (1972)

What they asked for

What we got

VLA

Electronic detectors etc. for 15 “large” optical
telescopes

Test of multielement optical array

3 x 100" optical telescopes

Large optical array or 200"

Double IR expenditure: ground, air, lab, rocket,

balloon

Design for very large stratospheric tel
Four HEAO’s

Large mm array or 10 m dish

More aircraft, balloons, rockets
Improve existing ground solar facilities
Continue OSO series, L, M, N

Theory and computation facilities

Optical astronomy in space, leading to LST
for next decade

Large cm array

New astrometric facilities

Space launches in 1970s
Uhuru 1970
0SO-7 1971
Copernicus 1972 (with UK; UV)
SAS-3 1975
0S0-8 1975
ISEE3/ICE 1977
HEAO-1,2,3 1977, 1978, 1979
IUE 1978
SMM 1979

Yes, 1978
Eventually (not all federal funding)

Six 1.2 spy spares became MMT, 1979

Las Campanas 100" 1976

Keck I, 10 m, 1999

KAO 1975-1995, WIRO 1975; IRTF 1979;
IRAS 1983

Learjet ongoing

SOFIA 2010

Three, 1977, 78, 79 (Gamma,
x-ray = Einstein, cosmic rays)

Arizona Radio Observatory; ALMA 2010

Not really

No

No, but Skylab 1973; Solar Max 1980-1989

Rather little; ranked too low, said Field
report

TUE 1978; HST 1991

No, though VLA pushed to 0.7 cm, and
other facilities improved

No (61" @ Flagstaff was 1963; FGS on
HST 1991; HIPPARCOS = European
1989; Gaia — European 2012)

emphasized in the reports, though in some case the groups also very much wanted
something on a longer time scale, for instance a large, space-based optical telescope
in Greenstein, though what they asked for was “studies leading toward.”

The “what we got” has larger ambiguities. In some cases, the relationship is
rather distant in both capabilities and time frame (JWST and Herschel, for instance);
for others nothing of the sort ever happened (more large steerable radio paraboloids,
and repeated requests for more “medium to large”, for the time frame, publicly
available optical telescopes). Some happened with little or no federal funding and
little public access (the Kecks). In a few cases what we got was very much better
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Table 8.3 The Field report (1982)

V. Trimble

What they asked for

What we got and when

Major

Advanced X-ray Facility in Space (originally
envisaged as upgradable)

VLB Array

15 m new technology telescope

Large Deployable reflector (10 m) in space
for FIR, mm

Moderate

More explorers, 1-2/year

FUSE

Space VLBI

Multiple 2-5 m for OIR
Advanced Solar Obs. In Space
Cosmic rays from space

SETI

Small (not exhaustive)
10 m for sub-mm

MIR interferometer
High precision optical astrometry

10-20 five-year grants for young astronomers
per year

Chandra 1999

1992

Kecks 1999, 2001

Herschel 3.5 m 2009, ESA leading partner
(WFIRST in 2010 report, 1.5 m, NIR)

IRAS 1983, LDEF 1984, COBE 1989

1999

Early trials with TDS; Japanese Halca 1997
task to Japan in 2010 report

No

SDO 2010

No (Sampex 1992)

Private/university only

CSO 1988; H Hertz SMT 1994 (now part
of ARO)

Townes at Mt. Wilson

No

Arguably subsumed in NSF CAREER grants,
though they argued for separate astro
program

than the prioritization implied. This was probably true for the requested near-
infrared survey, which became 2MASS, and the lower-priority optical survey with
a one-meter dedicated telescope, was utterly outshone by the actual (not federally-
funded) Sloan Digital Sky Survey.

The “trees” of Tables 8.1-8.5 make it a little bit hard to see any general picture
of the success rate of prioritized requests, which is the reason for the “forest”
summary on Table 8.6. Overall, about one third of the requested items came about
under (mostly) federal funding within about 15 years of the request, one third
happened later and/or with other funding, and one third never happened at all.
Indeed eventually the community stopped asking for some kinds of things, like large
steerable radio paraboloids and more intermediate-sized optical telescopes. There
does not seem to be any strong temporal trend (though the arbitrary 15 year limit
has not yet quite expired for the items put forward in the McKee-Taylor report).
With the crudest possible metric of Yes/No ratio, Bahcall would seem to have been
the most successful and Field the least.

Certainly there does not seem to be a sufficient temporal trend to encourage us to
forecast how much of the Blandford request list will eventually come into existence.
The reader is invited to formulate assorted “post hoc” explanations, based on speed
of change in scientific issues, economic conditions, or whatever else you feel might
be important.
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Table 8.4 The Bahcall report (1991)

What they asked for

What we got and when

Major

S(Shuttle)IRTS

No. Hemisphere IR 8 m
Millimeter array

So. Hemisphere 8§ m

Moderate

Adaptive optics
FUSE

SOFIA

More explorers (8—12)

Optical, IR interferometry
Several shared 4 m

Astrometric Interferometer Mission
Fly’s Eye
LEST (large earth-based solar tel.)

Extended VLA
Collaborations and special instruments

Small (subset)
2-micron survey
IR Interferometry

Cosmic background imager
Lab support

Astrometric factory

300 m radio telescope in Brazil
Space radio interferometry
Solar oscillation interferometer
Optical survey

Supernovae neutrino watch

Space launches in 1990s
CGRO 1991 (Great Observatory)

AXAF/Chandra 1999 (Great Observatory)

EUVE 1992

SAMPEX 1992

RXTE 1995

ACE 1997

SWAS 1998

TRACE 1998

WIRE 1999 (optical monitor only)
FUSE 1999

HETE-1 1996 (failed)

S(Space) IRTF = Spitzer Space Tel. 2003

Gemini North, 1999

ALMA in progress 2010; APEX & ASTE operating
Gemini South 2001

Gradual, many sponsors

1999

May 2010

11 launches (not all explorers) below;
UIT, WUPPE, HUT on Shuttle 1995

PTOI 1998-2008; NPIO 2001-present; Chara
2004-Present

ARC 3.5 (1984); MDM 2.3 (1986); WIYN 3.5
(1994); ARC 2.5 (1994)

To SIM, to SIM-lite; not ranked in 2010

1994 (and other UHE gamma and particle arrays)

AST in McK-T; some AoOs in July 2010, ARRA
money

Endorsed in McK-T; on time on budget for 2012

A few

2MASS 1997-2001

PTOI 1998-2008, NP10 2001-present, Chara
2004-present

2002 (also DASI, Maxima, Boomerang, etc.)

No

No

HALCA, Japan 1997, assigned to Japan in 2010
No

SDSS 2000-present

Facilities in Europe, Canada, Japan




146

Table 8.5 The McKee-Taylor report (2001)

V. Trimble

What they asked for

What we are getting

Large
NGST (UVOIR)
GSMT

Con-X

Expanded VLA

LSST

TPF

Single Aperture Far IR (80 m for
30-300um)

Medium

TSIP instrument initiatives

GLAST

LISA

Advanced Solar Telescope

SKA (Square Kilometer Array)

Solar Dynamic Observatory

CARMA (Fusion of BIMA & OVRO)

Energetic X-ray Imaging Survey Tel.

VERITAS

Advanced Radio Interferometry between
Space and Earth

Frequency Agile Solar Radio Telescope

South Pole Submm Telescope

Small
National Virtual Observatory
LOFAR

Advanced CR Comp. Experiment for
Space Sta.

Ultra-long-duration balloon flights
Lab and theory

JWST (IR only) 2017??

GSMT = third large ground priority in 2010

HET (1998), SALT (2003), E-ELT

IXO (with ESO & JAXA) = 3/4 large space
priority in 2010 report, for 2025

On time, on budget for 2012

Top large, ground priority in 2010 report

Debudgeted; no target launch date

CALLISTO groups at JPL & GSFC; not in 2010
report

In operation

Fermi, launched 2008

3/4 large space priority in 2010 (for 2025) requires
collaboration with ESA

Money from ARRA, some instrumentation AoO’s
out; site on Haleakala

MeerKAT (So. Africa) and ASKAP (Australia)
prototypes; US involvement only if reduce
other radio projects

Launched May 2010

2007

Explicitly dropped in 2010

2007

Explicitly dropped in 2010 (VSOP program in
Japan)

Consortium exists; site — VLA or Owens Valley?

One of 8 “compelling” mid-scale programs, not
prioritized in 2010 report

Not prioritized in 2010 report

Has website and some data

European; NL site dedicated May 2010,
construction continues

Not in 2010 report; last Shuttle flight to Space
Station likely to carry Alpha Magnetic
Spectrometer

Getting longer

Hard to track

(continued)
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Table 8.5 (continued)

What they asked for What we are getting

Launches in 2000’s Plausible Launches in 2011-2015
HETE-2, 2000 IRIS (Sun)

WMAP, 2001 Nu-STAR (X-rays)

RHESSI, 2002 GEMS (Gravity and Extreme Magnetism)
GALEX, 2003

SST, 2003

IBEX, 2005

WISE, 2009

SWIFT, 2003

Table 8.6 Scorecard

Number in
operation
<15 year Number Number
Number in after report eventu- eventu-
operation with mostly  ally ally
<15 year other built built
Number of  after report funding with with
identifiable ~ with mostly (state, mostly mostly Never/
items federal private, federal other very
Report requested funding foreign) funding funding  unlikely
Whitford 13 6 0 0 1 6
Greenstein 21 5 (+1 similar) 2 4 1 8
Field 21 3 (+2 similar) 2 3 2 9
Bahcall 29 11 6 5 0 7
McKee- 23 8 1 5 3 6
Taylor
Total 106 33 (+3 similar) 11 17 7 36

2.3 Things We Never Asked For

Uhuru (launched in December 1970) was already flying when the Greenstein report
(which mentions some of the early results and asks for four HEAO’s as follow-ups)
was published in 1972, and Whitford had not addressed space missions. But
something with Riccardo Giacconi behind it was going to fly one way or another.

