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Preface

The dark energy problem is a longstanding issue:

In 1917, Einstein added a cosmological constant term in his field equation,
to obtain a static Universe. However, he removed this cosmological constant
in 1931 because of the discovery of the cosmic expansion. Due to losing the
opportunity to predict the expansion of the Universe, Einstein claimed that
this is the biggest blunder in his life.

In 1967, Zel’dovich reintroduced the cosmological constant by taking the
vacuum fluctuations into account. But in quantum field theory, the expecta-
tion value of the vacuum fluctuations diverges as k. If we take a cutoff at
the Planck or electroweak scale, the predicted value of the cosmological con-
stant A is still 117 or 52 orders of magnitude larger than the observed value.
This discrepancy is known as the “fine-tuning problem”, and has perplexed
theorists for several decades.

In 1998, Based on the analysis of 34 nearby and 16 distant type la super-
novae, Riess et al. first discovered the acceleration of expansion of the Uni-
verse. Soon after, utilizing 18 low-redshift and 42 high-redshift supernovae,
Perlmutter et al. confirmed the discovery of cosmic acceleration. This dis-
covery declares the return of the cosmological constant, now termed as “dark
energy”. This leads to the so-called “coincidence problem”: why the current
dark energy density is of the same order of matter density?

To solve these puzzles and understand the cosmic acceleration, in the last
decade, theorists have proposed numerous theoretical models and have writ-
ten thousands of papers on this subject. Unfortunately, so far the nature of
dark energy is still a mystery. On the observational side, astronomers have
also spent enormous efforts on probing dark energy. Since 1998, observational
evidences of dark energy have been definitely confirmed and highly improved
through many cosmological observations, such as the type Ia supernovae, the
baryon acoustic oscillations, the cosmic microwave background, the weak grav-
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itational lensing, the galaxy cluster survey, and so on. Therefore, the dark
energy problem, which challenges our understanding of fundamental physical
laws and the nature of the cosmos, has become one of the central problems in
theoretical physics and modern cosmology. In this situation, a book introduc-
ing the current state of research on dark energy is very necessary. We write
this book based on those considerations. The book is an extended version of
our previous review article [Commun. Theor. Phys. 56 (2011) 525], and it
consists of three parts:

In the first part, we start with an introduction to preliminary knowledge.
Fundamentals for a modern understanding of cosmology, including general rel-
ativity, matter components and FRW cosmology, are summarized and briefly
introduced. Thus this part serves as a preparation and foundation for our
introduction to the dark energy in the next two parts.

The second part reviews some of major theoretical ideas and models of
dark energy. In this part, we first briefly review the history of the problem of
the cosmological constant. After this, we follow Weinberg’s classical review in
1989, and divide the old approaches reviewed by Weinberg into five categories.
Then, we add three more categories in order to include most of the more recent
ideas and models. Eight classes of dark energy models are reviewed: models
based on symmetry; anthropic principle; tuning mechanism; modified gravity;
quantum cosmology; holographic principle; back-reaction and phenomenolog-
ical constructions.

The third part is devoted to reviewing some observational and numerical
works. First, we will introduce some basic knowledge of statistics. Then, we
will review the mainstream cosmological observations probing dark energy.
Next, we will provide a brief overview of the present and future dark energy
projects. Finally, we will review the current numerical studies on cosmic accel-
eration, including the observational constraints on specific theoretical models,
and the model-independent reconstructions from observational data.

The aim of this book is to provide a sufficient level of understanding of
dark energy problem, so that the reader can both get familiar with this area
quickly and also be prepared to tackle the scientific literature on this subject.
It will be useful for graduates students and advanced undergrads in physics
or astronomy to obtain an overall glance of the current dark energy research,
and it will also be helpful for researchers who are interested in this subject to



Preface iii

design their own research programs.

We would like to express our appreciation for the kind invitation of the
Peking University Press. We are also very grateful to our editor Xiao Liu, for
the kind support and encouragement. Many thanks to Prof. Xin Zhang for
valuable suggestions about the contents and styles of this book. We thank
Prof. Robert Brandenberger, Dr. Yi-Fu Cai, Prof. Qing-Guo Huang and
Prof. Richard Woodard for the useful discussions. We also thank Prof. Robert
Kirshner for the helpful suggestions.
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Part 1

Preliminaries in a Nutshell






1

Gravitation

For a quick review of gravitation, we start from the equations of Newtonian
gravity. The gravitational force acting on a test mass m is

F=-mVJ, (1.1)

where @ is called the Newtonian potential, which is determined by the Poisson
equation

A® = 4nGp, 1.2)

where p describes the mass distribution of a gravitational source, and G is the
Newton’s gravitational constant.

Newtonian gravity captures some features of our universe. However, mass
sums up. As a result, on cosmological scales, Newtonian gravity breaks down.
For a systematic description of our universe, the theory of general relativity is
inevitably required.

In the remainder of this chapter we briefly review the two key concepts
in general relativity: what if spacetime is curved and what makes spacetime
curved. Here we are by no means trying to provide a logical introduction
for general relativity. Instead, we pragmatically highlight parts of the theory
which are building blocks for a phenomenological description of dark energy,
as well as set up our conventions.

1.1 The Curved Spacetime

It is for a long time a great mystery why our space is well described by Eu-
clidean geometry. In the spatial two dimensional story, numerous attempts
are made to prove the “parallel axiom” and eventually the axiom turns out