The absence of COBE is more curious. The actual background to the satellite
was a NASA announcement of opportunity in 1974, for which three of the responses
requested satellite-based measurements of the microwave background to clarify its
spectrum and, with luck, find fluctuations other than the AT/T = 1073 dipole due
to our motion. These were merged into a single 1976 proposal, with launch in
1989 and exciting results almost immediately (the perfect black body spectrum)
and additional ones as time went on (fluctuations on the angular scale of about 10°
to which the data were sensitive).
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But where is COBE or its ancestor in the Greenstein report? The discussion of
radio astronomy and cosmology addresses only radio and other active galaxies.
Radio from space mentions only the possibility of extending the baseline for
interferometry by launching largish dishes. The main report said that studying the
spectrum of the 3 K radiation is very important but advised only the use of balloons
and rockets. It also gave significant attention to the possibility of non-cosmological
redshifts for quasars and non-cosmological origins for the 3 K radiation.

What went wrong? Well, nobody on the “space” panel was particularly interested
in cosmology, while the main survey committee and the “radio” panel each had
one cosmologist, and it was the same one, Geoffrey R. Burbidge, whose life-long
opposition to a conventional, hot, big bang universe with cosmologically large
redshifts was well established by that time.

By the time of the Field report, the need for COBE was generally acknowledged,
though the committee expressed fear that, if there was not increased funding for
small missions in the 1980s, only three launches would occur, IRAS, COBE, and
XTE. In the event, only IRAS (1983) and COBE (1989) went (along with LDEF),
with RXTE postponed until 1984.

2.4 More Recent Very Productive Facilities

Well, let us take 3 years of publications (2001-2003) and citations in the 3 years
after publication, because the data happen to be available [15], and an arbitrary
cutoff of at least 2,000 citations. It is, then, I think fair to say that nearly all the US
facilities had been asked for in at least one decadal review.

The items in space were Chandra, and RXTE (plus the non-US XMM and
ROSAT) looking at X-rays and indeed both requested; the ultraviolet FUSE, check;
the optical HST (multiply requested, only bigger) and the non-US HIPPARCOS
(but several committees wanted improved astrometry); in the infrared IRAS (yes)
and the non-US ISO (and a later sample clearly brings the Spitzer Space Telescope
into the fold [16]. No recent gamma-ray missions reach the 2,000 citation threshold,
but FERMI (requested as GLAST) surely will in the next few years. WMAP, the
cosmology satellite, was firmly requested as soon as preliminary COBE results
appeared.

Of ground-based facilities, the VLA, which was the first priority in the 1972
Greenstein report, has been the most productive and influential radio facility in
each of three decades. Next is the JCMT (a UK owned and operated millimeter and
submillimeter dish located in Hawaii), which filled a niche addressed by Greenstein
and Field, but left to European and university facilities.

The ground-based optical case is perhaps the diceyist. The current superstars (in
some combination of papers and citations) are the Kecks, 2MASS, SDSS; plus the
European Very Large Telescopes and the 48” Schmidts, the northern one of which
predates even the Whitford report and the southern one of which (requested by
Whitford) was eventually provided as an Anglo-Australian joint effort. The ranking
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of facilities by production of papers and citations per paper will, of course, change
with time, but even for the most recent sample we have (papers from 2008 cited in
2009, [16]) the two Gemini’s together (priorities one and three of the Bahcall report)
are outscored not only by the Japanese 8 m Subaru but also by the 3.5m CFHT. A
decade earlier, the CFHT and comparable-sized Anglo-Australian Telescope both
outpaced the 4 m at Kitt Peak [14].

2.5 Demographics of the Review Process

The founders of most American scientific societies and other structures in the
nineteenth century were white, protestant males. It is instructive to sit down with
the lists of members and officers of, for instance, the American Physical Society, the
American Astronomical Society, the American Association for the Advancement of
Science, and Phi Beta Kappa and notice that the order of incorporation of other
groups (first among the members and later, sometimes much later, among the
officers) is typically Catholics, women and Jews, Asian and Hispanic Americans,
and blacks come last. The decadal panels and committees are, I suppose, more
prestigious than the American Astronomical Society but less prestigious than the
National Academy of Science, and I thought it might be interesting to look for
similar effects among their memberships.

Tables 8.7 and 8.8 display the results and also take a stab at classifying the
membership by subfields (optical, radio, theory, and all) and types of institutions
(private observatories and high-profile universities; institutes supported by the
federal government; 4 year colleges and outreach organizations; industry; other).
I am reasonably sure of the numbers, except the Blandford population (the first
of the decadal groups where I cannot claim to know fairly clearly who they all
are). The Blandford subgroups included several additional hispanic and African
Americans, because NAS policy requires at least one per panel. Numbers for
subfields, institutions, minorities, and women for the American Astronomical
community as a whole in recent years are given in the Blandford report, and earlier
reports have somewhat similar information for the 1960s, 1970s, and 1980s.

Table 8.7 Demographics of the survey committees and their panels and working groups, numbers
of people

REPORT/Number Asian-

of Subgroups Total Women  Blacks Hispanics Americans  Jews
Whitford — 0 8/0 0 0 0 0 0
Greenstein — 11 23/89 0/1 0/0 0/1 0/0 4/7
Field - 13 21/110 2/8 1/1 0/0 0/1 1/12
Bahcall - 16 15/300 1/31 0/3 0/2 0/4 2/41
McKee-Taylor — 13 15/112 3/13 0/1 0/1 0/4 2/7
Blandford - 9 23/129* 6/32 1/0 0/2 0/8 2/15

4Plus 71 not named in main report on six Infrastructure Study Groups
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Table 8.8 Affiliations and subdisciplines of committee members

Research

Univ. Govt.

Private Obs. Non- Inst.
Report Obs. Labs Industry EPO [ON] Opt Rad Sp Th  Other
Whitford 8 0 0 0 0 4 3 0 0 1
Greenstein 17 6 0 0 0 9 3 2 5 4
Field 16 5 0 0 0 8 1 4 5 3
Bahcall 12 2 1 0 0 3 2 3 4 3
McKee- 12 2 1 0 0 5 3 1 3 3

Taylor

Blandford 15 2 2 2 2 7 2 2 6 6

Statements well supported by the data include (a) the panels etc. have never been
entirely representative as to institutional affiliations (over-representing the high-
profile universities and private observatories), (b) the incorporation of women was
slow but (with 20% in the Blandford population) has probably reached equilibrium
with the senior membership of the community, (c) even by the dismal standards of
science in general and astronomers in particular, black, Hispanic, and even Asian-
American colleagues are not getting their fair say, and (d) Jews, who make up
something like 3% of the American citizenry are considerably over-represented,
as will be seen in just about any academic, intellectual sample you care to collect.

2.6 The Decadal Dinner Cub and the Sixth Report

At the January, 2010 meeting of the American Astronomical Society, the editors of
Nature convened a group of seven astronomers (whose names, affiliations, and so
forth appear in the 18 February issue of Nature (vol. 463, p. 868). Given the small
number, I think their institutions and subdisciplines are about as representative as
the 2010 Blandford group. Table 8.9 shows their priority list. Curiously (as can be
seen from the details of the voting procedure described in the Nature article) not
even LSST was ranked as high as “everybody’s second choice.” Of their top seven,
LSST, GSMT, IXO, and LISA are priorities in the 2010 report. The others are not
(but the diners could probably not have been expected to guess that the number
two priorities for both space and ground would be several instruments chosen by
competitions within the agencies).

It will be 2025 before we can add the Blandford report to Table 8.6, and the only
prediction that I am prepared to make is that, because they have asked for very few
specific facilities, we will get very few corresponding to their requests!
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Table 8.9 The decadal dinner club

Prioritized list ~ Status in 2001 Status in 2010

1. LSST No. 5 in “large” No. 1 “large” ground

2. GSMT No 2 in “large” No. 3 in “large” ground

3. TPF No. 6 in “large” Not ranked or discussed

4. Con-X/IXO  No. 3 in “large” Equal 3/4 in “large” space

5. LISA No. 3 in “moderate”  Equal 3/4 in “large” space

6. JDEM Not mentioned Possible NASA/DOE/ESA collaboration;
not ranked

7. SKA No. 5 in “moderate”  Probably not

3 Predictions About the Astronomical Community
and Funding

The Whitford report was prepared and published during the post-Sputnik surge of
enthusiasm for “space,” which very much spilled over into increased funding for
astronomy, widely defined, and students wanting to become astronomers. In the
decade before the Greenstein (1972) report, the number of AAS members, IAU
members from the US, and numbers of astronomy students in graduate programs
all roughly doubled. But signs of leveling off were already apparent in first-year
graduate enrollments, and over the longer baseline, 1960—-1964 to 2009, numbers
of AAS and American IAU members have grown at a bit less than 4% per year,
somewhat below the “minimum” 4.5%/year estimate in the Whitford report.

Current numbers of graduate students and new PhD’s are less well determined,
because a good many live in physics or joint physics and astronomy departments.
For what it is worth, 47 US institutions currently offer astronomy Ph.D.’s (according
to a compilation by the American Institute of Physics) compared to 40 around
1970 and 26 in 1960. There was a good deal of optimism at that level in the
Whitford report, which expected graduate enrollments to grow by 19% per year,
perhaps tapering to 7%/year by 1973. Particularly optimistic institutions included
Georgetown, which expected 45 students by 1966 (but closed its astronomy degree
program not long after that) and Maryland, expecting 55, the same number as
Harvard. Harvard actually just about reached its goal, awarding 35 astronomy
Ph.D.’s between 1968 and 1972 (and finally climbed back up to that level with
35 receiving degrees dated 2005-2010). I think that no other institution can quite
make this claim. Caltech, with a more modest goal of 35 students for 1966 awarded
24 astronomy PhDs between 1968 and 1972 (including mine). These numbers
come from a combination of alumni directories and web sites and are not entirely
consistent in their inclusion/exclusion of folks studying astronomy/astrophysics
within physics departments. Leveling and tapering are probably not quite the right
description; while fluctuations in numbers of students, numbers of PhDs, numbers
taking first jobs in astronomy, and numbers eventually landing in tenured positions
are subject to Poisson statistics, real variations, correlated with funding (and perhaps
just as important, perceived funding) of pre- and post-doctoral fellowships and
numbers of “real” jobs available, seem to be larger.
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Because it takes 5-6 years to produce a PhD and another 6-12 to get her into
a permanent job, availability of person power has nearly always been out of phase
with opportunities. Harvard, Illinois, and Caltech produced their peak numbers of
PhDs in astronomy in 1968, 1969 and 1970 respectively, just after some rapidly
expanding departments had filled their ranks with whoever was available from a
smaller pool (and no, I will not provide examples!)

In the funding department, of course we have always asked for more than was
going to materialize (hence the one third success rate shown in Table 8.6). More
striking, every report from Greenstein onward has called for more “balanced”
programs, meaning more ground-based astronomy, and, within the ground-based
priorities, more federal funding for optical astronomy. To achieve this sort of balance
within a fixed budget means, of course, less for space, and, on the ground, less for
radio, though the language hasn’t always been that blunt.

This is perhaps also the right place to provide a warning that we should be careful
what we ask for, especially if there is no mechanism for re-prioritizing. Blandford
suggests some sort of mid-term review. Once upon a time, a Next Generation
Space Telescope, to operate across the full range of ultraviolet, optical, and infrared
wavelengths, with an 8 m mirror and total cost significantly less than that of HST
up to launch time, seemed like a very good investment. Over the years, the mirror
shrank; the UV and most of the optical (and longest IR) wavelengths were removed
from the requirements; and the pre-launch costs rose by factors of two or three, or
four, depending on where you look. Because the initial number was 10° dollars or
thereabouts, the balloon has soaked up a very large fraction of the total science
support available from NASA. In this regard, the recommendations of the most
recent UK planning exercise (Sect. 4) are perhaps of interest.

4 Other Countries! and Other Branches of Science

These remarks are based simply on which reports happened to be readily available
and are not complete. American astronomy appears to have been the first community
to engage in exercises of this sort. Other nations began their prioritizing in the
1980s (and I have to hand Australia [3], Germany [4] in English translation, and the
United Kingdom [13]). Among American sciences, the physicists and geophysicists
have produced reports, but were slow to adopt prioritized lists, simply declaring an
assortment of projects as worth having. This should perhaps become a more general
strategy, now that what we are likely to get is more dependent on agreements with
other nations and multi-national organizations.

The current Australian Decadal Plan (Australian Academy of Science, 2005)
covers 2006-2015 under the title New Horizons [2]. It is striking for its emphasis
on people, noting early on that the number of employed Australian astronomers

I'See Chap. 9 for the EU.
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has been roughly constant 1995-2005, but with permanent positions fading and
being replaced by temporary ones (true in a number of other countries as well).
And the strategic plan puts students and professional astronomers and engineers first
and new facilities last. Among those facilities SKA ranks first on the ground (with
the recognition that gradual reduction in funding for the very productive Australian
Telescope National Facility will be required), and partial share of some extremely
large optical telescope second (they currently support Gemini at the level of 6.2%).
The major scientific questions to be addressed include the customary “origins” items
(galaxies, stars, supermassive black holes, habitable planets) but also include origin
of cosmic magnetic fields and complex interstellar chemistry.

The German report (Deutsche Forschungsgemeinschaft 2003; English translation
2008 [4]) credits by name only a six-member editorial committee, covers 2003—
2016, and begins with a set of 23 scientific issues, including cosmic rays, the sun,
and final stages of stellar evolution, which have pretty much been squeezed out of
American lists in the last report or two. The scientific priorities emphasize the need
for on-going involvement in major international projects. Their small/medium/large
divisions are in terms of German input to funding with dividing lines at 10
and 25 million Euros. The “demographics” appendix shows the distribution of
permanent positions among the states making up the Republic. The top scorers are
Bavaria (mostly Garching), Baden-Wurttemberg (mostly Heidelberg), North Rhine-
Westphalia (mostly Bonn), and Brandenburg (mostly Potsdam).

The highest-ranked large projects were SOFIA, Herschel, XEUS (now IXO)
Darwin (spectra of potentially habitable planets), and ALMA. The “mediums”
were LISA, instrumentation for a solar orbiter, access to space telescopes, the
VLT, and HESS/MAGIC. SKA appears, but below these others. High priority for
small investments starts with shares of Planck, GAIA, NGST, a space-UV facility,
and GLAST. Among the existing facilities with major German support, the report
recommends holding steady on IRAM? (as the major millimeter telescope in the
Northern hemisphere), re-evaluation in a few years of Effelsberg (the largest single,
steerable dish in the world at 100 m), and planned withdrawal from Calar Alto (in
favor of greater support from Spain and by German universities acting individually).

The report issued from the United Kingdom in 2009-2010 (STFC, 2010 [13])
was prepared in the wake of a major reduction in funding available for astronomical
(and some other kinds of) research, driven partly by world economic events, partly
by mergers and rearrangements of funding agencies, and partly by a drop in the
value of the British pound relative to other currencies in which obligations are
owed. The combination of pounds down and expenses of new facilities up resulted
in a report that, more clearly than any other, recommends withdrawal from both
existing and planned projects. The intention is to be part of the European Extremely
Large Telescope collaboration (and ESO in general) and SKA, to hang on for
GAIA, Planck, JWST, and Herschel (but not IXO), and to move out of Gemini,
XMM, LOFAR, and a number of other programs. Funding for the JCMT through

2See Chap. 7.
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2012 was agreed (with the future TBD) but with pullouts from Gemini as soon
as possible and the United Kingdom Infrared Telescope (still quite a productive
Hawaii-based mirror) in 2014 or 2015. The planned withdrawal from the Anglo-
Australian Observatory was completed in 2010. The Blandford report dropped a
few projects that had received high priorities in McKee-Taylor, but none that were
actually under construction or in use. The UK report is, therefore, precedent-setting.
The panel had access to the results of Trimble and Ceja [16]. These data are included
as an Appendix. The UK report also has a list of successful technology transfer
from astronomy to industry, medicine, defense, and so forth of the type that became
customary in the US starting with the Bahcall report.

The interested reader is invited to go web-crawling for recent exercises in
prioritization undertaken (I think somewhat unwillingly) by the physics community.
A geophysics effort dates from 1991 and devotes a proportionately much larger
fraction of text to scientific priorities (at least somewhat ranked and with global
paleo-environments and biological evolution at the top). But there is also a section
on the facilities, equipment, and data bases that will be needed (they came to the idea
of an NVO somewhat ahead of astronomy, I think) and another with suggestions for
future funding (more, of course).

5 Interdisciplinarity and International Collaborations
in the Future

Disciplines come and go, and it was not silly for one pundit, making forecasts
for the year 2100 to ask, “What are the major branches of physics, if physics still
exists.” After all, a century ago, the important branches of theoretical physics were
mechanics, thermodynamics, acoustics, electricity, and electromagnetism [18]. So
while there have been recognizable astronomers for a few hundred years, some of
them were trained in medicine (Copernicus, Rhetticus, and Henry Draper), some in
mathematics (Eddington, Milne, and McCrea), and some in other things (Galileo,
Newcomb, Curtis, and Shapley). And astronomy has tended to swallow people
whose skills were needed, spectroscopists and what we would now call atomic
physicists from about 1880 on, nuclear physicists from 1950 on, and most recently
particle physicists.

Mergers in progress probably include astrochemistry (with ever-increasing
complexity of interstellar molecules and pathways for forming them) and
astrobiology® (said by some to be a subject with no subject matter to study).
But the “interdiscipline” that is changing most rapidly and most rapidly changing
our landscape is undoubtedly computational astrophysics, essential for handling
ODARs (overwhelming data arrival rates) as well as for turning equations of
cosmology, star formation, radiative transfer, and all the rest into “simulations” to

3See Chap. 20.
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be compared with those data (which can typically require another giant computer
program to pretend to be a telescope looking at the data). Any number I might give
you for lines of code, flops, bytes, cores or any other measure of computing power
and complexity will be out of date before this volume appears, but for a snapshot
of one topic in July, 2010, see [1]. Incidentally, every decadal report has asked for
additional support of computational facilities, right back to Whitford, where it was
called automation of acquisition and reduction of data and information storage, but
never, as “Field” said about “Greenstein”, with very high priority (Section 5 of 7 in
the Blandford report).

We began by looking at attempts at international collaborations, back when
nations were both much smaller and many fewer, none of which was overwhelm-
ingly successful, so perhaps it makes sense to end with a look toward international
collaborations of the future. The early US decadal reports carry a strong flavor of
“If the US doesn’t do something, it won’t get done.” This was already not entirely
true in the Whitford era. The Southern 48 Schmidt was built as the UKST (United
Kingdom Schmidt Telescope); repeated requests for better astrometry were largely
met by the European HIPPARCOS satellite (whose public data base was never
much used by the American astronomical community, present company excepted,
of course; [17]), and the again European Gaia will presumably be the next step
toward better positions, parallaxes, and proper motions. Much of the millimeter and
submillimeter radio astronomy from the 1970s onward was done with European
facilities, including the British JCMT.

Having survived WWII and the Cold War, the IAU has been a considerable
success, now involving more than 60 countries, including two Chinas, and more
than 9,000 individual members, and sponsoring nine symposia per year as well as
a triennial General Assembly. These symposia are chosen by agreement among the
Presidents of its 12 (mostly subdisciplinary) Divisions and the 12-member executive
committee of the Union itself. Attendance at the GAs has run around 2,000 people
in recent years. In contrast, the General Assemblies of the International Union of
Pure and Applied Physics involve only about 150 people, representing member
countries and the subdisciplinary Commissions. But no Commission has more
than 15 members, and only the chairs attend the GAs. The number of sponsored
conferences is larger, but they are chosen by individual Commissions, with no
general discussion of what might be good for physics as a whole.

What has become increasingly clear in the last 15 years is that no one nation or
continent can afford the full suite of telescopes, satellites, and all the rest needed
to push astronomy forward at all wavelengths and all resolutions on all kinds
of sources. Already noted above are the Anglo-Australian and Canada-France-
Hawaii optical telescopes, which yielded the largest numbers of papers and citations
for about a decade (when the Palomar 200” and the KPNO and CTIO 4 m mirrors
were also collecting photons). Perhaps the most spectacular international satellite
has been the International Ultraviolet Explorer, launched in January 1978 and
operated until September 1996. It was a NASA, ESA, SERC (UK) joint mission,
operated in real time 16 h a day from Goddard Space Flight Center and 8 h from the
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ESA tracking station near Madrid. Early on, it was very much like a ground-based
telescope, in that the observer went to the tracking station and watched the spectrum
gradually build up on a video screen.

The TAU has had, from time to time, a Working Group on Future Large Scale
Facilities, but in practice this has served only to make sure that everybody coming
to its sessions at the GA found out what everybody else was planning. It could
conceivably develop into a consultative body of the sort recommended in the
Blandford report to think, at least every 5 years, about international collaborations.
US membership of the IAU amounted to about one third for many years. It is now
closer to one-quarter.

At the moment, I am not quite sure that the US yet has the right attitude
toward these matters. The Blandford report clearly acknowledges that the choice of
LISA vs. IXO as a major space mission for 2020 or beyond must be coordinated
with the European choices within its Cosmic Visions program (Anderson), but
digging into small print one finds phrases like “nearly all of this report’s ranked
recommendations have opportunities for contributions — often substantial — by
foreign partners” (p. 304) and, concerning some merger of the American JEDEM
mission and the European Euclid, “if ... the arrangement is consistent with the US
playing a clear leadership role.”

The situation on the ground is not much better. If there are to be two Terribly
Large Telescopes, it seems reasonable to put one north of the equator and one south.
Now the Europeans have decided to put their E-ELT in Chile (the second choice site
was La Palma). The US has two competing projects — with the decadal report [12]
strongly urging NSF to get behind one or the other as soon as possible, to give other
international partners confidence. Of the two, the GMT is definitely aimed toward
Chile and the TMT toward Hawaii, but the Blandford report doesn’t seem to feel
that this should be a consideration in choosing between them. If I had my druthers,
I would put the TMT in Chile and the E-ELT in the Canary Islands, which happens
to be a pleasant place to visit, but, like Chandra, I wasn’t asked, which is perhaps a
good place to stop.

Acknowledgments I am most grateful to Michael Rowan-Robinson for requesting from me data
on citation rates to papers reporting observations taken with various telescopes for consideration
by the most recent UK decadal review, to Ron Ekers for a copy of the Australian New Horizons:
A Decadal Plan for Australian Astronomy 2006-2015, and especially to Helmut Abt for the loan
of his copy of the Whitford report and his response to an email query about whether he might have
one, saying that he had had one until about half an hour before, but he had just put it in the mail to
me! The keyboarding of text and tables was expertly done by Alison Lara.

References

1. J. Alves, B.E. Elmegreen, J.M. Girart, V. Trimble (eds.), Computational Star Formation, in
Proceedings of IAU Symposium 270 (Cambridge University Press, Cambridge, 2011)

2. Australian Academy of Sciences, National Committee for Astronomy, New Horizons: A
Decadal Plan for Australian Astronomy 2006-2015, (2005)



10.

11.

12.

13.
14.

15

Up the Decade! Predictions, Prescriptions, and International Collaborations. . . 157

. Bagehot, The Economist, 3 July 2010, p. 56
. Deutsche Forschungsgemeinschaft (English translation 2008) Status and Prospects of Astron-

omy in Germany 2003-2016 (2003)

. M. Hoskins (ed.), The Cambridge Illustrated History of Astronomy (CUP, Cambridge, 1997),

p. 188

. R.D. Jarrell, J. Astron, Hist. Herit. 12, 127 (2010)
. National Academy of Sciences, Ground-Based Astronomy: A Ten-Year Program (Whitford

Report, 1964)

. National Academy of Sciences, Astronomy and Astrophysics for the 1970’s, vol. 2 (Greenstein

Report, 1972)

. National Academy of Sciences, Astronomy and Astrophysics for the 1980’s, vol. 3 (Field

Report, 1982)

National Research Council, The Decade of Discovery in Astronomy and Astrophysics, vol. 2
(Bahcall Report, 1991)

National Research Council, Astronomy and Astrophysics in the New Millennium, vol. 2
(McKee-Taylor Report, 2001)

National Research Council, New worlds, New Horizons in Astronomy and Astrophysics
Prepublication Copy (Blandford Report, 2010)

STFC (2010), http:///www.stfc.ac.uk/Resources/PDF/GBFRFinal.pdf (the Robinson Report)
V. Trimble, Scientometrics 84, 21 (2010)

. V. Trimble, J.A. Ceja, Astron. Nach. 329, 632 (2008)
16.
17.
18.
19.

V. Trimble, J.A. Ceja, Astron. Nach. 331, 338 (2010)

V. Trimble, A. Kundu, Astron J. 115, 358 (1998)

F. von Hippel, Phys. Today, 41 (June 2010)

F. Zwicky, in Supernovae and Their Remnants, ed. by C.B. Cosmovici (Riedel, Dordrecht,
1974), p. 1


http:///www.stfc.ac.uk/Resources/PDF/GBFRFinal.pdf

Chapter 9
Building a Strong, Unified European Astronomy

Johannes Andersen

Abstract European astronomy owes its present positions of leadership to the
development of pan-European cooperation. For many years, this happened mainly
through a few international organisations, chiefly the European Southern Observa-
tory (ESO) and the European Space Agency (ESA). Their success highlights the
potential of the much greater resources invested in European astronomy through na-
tional programmes, especially when including university institutes and staff. From
2005, the ASTRONET consortium of funding agencies for astronomy plus ESO and
ESA has worked to develop a comprehensive strategic plan for coordinating these
investments. The aim is to globally optimise their scientific returns and include all of
Europe. Based on a long-term Science Vision (2007), the ASTRONET Infrastructure
Roadmap (2008) describes a coherent investment plan for new infrastructures at
all wavelengths, on the ground and in space; the necessary underpinning of theory,
computing and human resources; and initiatives to maximise their benefit for society
in general. This article describes the ASTRONET process, its status as of 2010, and
the strategy for implementing its plans over the next several years.

Keywords Sociology of Astronomy

1 Background

Over the past half century, European astronomy has progressed from backwater
to front-row player. This has primarily been achieved by pooling national human
and financial resources to create organizations and facilities beyond the capability
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of any single European country. The outstanding examples are, on the ground,
the European Southern Observatory (ESO) which operates the world’s leading
optical observatory, the Very Large Telescope (VLT) at Cerro Paranal in Chile,
and is the European partner in the global radio telescope project ALMA; in
space, the astrophysics missions in the science programme of the European Space
Agency (ESA).

But European astronomy is much more than these international organisations:
several national facilities, e.g. in radio astronomy, are also of world-class standard
and complement the capabilities offered by ESO and ESA. Moreover, the first-class
engineers and scientists who design and build all these facilities and — crucially! —
conduct the actual research with them are distributed in universities and research
institutes all over Europe — and not only in the Western half. In the future, front-
line research infrastructures will be even larger and more expensive than today, and
demands on cost-effectiveness will no doubt increase. In order to remain globally
competitive, we must learn to coordinate the use of all the technical, financial,
and human resources of European astronomy more comprehensively and effectively
than ever before, based on a science-driven long-term plan.

A model exists in the Decadal Surveys, which have been conducted in the
USA for half a century (see Trimble) under the aegis of the National Academy
of Sciences (NAS). After years of fruitless searches for an equivalent European host
organisation, the European funding agencies for astronomy created the ASTRONET
consortium in 2005 to address this task. The European Commission (EC) supported
this initiative with a 4-year ERA-NET grant of 2.5 MEuro under Framework
Programme 6 (FP6) for 2005-2009, later extended until the end of 2010. It was the
consensus opinion of the partners, however, that an initiative such as ASTRONET
was a necessity whose time had come, with or without the EC grant.

The following is an account of the activities and results of the first 5 years of
ASTRONET. More comprehensive and up-to-date information is maintained at the
ASTRONET web site at http://www.astronet-eu.org.

2 Organisation of ASTRONET

ASTRONET began on September 1, 2005, as a fairly small consortium of funding
agencies signing the EC contract: The Ministries of Education and Science of
Germany (BMBF) and Spain (MEC, now MICINN), ESO, the Centre National
de la Recherche Scientifique (CNRS, France), the Particle Physics and Astronomy
Research Council (PPARC - now STFC, UK), the Netherlands Organisation for
Scientific Research (NWO), the Instituto Nazionale di Astrofisica (INAF, Italy),
and the Nordic Optical Telescope Scientific Association (NOTSA, representing the
five Nordic countries). For formal administrative reasons, Projekttriger DESY (PT-
DESY) — the executive arm of the BMBF — also joined as a contractor; ESA and the
Max Planck Gesellschaft (MPG, Germany) as Associate Members.
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The Institut National des Sciences de 1’Univers (INSU) of CNRS serves as
Coordinator of ASTRONET. Drs. Anne-Marie Lagrange and Fabienne Casoli were
the Scientific Coordinator and Project Scientist who established the whole project.

2.1 Structuring the Task

The tasks to be performed under the EC contract were divided into a number of
Work Packages. Each contains several tasks, and one contractor is responsible for
each Work Package and task. A Consortium Agreement was concluded between all
contractors to regulate the governance structure of ASTRONET, which is headed
by a Board consisting of all partners. An Executive Committee consisting of the
workpackage and task leaders and the Chairperson of the Board, chaired by the
Scientific Coordinator, monitors the project regularly and prepares the decisions of
the Board. Finally, a Project Office at INSU manages day-to-day business.

This organisation has worked very well, even as ASTRONET has grown, partner
organisations have changed names, and individuals have been replaced for various
reasons. Dr. Jean-Marie Hameury is Scientific Coordinator since 2006; the present
author has had the privilege of chairing the Board since the beginning.

2.2 Membership

A specific objective of ASTRONET was to engage all European astronomical
communities in its endeavour in such ways as may be possible here and now. To
this end, three levels of membership in ASTRONET were devised:

Full Contractors are national or regional organisations that fulfil the formal EC
criteria for participants in an ERA-NET and are responsible for meeting the goals
and providing the deliverables specified in the contract. Contractors (except BMBF)
manage a share of the EC funding, with associated obligations as regards financial
reporting — not a trivial matter. Thus, only one contractor has joined ASTRONET
since the start, the National Research Agency (NCBiR) of Poland.

Associate Members are national or regional organisations that are de facto responsi-
ble for the development of astronomy within their geographic or scientific domains.
Associates commit to supporting the goals and recommendations of ASTRONET
and contribute to some of its administrative tasks, but have no formal responsibility
towards the EC and do not themselves manage funds from the contract.

Associate Members participate fully in the Board meetings (with travel support
from ASTRONET), except for formally voting on matters directly related to the EC
contract, and they participate in as many ASTRONET activities as their status and
human resources allow. Hence, their communities remain as fully integrated in the
ASTRONET programme as those of the Contractors.
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Forum Members are national research, funding or educational institutions that want
to stay fully informed of ASTRONET’s activities, but make no commitments to the
work programme and have no obligations to the EC. Forum members are invited to
Board meetings with speaking, but no voting rights.

This membership structure has proved very effective. The formal rules for
acceding to an ERA-NET contract are fairly strict and, in practice, exclude many
of the types of organisation that de facto represent astronomy in many European
countries. Keeping the number of signatories of the EC contract down has the
considerable advantage of minimising the bureaucratic overhead of the project, and
the way ASTRONET operates has been designed to maximise the involvement of
all interested partners through a pragmatic interpretation of formal rules.

3 Developing the Strategy

The top-level aspirations of ASTRONET were sixfold: (i) to pioneer science-based
long-term strategic planning for the development of all of European astronomy,
including new research infrastructures on the ground and in space, at all electro-
magnetic wavelengths and including particles; (ii) to include both new and existing
infrastructures in the scientific and financial planning; (iii) to base the financial
planning on project lifetime costs; (iv) to include theory, computing and archiving,
training and recruitment of the all-important human resources, and relations to
industry and society; (v) to include all of the new Europe in this endeavour; and
(vi) to establish joint science-based long-term planning, followed by corresponding
common actions, as a permanent feature in European astronomy.

3.1 Previous Experience

The Decadal Surveys of US astronomy have long been the standard example of a
science successfully developing its own comprehensive plans and priorities. They
were the obvious inspiration for ASTRONET, but importing the concept to Europe
is not simple: First, the political, administrative, financial and cultural structures
underpinning European astronomy are diverse and vastly different from those of
the USA. Second, the whole concept of comprehensive strategic planning is new in
many European countries, already at the national level — let alone for Europe as a
whole.

Successful European cooperation was, of course, demonstrated already by ESA,
ESO and CERN. Since 2000, the discipline-oriented Integrated Infrastructure
Initiatives (aka I13s) OPTICON for optical-infrared astronomy (http://www.opticon-
eu.org), RadioNet for radio astronomy (http://www.radionet-eu.org), and ILIAS for
astroparticles (http://www-ilias.cea.fr) have also worked to promote planning and
coordination within their respective fields, supported by substantial grants from the
EC (~ 40 MEuro total in FP6 alone).
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The I3s have greatly stimulated networking, coordinated common technology
development and provided trans-national access to all modern European mid-size
facilities in their fields. Thus, the I3s have made even more European astronomers
discover the advantages and joys of working together more closely. This experience
undoubtedly prepared the ground for the far more ambitious ASTRONET initiative,
even though ASTRONET cannot fund development of anything other than plans.
OPTICON and RadioNet have provided invaluable input to the ASTRONET
planning process, and their Coordinators are invited to all Board meetings.

3.2 Planning the Planning

The first step in preparing the ASTRONET work programme was to ‘“Plan the
Planning” —i.e. devise a process that would lead to high-quality planning documents
that would be credible to the funding agencies as well as the scientific community.
Fusing lofty scientific aspirations with sound technical assessments and realistic
financial constraints into a single plan that is feasible in a continent of great political
and cultural diversity is a tall order. Yet, the ASTRONET partners — the agencies
that pay for it all — were convinced that a good common plan would lead to better
science and better use of their money than the previous fragmented approach.

A two-stage process was devised:

A Science Vision for European Astronomy would be developed first to define
top-level and secondary priorities for the main scientific questions that European
astronomy should address over the next 10-20 years. It would also define the tools
needed to answer those questions. Such new facilities would be described in generic
terms, but specific projects would not be discussed: To facilitate the start of an
unfamiliar process, thorny issues of competing projects, priorities and funding were
deferred to the next stage, the Infrastructure Roadmap.

The Infrastructure Roadmap, in turn, would bite all those bullets and assemble
a comprehensive plan for coordinated investments in infrastructures at all wave-
lengths, in space and on the ground. Its remit comprised theory and computing,
networks and archives, laboratory astrophysics, and human resources, including
training and recruitment of scientists and engineers, education and outreach,
relations to industry and benefits for society as a whole.

In order to gather general support for these documents by users and agencies
alike, both were developed in similar two-stage processes. A Working Group (WG)
was appointed for each report by the ASTRONET Board, with full independence
regarding its recommendations. Each WG was supported by a number of topical
panels with remits decided by the WG itself. Potential lobbyists for specific
projects were not appointed to the WGs, but substantive discussions of each project
were needed for the panels to develop informed recommendations. These were
subsequently integrated into the full report under the responsibility of the WGs.
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The WGs and Panels were instructed to make maximum use of recent long-term
plans and roadmaps by national and international agencies: Nothing is gained by
reinventing well-designed wheels, especially not wheels that are perpendicular to
existing ones designed by similar groups of people. Developments and plans by
potential global partners in large projects would be taken into account as well.
However, each WG had sole responsibility for the content of its report.

In total, the two WGs and their panels included well over 100 of the best scientists
in Europe. It was gratifying to find that so many were willing to devote their precious
time to this task, which sceptics had declared impossible from the start.

After a sanity check by the ASTRONET Board, each draft report was posted
on the WWW for comment by the community during 1-2 months. The draft was
next discussed at an open Symposium attended by 250-350 persons, substantial
travel support being provided by ASTRONET. In allocating travel support, priority
was given to securing the attendance of representative individuals from all Member
and Associated States, regardless of their level of membership (see Sect.2.2).
At each Symposium, reports were also presented on recent experience with the
implementation of the previous US Decadal Survey. After the symposium, further
input from the community was also collected via the WWW. Based on this
comprehensive advice, the WGs then finalised and published their reports; the
Roadmap WG even posted detailed replies on the WWW to the many comments
received.

This somewhat elaborate procedure was designed to maximise community
support for the compromise recommendations that are a fact of life in such efforts.
Experience shows that if ample opportunity has been provided to present all good
ideas and all valid criticism, scientists accept more readily that not all their wishes
can be fulfilled in the real world.

3.3 The Science Vision

The Science Vision WG was led by Prof. Tim de Zeeuw, then of Leiden University,
Netherlands, subsequently Director General of ESO. It published its report A Sci-
ence Vision for European Astronomy (see the ASTRONET web site) in September
2007. Its four panels addressed the key unanswered questions within the vast field
of astronomy under the following headlines:

* Do we understand the extremes of the Universe?
This panel covered the Big Bang, dark matter and dark energy, black holes and
neutron stars, y-ray bursts and supernovae, and cosmic rays.

*  How do galaxies form and evolve?
Subtopics under this heading included the emergence of the first stars and
galaxies, the formation of large scale structure, the origin of the heavy chemical
elements, and the assembly of galaxies over time, including or own Milky Way.
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o What is the formation and evolution of stars and planets?
This panel addressed the formation of stars from gas and dust, stellar structure
and evolution, the life-cycle of interstellar matter and stars, the formation and
evolution of planetary systems of great diversity, and the evidence for life
elsewhere in the Universe.

e How do we fitin?
The final group of topics concerned the Sun as an (astro)physical laboratory;
the Solar-terrestrial relations; the complementary information available from
comparison of extrasolar planets and our own Solar System, also on the history
of the latter; and the search for life elsewhere in the Solar System.

Within each topic, the questions and subtopics were developed in sufficient
detail to define realistic research projects likely to lead to an answer within
the period considered, and the types of tools that would be needed. It should
be emphasized that, although the Science Vision report did not discuss specific
projects, it defined the comprehensive and balanced scientific basis on which the
development of all other ASTRONET activities rests: The overarching goal is
Science, not management.

The Science Vision represents a first interesting departure from the US model:
It was developed as a self-contained process and report, separate from the technical
and financial issues covered by the Roadmap. In addition to providing a cleaner
structure and start of the planning process, this opens the possibility of revising the
two documents separately, on the timescales of scientific vs. technical progress.

3.4 The Infrastructure Roadmap

The Infrastructure Roadmap WG was chaired by Prof. Michael F. Bode of Liverpool
John Moores University, UK, and accomplished a Herculean task to publish
its report (http://www.astronet-eu.org/IMG/pdf/Astronet-Book.pdf) in November
2008. The ambition was not only to compile a list of potential projects, such as
the Infrastructure Roadmap of the government-level European Strategy Forum for
Research Infrastructures (ESFRI). The ASTRONET Roadmap would also address
the thorny issues of scientific priorities and independently and realistically assess the
schedule, technological readiness and budget of individual projects, including space
and astroparticle projects. It would further consider the basis in theory, computing
and human resources that is required to build, operate and underpin the new large
facilities, and do the science that is the goal of it all. The relations to industry and the
societal benefits of astronomy are also covered. None of these links in the complete
“food chain” of science is addressed in the ESFRI Roadmap.

All this was to be assembled into a coordinated investment plan that included
realistic timescales and costs of constructing and operating new facilities alongside
existing ones, as well as the other aspects listed above, within a plausible overall
budget envelope. And there could be no cheating on the numbers: ASTRONET
itself consists of the agencies that pay for it all!
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Given its comprehensive scope, the ASTRONET Infrastructure Roadmap is in
fact a blueprint for a European Research Area in astronomy, rather than merely an
infrastructure Roadmap. It is an impressive achievement, which has earned much
deserved praise and has given astronomy a gratifying reputation in Europe as a truly
well-organised science.

The Roadmap WG formed panels to review and develop recommendations on the
following five areas within its remit. The panels were asked to not only review and
rank existing proposals for new projects, but also to identify any significant overlaps
or gaps in the overall complement of facilities. To this end, it collected information
in a uniform format through questionnaires sent to well over 100 projects, over 90%
of which responded. The final list of projects contains those requiring new European
funds of ten million Euro or more, and for which spending decisions were needed
after 2008. They were divided into small, medium and large (10-50, 50-400, and
>400 million Euros, respectively), and also into short-, medium- and long-term
projects (time to operation of ~2015, 2016-2020, and >2020).

* High Energy Astrophysics, Astroparticle Physics and Gravitational Waves
Panel A reviewed requirements and developed priorities for ground- and space-
based facilities within this wide area, in close cooperation with our “sister”
organisation in astroparticle physics, ASPERA, and with the I3 ILIAS. It was
reassuring to find that, within the areas of overlap, there was general agreement
on the top-priority projects, even if relative priorities could differ due to the
different perspectives of pure physics vs. ASTRONET’s focus on astrophysical
sources.

o Ultraviolet, Optical, Infrared and Radio/mm Astronomy
Panel B had the task of reviewing and prioritising the facilities of the future across
all electromagnetic wavelengths above X-rays, on the ground and in space —
a scope that includes essentially all the largest new ground-based facilities.
Input from the ESO long-term plan and assistance from the discipline-specific
infrastructure networks OPTICON and RadioNet were essential in this task.
Again, as with Panels A and C, it was satisfactory to find that, although defined
through an independent procedure, the resulting recommendations agreed very
well with those developed at the same time for the ESA Cosmic Vision.

o Solar Telescopes, Solar System Missions, and Laboratory Astrophysics
Panel C had a relatively easy task as regards ground-based Solar telescopes, as the
European Solar physics community had already converged on a single new major
facility, the 4m European Solar Telescope (EST). The EST is intended to replace
the existing facilities within a decade or so. Solar System missions are quite
another matter, due to the diverse scientific aims and generally very high cost of
such projects, which essentially makes them feasible through global cooperation
only. Here, input from the EuroPlaNet network was invaluable. Finally, the
Panel considered laboratory astrophysics, which provides vital physical data
underpinning most of the facilities under Panels A and B, but also includes
curation of samples returned by interplanetary space missions.
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e Theory, Computing Facilities and Networks, Virtual Observatory
The topics of Panel D included theory development as well as what is now called
astronomy-related e-Science. Developments in this area happen at breathtaking
speed and typically involve close networking comprising at least all of Europe.
Coordination is needed to steer them in the most constructive directions.

e Education, Recruitment and Training, Public Outreach
Science is done by humans, with theory developed by humans and facilities
built and operated by humans. The review of human resource issues by Panel
E is what turns the ASTRONET Roadmap into a comprehensive strategy for
the healthy, organic development of European astronomy as a whole. Thus, the
recommendations of Panel E address the whole “food chain” of astronomy, from
public interest in science, attracting school children to the sciences, training and
recruiting the highly skilled staff needed to build and operate the next generation
of large research infrastructures, and the returns to the society that supports
it all. Relations to industry were covered under the last item. Drawing on the
intellectual resources of the New Member States is a vital element in the strategy.

The detailed individual recommendations are described in the 175-page
Roadmap report and will not be summarised here: Astronomers will want to
consult the report itself, while the scope and structure of the process are perhaps
more interesting to the lay reader than the specific details. Moreover, regardless of
ASTRONET plans and priorities, major projects live, change or die on their own
as a function of scientific, technical, political and financial circumstances at critical
times. Indeed, the global financial landscape has already changed markedly since
2008.

What appears important in the long-term perspective is, first, that a document
now exists to describe the comprehensive background on which decisions on spe-
cific projects are taken — often by completely unrelated organisations or individuals.
Second, the proof has been made that at least a peaceful science like astronomy
is able to sort out its differences and present an agreed, coherent plan for the
future to the funding agencies. To be sure, ASTRONET has no authority to force
national agencies to take any specific decisions, but the common parenthood to its
recommendations is a strong signal that “common sense” should prevail.

4 Engaging all of Europe

Strategic planning tends to be associated with the usual few large, centrally
organised, wealthy Western European countries that tend so set the course on the
international scene. Measured in financial capacity in the short term, this may be
true. Measured in intellectual resources it is not, even in the short term. For the
long term the ambition for astronomy must be, as for the European Union itself,
to liberate the financial and human resources of the newer Member States, for the
benefit of all. Astronomy cannot accomplish this by itself, but it can perhaps lead
the way.
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The flexible, pragmatic membership structure of ASTRONET was designed to
facilitate this task. At the end of 2010, largely due to the efforts of Dr. Birgitta
Nordstréom on behalf of NOTSA, ASTRONET comprises 10 Contractors, 20
Associates and 6 Forum Members representing a total of 29 European countries with
a combined population of just over 550 million inhabitants. Among astronomically
developed countries, only Ireland is still missing. ASTRONET has indeed become
fully European.

5 Coordination of Resources and Procedures

The financial resources for European astronomy are predominantly national when
all is included. Two necessary conditions for pooling and coordinating the use of na-
tional resources are (i) an approximate, but consistent inventory of those resources,
and (ii) a minimum degree of similarity in the scope, allocation procedures and
schedules of national research grant programmes. Tasks to improve the situation on
both fronts are included in the ASTRONET work programme.

5.1 Inventory of Resources

The task to establish a comprehensive and complete inventory of the financial
and human resources for astronomy, and their organisation, started out with great
ambitions. It soon turned out that only for a few, large countries with a strongly
centralised structure (e.g. France, Italy) was this possible at all, and their funding
and staffing structures were generally found to be incompatible. In less centralised
countries (e.g. Germany, Switzerland), no single government agency possesses all
the relevant facts. In both cases, official organisations such as those adhering to
ASTRONET are only allowed to release exact, official numbers, while for planning
purposes an accuracy of, say, 10% is often quite satisfactory. This exacerbates
the general obstacle that national agencies in small countries are often unable to
shoulder the effort needed to provide such statistical information.

Based on the experience from this exercise — ironically thought to be among the
easier of ASTRONET’s tasks! — two pilot projects were launched:

One, led by NOTSA, was designed to answer the question, “Can a set of
questions be designed to provide the minimum information needed for long-term
planning, while keeping the effort involved to a level where the questions are
actually answered by all?”. The scope of this pilot project comprises the five
Nordic countries. Documenting the corresponding effort by all involved is part of
the project, which should be complete by end of 2010.

The other, led by NCBiR of Poland, aims to provide a similar body of information
about astronomy in the New Member and Associated States, with a content and
procedures adapted to the circumstances of this part of Europe. This task will also
be largely complete by the end of 2010.
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5.2 The Common Call

The ultimate goal of the EC for the ERA-NET scheme is to encourage national
funding agencies to pool their resources and develop mechanisms for funding joint
research projects that draw on the experience and facilities of scientists in several
European countries. A so-called “Common Call” is therefore a mandatory part of
any ERA-NET contract.

In a Common Call, a consortium of funding agencies agrees on a common
research theme, and the participants pledge funds to support research projects within
that theme. Funding proposals from project teams comprising researchers from at
least three Member or Associated States are submitted to a single address by a single
deadline. They are then peer reviewed by a single evaluation committee appointed
by the consortium.

Funding for the successful projects may be provided in two different ways,
through a “Real Common Pot” or a “Virtual Common Pot”. In the former model,
all funding is pooled and allocated to the teams without regard to the nationality
of the individual scientists; in the latter, each national agency funds only its own
participants in each project. In an ideal world, the “Real Common Pot” is clearly
preferable — supporting the best science and the best scientists in Europe without
regard to nationality. In the real world, the “Virtual Common Pot” requires minimal
surrender of sovereignty and departure from established national principles and
regulations, and is therefore the most common funding model so far.

ASTRONET had only committed to prepare a Common Call during its first 4
years, but already in early 2008 announced an actual call with the theme “Common
tools for future large submm facilities”. The proposal and evaluation procedure went
smoothly, and the successful projects received their funding effective January 1,
2009. Preparations for a second Common Call started in the last half of 2010.

6 Current Status and Initiatives

At the end of 2010, just over 5 years after the start, ASTRONET must qualify as a
resounding success. To mention a few highlights:

e Despite much initial scepticism as regards the feasibility of such common
planning in Europe, the Science Vision and Infrastructure Roadmap have been
completed and published, essentially on schedule.

* As detailed in Sect.4, ASTRONET today includes representation of virtually
all European countries with significant activity in astronomy, with a combined
population of 550 million people.

e The strong and comprehensive Roadmap has given astronomy a reputation in
European research infrastructure management circles as a science that has “really
got its act together” in a way that serves as a model for others.
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* Given that some of the proposed large projects will require global cooperation,
it is noteworthy that the most recent US Decadal Survey report (2010) systemat-
ically refers to what “Europe” plans and intends. Presenting a common strategy
and priorities has clearly made Europe a more credible and influential partner in
global projects. The Decadal Survey report also recommends that close cross-
ocean contacts be maintained over the decade to coordinate global planning even
better — a proposal that ASTRONET warmly welcomes.

¢ As noted above (Sect.5.2), the first Common Call was launched ahead of
schedule. The funded projects are ongoing, and a second call is in preparation.

e Finally — but most importantly — ASTRONET has been awarded a new ERA-
NET contract for 2011-2014 under FP7 to follow up the implementation of the
Roadmap and further strengthen inter-agency coordination in Europe. The final
goal for the second contract period is to establish such coordination as a self-
sustaining activity and make EC funding superfluous by 2015.

Overall, the ASTRONET initiative has been far more successful that anyone
dared dream when the proposal was prepared in early 2005, given its ambitious
programme and unfamiliar nature at the European — and often even national —
level. To be sure, a couple of tasks remain unfinished, notably the systematic
inventory of resources for astronomy in Europe and the embryonic coordination of
the aims, procedures and deadlines of national funding agencies. However, a sound
foundation has been laid for resolving those issues as well.

7 Maintaining Momentum

The teams behind the ASTRONET Science Vision and Infrastructure Roadmap can
take justified pride in the substance and attractive appearance of their reports and
the reaction from all sides. However, action on the recommendations is what counts
in the end. To quote the succinct, proud — possibly arrogant — motto of Danish
astronomer Tycho Brahe (1546-1601), “Non haberi sed esse”.

Keenly aware of this, the ASTRONET Board is not leaning back and waiting
for action to happen: The Board is initiating a continuing programme of Review
Committees and Working Groups to develop recommendations and implementation
plans for specific areas highlighted in the Roadmap. It will then initiate action on the
recommendations. Several such initiatives have already been launched, and others
are being planned, as outlined below.

Within a European scope, the following initiatives are under way or included in
the ASTRONET work plan for 2011-2014, in cooperation with OPTICON and/or
RadioNet as appropriate:

* A prominent recommendation of the Roadmap was to optimise the scientific
impact and cost-effectiveness of the European 2—4 m (optical) telescopes through
improved coordination. A European Telescope Strategy Review Committee
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(ETSRC) was appointed in September 2008 to review the options and propose an
implementation plan. Its report, submitted in May 2010, recommends to equip
and operate all the European 2—4 m telescopes as a single system with globally
optimised instrumentation and a single time allocation procedure.

In response, the owners of these telescope decided in September 2010 to
approve the principle of allocating all (=trans-national and currently national)
observing time on all the telescopes through a single proposal mechanism by
~2015. Coordinating their instrumentation will be done within a similar time
frame. It was recognised that many formal and practical obstacles must be
surmounted to implement this historic decision, and a specific plan for this
process was commissioned from OPTICON before the end of 2010.

The need for a variety of wide-field spectroscopic surveys was highlighted in
both the Science Vision and the Roadmap; key science cases are cosmological
surveys and ground-based support for Gaia science. A Working Group to review
the possible options and recommend priorities was appointed in October 2009
and is expected to submit its report in the first half of 2011. Given that Europe
possesses no 8m telescopes with fields of the order of 1°, this WG needs to liaise
closely with the ETSRC (see above).

A European Radio Telescope Strategy Review Committee (ERTSRC) was ap-
pointed in September 2010, with a remit similar to that of the ETSRC for the
optical telescopes. It is expected to deliver its report at the end of 2011.
Laboratory Astrophysics is an important cross-cutting topic. Applications range
from basic nuclear, atomic and molecular physics data for astrophysical spec-
troscopy at all wavelengths to curation of samples of matter returned by inter-
planetary space missions. A European Task Force for Laboratory Astrophysics
(ETFLA) was established in September 2010 to make strategic recommendations
for the development of this field in Europe. It will take note of the international
situation, notably that in the USA where similar recommendations were made by
the recent Decadal Survey. Its report is expected during 2012.

Astrophysical Software and associated issues of computing paradigms, net-
working and archiving are assuming ever greater importance in astronomy,
as emphasised in the Roadmap. Accordingly, in July 2010 the ASTRONET
Board appointed an Astrophysical Software Laboratory Committee (ASLC) to
draft a development plan for the Astrophysical Software Laboratory that was
recommended in the Roadmap.

Following up the implementation of the Roadmap will be an ongoing activity
over the next 4 years (and no doubt beyond). Some large projects have an
established host organisation, such as ESO for the European Extremely Large
Telescope (E-ELT). ASTRONET then has no role beyond placing the project
in the overall context as summarised in the Roadmap. Other, essentially global
projects, such as the Square Kilometre Array (SKA) radio telescope or the
Cerenkov Telescope Array (CTA) for cosmic rays, have no single European host
organisation, and ASTRONET may be helpful here.



172 J. Andersen

Other actions will be needed to turn the recommendations of the reviews listed
above into reality. Close contacts will also be maintained to ESFRI within the
general context of European investment in research infrastructures.

* A mid-term review and update of the implementation plan for the Roadmap
is foreseen for ~2015. It will be prepared during the FP7 contract, based
on a review of progress made by then. Because technological and financial
developments are a function of other forces than scientific progress and occur
on different timescales, a review or update of the Science Vision may or may not
be needed at the same time. This freedom of choice is an added benefit of the
two-stage approach taken in the first ASTRONET planning cycle.

Within a global scope, ASTRONET will maintain appropriate contacts to potential
partners in future global projects. This is particularly relevant for the USA, as
the 2010 Decadal Survey report made a number of very similar recommendations
to those above, including a standing implementation monitoring and advisory
committee and a mid-term review. Internal procedures will be quite different on
the two sides, given the great differences in their structure. It is recognised that
ESO and ESA have their own established contacts to their US counterparts, but
the participation of both in ASTRONET ensures that no confusion will arise. The
OECD Global Science Forum will be another important partner in future discussions
with a larger global forum. With luck and determination, all parties may perhaps
meet for a round of global strategic planning around 2020.

8 Epilogue

ASTRONET has come a long way in its first 5 years. The partners realise that the
road ahead is even longer. But it already seems safe to conclude that ASTRONET,
in its first period, has firmly established the feasibility as well as the desirability of
joint end-to-end strategic planning and coordination for a global science in Europe.
This will benefit not only the scientific community and the funding agencies per se,
but also make Europe a stronger and more credible partner in the global astronomy
projects of tomorrow. Given the sound underlying logic of this approach, continued
progress in this direction should be an irreversible process.
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Chapter 10
The Future of Space Astronomy

Fabienne Casoli

Abstract Access to space in the past 50 years has revolutionized astronomy. The
wavelength range accessible to astronomers has expanded into the ultraviolet, X-ray
and gamma-ray regions, as well as the infrared, millimeter and submillimeter
domains. Robot probes have started the exploration of our Solar System and
wandered around the inner and outer planets, asteroids and comets. A man-made
probe, Voyager-1, has even reached the frontiers of the solar system. The way our
Sun works, its gigantic eruptions, its wind that pervades interplanetary space, and its
relationships with the solar system planets and with planet Earth have been revealed
by the remote sensing and in-situ measurements. This harvest of outstanding results
is not finished since more than 40 space missions are currently in operation, and
a dozen launches are foreseen before 2015. Although space astronomy has to face
several challenges: increasing complexity and cost, technical developments, global
co-operations to put in place, the landscape of the 2015-2025 decade is almost
defined, while astronomers are already sketching the missions of the mid 2020s.

Keywords Space vehicles ¢ Space vehicles: instruments ¢ Sociology of
Astronomy

1 Why Should Astronomers Go to Space?

The first reason for which astronomy needs space is the Earth atmosphere. Observ-
ing from the bottom of a warm and turbulent atmosphere is not the best way to
access the Cosmos. The Earth atmosphere is opaque to most of the electromagnetic
spectrum; only few “windows” are accessible from ground-based telescopes, mainly
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the visible and radio parts of the spectrum, up to the millimetre wavelength range,
with some windows in the near infrared. Even at wavelengths where the atmosphere
is transparent, its turbulence affects astronomical images and limits the resolution of
images to a fraction of an arcsecond, ten times more than the theoretical diffraction
limit of modern telescopes of 10m class. This is one of the reasons for the
impressive achievements of the Hubble Space Telescope (HST), which is a small
telescope (2.4 m) by modern standards, but has the great advantage of being at
600km above the Earth surface.! The sky background is also much darker when
seen from outside the atmosphere, which makes the detection of faint objects easier.

But being in space offers many other advantages for astronomy. For example,
space provides infrared astronomy with the cold environment it needs: the thermal
emission of ground-based telescopes at room temperature makes them very bright
in the infrared, while in space, telescopes can be passively cooled to temperatures
of some tens of Kelvin.

Cloud coverage and the alternation of day and night prevents from achieving the
long series of observations from the ground which are essential for solar and stellar
physics, as well as for the search for exoplanets by transit photometry. Spacecrafts
in Earth orbit can observe the same sky patch for continuous series: more than 150
days in the case of the CNES minisatellite CoRoT devoted to stellar physics and
exoplanet hunting. In the field of solar physics, the ESA/NASA SOHO observatory
which is positioned on a halo orbit around the first Lagrange point of the Earth-Sun
system observes the Sun 24 hours a day.

Last but not least, the knowledge of the solar system has made giant leaps
with robotic exploration of the planets, satellites and small bodies that began with
the Moon in the 1960s. Even with the constraints inherent to space missions,
limited power and weight in particular, in-situ studies are for planetary science an
essential tool. The same statement can be made for plasmas of the solar system:
Earth magnetosphere, the magnetospheres of the giant planets, and the heliosphere.
Indeed, these two fields, plasma sciences and Solar system studies, have played a
great role in the history of the development of space astronomy, so that for space
sciences, astrophysics is generally considered as a separate field from plasma and
planetary sciences. For example, the scientific structure of COSPAR (Committee on
Space Research, created in 1958 by the International Council of Scientific Unions)
comprises several Committees, among which one for Earth-Moon, Planets and small
bodies, one for Space Plasmas, and another one for Research in Astrophysics from
Space.

Finally, let us mention that the free fall environment of satellites in Earth orbit
offers a fantastic laboratory to conduct fundamental physics experiments: very
sensitive tests of general relativity such as tests of the equivalence principle or
measurements of the gravitational redshift have to be conducted in space.

"Modern ground-based telescopes are equipped with adaptive optics systems, which helps to
overcome atmospheric turbulence, but cannot fully compensate for it.
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While space science was clearly not the main driver of the huge investments
made to develop space activities, the role of scientific research (including Earth
observation) in the convention of the European Space Agency (entered in force
in 1980) clearly states ESA’s role for scientific research: “The purpose of the
Agency shall be to provide for and to promote, for exclusively peaceful purposes,
cooperation among European States in space research and technology and their
space applications, with a view to their being used for scientific purposes and for
operational space applications systems”. Indeed the science program is one the few
mandatory programs of ESA, to which all member states must participate.

2 The Successes of Space Astronomy

2.1 Exploring the Solar System

A large fraction of our knowledge of the solar system bodies: planets, satellites,
comets and asteroids, comes from space probes. Let us give a few examples.

Exploration has proceeded in successive steps: flying by, orbiting, landing,
roving, and finally returning samples to Earth. Flybys give the first glimpse on solar
system bodies. For example, in the 1980s, the “Grand Tour” of the giant planets and
their satellites by the NASA probes Voyager 1 and 2 have revealed the surprising
diversity of the giant planets and their satellites: icy moons that may hide oceans
below an ice-shelf, the volcanic moon of Jupiter lo, tenuous rings, a diversity that is
out of the reach of terrestrial telescopes. On the “small bodies” side, the observation
of Halley’s comet by the European probe Giotto in 1986 showed for the first time
the shape of a comet nucleus and found the first evidence of organic material in a
comet.

The next step was to orbit the planet or the satellite. This has been achieved for
five solar system planets: Venus, Earth, Mars, Jupiter, Saturn, and for the Moon
as early as in 1966. To this list Mercury will be added in 2011, when the NASA
probe Messenger will be inserted in a Mercury orbit, and the asteroid Vesta that
will be visited by the DAWN probe. Orbiters with their payload of instruments
such as cameras, spectrophotometers, plasma sensors, are essential to build a global
knowledge of the object; for example, a series of martian orbiters, among which the
highly successful European orbiter Mars Express, have allowed to reconstruct the
history of Mars, to map its mineralogy, and to establish that the Red Planet has been
rather wet in its first billion years, with shallow salty seas and lakes. But it is also
from the observations from the orbit that scientists have been able to witness the
runaway green house effect that has made Venus inhabitable, or to study in depth
the thick and turbulent atmospheres of the giant planets Jupiter and Saturn.

Landing on a planetary body was the next step. This has been attained for a
handful of solar system bodies: Moon, Mars, Venus, Saturn’s satellite Titan, and the
Eros asteroid. The European mission Rosetta should achieve the first landing on a
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comet nucleus in 2014. In addition to the classical tools of astronomers: imagery and
spectroscopy, this allows in-situ analysis of the soil, rocks, and of the atmosphere,
in the immediate vicinity of the lander. Images of the soil of Titan, its rocks of
water ice and frozen methane, and its hydrocarbon lakes are a great achievement
of the European probe Huygens. As for Mars, one of the very exciting discoveries
of NASA landers is the presence of water ice. Moving on the surface has been
achieved for even less bodies: only Moon and Mars have been explored by rovers.
However, explore is not exactly the right word since the longest travel from the
landing site is 23 km in the case of Mars (NASA’s rover Opportunity) and 37 km
for the Moon (Lunokhod 2). Despite these limitations, in-situ analysis of the soil of
Mars is a mandatory step to establish whether life has appeared and developed at
some moment of the history of the Red Planet.

Given the limited resources that can be allocated on instruments onboard
planetary landers and rovers, and the fact that they cannot be adjusted to the actual
samples, in-depth analysis of the extraterrestrial samples can only be done by
returning these samples to the Earth in order to study them with the sophisticated
tools of geosciences and geobiology. This step of returning samples has been
achieved for the Moon, with about 0,3 kg returned by the soviet robotic missions and
of the order 382 kg returned by the astronauts of the Apollo program. The analysis
of Moon samples has been essential in establishing the history of our satellite and
dating its terrains, thus giving access to the whole solar system history. The analysis
of samples of the coma of the comet Wild2, returned by the Stardust mission, have
shown an unexpected mixing of material in the presolar nebula. Particles originating
from the Sun have been returned by the NASA probe Genesis; some dust particles
from the Itokawa asteroid have been returned by the Japanese mission Hayabusa.
Except for the Moon, the mass of these samples is of the order of micrograms, but
they are unique in being much less altered than meteorites, among which some are
known to come from the Moon or Mars.

2.2 Sun and Heliospheric Physics

The knowledge of our star the Sun and its connection to planets, especially the Earth,
has been gradually built up by a long series of space missions. Space is indeed a
privileged vantage point to observe the Sun 24 h a day to monitor its energy output
and its variations. As for planetary physics, the tools of the heliospheric physics
include not only remote sensing but also in-situ measurements.

At the dawn of the space age, the earliest experiments discovered the strong
links between the Sun and the Earth: Explorer 1 discovered radiation belts (charged
particles from the Sun trapped by the geomagnetic field around Earth) in 1958,
Mariner 2 (1962) showed that the Sun is at the origin of a flow of particles: the
solar wind. From observations on Skylab (1973), scientists have discovered that the
Sun is very bright in extreme ultraviolet and X-ray wavelengths, which means that
the upper solar atmosphere of the Sun is quite hot, more than one million degrees.
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It is also from space that coronal mass ejections, these huge ejections of matter
originating form the Sun, have been discovered. This led to the understanding that
stars interact with the universe not just through gravity and light but also through
electromagnetic fields and particles. The study of how solar wind and solar transient
events impact Earth is now known as Space Weather and has led to an entirely new
science discipline called “Heliophysics”.

Some of the solar physics missions have been very long-lived and have observed
the Sun for more than a solar cycle (about 11 years). This is the case of the joint
ESA/NASA Solar and Heliospheric Observatory (SOHO) mission (1995), still in
operation in 2010. SOHO is at the Lagrangian L1 point of the Sun-Earth system, 1.5
million kilometres from the Earth in the Sun direction. With SOHO’s instruments,
scientists demonstrated that they could detect coronal mass ejections at the sun two
to 3 days before they reach the Earth potentially causing damage on e.g. electric
power distribution. Instruments on board SOHO were also able to detect acoustic
pressure waves on the Sun opening the way to understanding how the interior of our
star is organized, and thus how it works. This technique known as helioseismology
has provided important clues on the origin of the solar magnetic cycle.

Our planet is immersed in a seemingly invisible yet exotic and inherently hostile
environment. Above the protective cocoon of Earth’s atmosphere is a plasma soup
composed of electrified and magnetized matter entwined with penetrating radiation
and energetic particles. Inflated by the solar wind, a colossal magnetic bubble, the
heliosphere, stretches far beyond the orbit of Pluto. This extended atmosphere of the
Sun drives some of the greatest changes in our local space environment and affects
the magnetosphere, ionosphere, and atmosphere of the Earth.

2.3 Astrophysics

Our understanding of the Universe would be very poor without space observatories.
We would be unaware of the torrents of X-rays that escape some stars. Black holes
would still be a theoretical concept and we would not know that there is probably
a giant black hole at the heart of every large galaxy. We would be completely
ignorant of the formation of stars inside their opaque clouds of gas and dust. Most
of these phenomena need multi-wavelength observations to be understood properly,
and astrophysicists crucially need access not only to visible light and radio waves,
which often are only a tiny fraction of the luminous output of most stars and
galaxies, but also to infrared and submillimeter waves, as well as X-ray and gamma
rays. It is from the combination of all these wavelengths that scientists can get a
complete picture of astronomical objects in order to understand their formation,
their evolution, and their death.

The discovery of the violent Universe testified by X-ray observations goes back
to the early ages of space science since it is in 1962 that a small rocket carrying
an X-ray detector was sent above the atmosphere and detected intense emission
from the constellation Scorpius. Many celestial bodies emit X-rays, even comets
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do. X-ray emission is mainly a tracer of very hot plasmas such as the hot gas found
in the central regions of galaxy clusters, or in the accretion disks around compact
objects such as neutron stars or black holes.

Gamma ray observations also began early in space astronomy, first with balloon-
borne experiments and the Explorer 11 satellite in 1961. Celestial gamma-ray
sources comprise supernova explosions, black holes, and even the decay of radioac-
tive material such as cobalt, aluminium and iron isotopes. It is in gamma-rays that
the most energetic events in the whole Universe, gamma-ray bursts, are detected.
These events which have a very short duration by astronomical standards, less than
a few seconds, are believed to be linked to highly focused electromagnetic emission
during some supernova explosions. Gamma-ray bursts can be observed to very large
distances and are thus used as probes of cosmological star formation history.

In the optical range, the atmosphere is transparent to visible light but its
turbulence deteriorates the image quality and stability. Space observatories benefit
from the full resolving power of the telescope and of the sky darkness. It is this
combination of high spatial resolution and high sensitivity that made possible the
detection of thousands of very distant galaxies in the deep fields observed by the
Hubble Space Telescope, as well as the detailed observation of background galaxies
lensed by huge lumps of dark matter in galaxy clusters.

In the infrared, astronomers witness the birth of stars and their planets. It is also
the realm of cosmology, since the ultraviolet and visible light emitted by starbursting
galaxies in the early epochs of the Universe is redshifted to infrared wavelengths.

Precision measurements of the cosmic microwave background in the millimetre
and submillimeter domains have enabled astronomers to determine the age, size,
and shape of the Universe. The submillimeter range is also a predilection domain of
spectroscopists and astrochemists, who study the complex and surprising chemistry
that takes place in interstellar clouds and may lead to the building bricks of prebiotic
molecules.

Together with ground-based telescopes, space observatories have thus been
fundamental to build the modern understanding of our Universe. It has to be noted
that a very large fraction of the huge amount of data gathered by space missions, as
well as ground-based observatories, is accessible to the whole scientific community
after a short proprietary time during which only the astronomers who have proposed
the observation or built the instrumentation can use them. The legacy of the great
space observatories is thus shared by astronomers worldwide.

3 Space Astronomy 2011-2025

With more than 40 operating astronomy space missions at the end of 2010 (see
Table 10.1), the first decade of the twenty-first century is a golden age for space
astronomy. Since NASA foresees the launch of eight missions before 2015, ESA
three, and including launches by China, France, India, Japan and Russia, the
portfolio of operating astronomy missions could reach 50, taking into account that
some of the current missions will be terminated.
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Table 10.1 Operating astronomy space missions
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Solar system,

Astrophysics Sun and heliophysics including Moon
NASA Fermi (2008); Gamma-Ray ACE, Advanced Cassini (1997): Saturn
Observatory Composition Explorer system
GALEX (2003): GALaxy (1997)
Evolution EXplorer Geotail (1992) with JAXA:  Dawn (2007): asteroids
Hubble Space Telescope (1990) magnetotail of the Earth Ceres and Vesta
Kepler (2009): exoplanets IBEX (2008), Interstellar ~ Deep Impact/EPOXI,
RXTE (1995): Rossi X-Ray Boundary Explorer
X Timing Explorer RHESSI (2002), Reuven Lunar Reconnaissance
Spitzer (2003): Infrared Ramaty High Energy Orbiter (2009)
observatory
. Solar Spectroscope
Swift (2004): Gamma-ray Burst Imager: solar flares
g
Explorer . X Solar Dynamics Mars Exploration
WISE (2009): Widefield Infrared Observatory (2010) Rovers (Opportu-
Survey Explorer Stereo (2006) : Solar nity/Spirit)
Terrestrial Relations (2003)
Mars Odyssey (2001):
Mars orbiter
THEMIS (2007): magnetic ~ Mars Reconnaissance
storms Orbiter (2005)
Timed (2001): energy Messenger (2004):
transfer in the upper Mercury
Earth atmosphere
Wind (1994): solar wind New Horizons (2006):
Pluto and Charon
Stardust Next (1999):
comets
ESA Herschel (2009): far-infrared and  Cluster (2000): solar wind Mars Express (2003):
submillimeter space and the Earth Mars orbiter
observatory SOHO, SOlar and
INTEGRAL, gamm