Research since April 2008

Shinji Mukohyama
January 3, 2010

Since I took up the position at IPMU on April 1, 2008, I have been working on various
subjects in cosmology and gravitation such as braneworld cosmology, string cosmology, Higgs
phase of gravity, gravity at a Lifshitz point, horizon thermodynamics to tackle the mysteries of
the universe. In the following, I would like to explain some of my main research achievement at
IPMU.

Cosmological implications of gravity at a Lifshitz point:

One of the biggest difficulties in attempts toward the theory of quantum gravity is the fact
that general relativity (GR) is non-renormalizable. This would imply loss of theoretical control
and predictability at high energies. In January 2009, Hofava proposed a new theory of gravity to
evade this difficulty by invoking a Lifshitz-type anisotropic scaling at high energy. This theory,
often called gravity at a Lifshitz point or Hofava-Lifshitz gravity, is power-counting renormalizable
and is expected to be renormalizable and unitary. Having a new candidate theory for quantum
gravity, it is important to investigate its cosmological implications. At least I cannot help doing
S0.

Since the high energy behavior of Hotava-Lifshitz gravity is very different from GR, there is
a possibility that the theory does not recover GR at low energy. Indeed, in [5] I have shown that
the theory does not recover GR but can instead mimic GR plus cold dark matter (CDM). The
constraint algebra in this theory is smaller than GR since the time slicing is synchronized with
the CDM rest frame in the theory level. A more recent preprint with an IPMU postdoc Keisuke
Izumi (arXiv:0911.1814) supports this picture by proving that there is no static stellar solution
in this theory: the “CDM” accretes toward a star and thus makes the stellar center dynamical.
In [4], based on some simple examples, I conjectured that accreted “CDM” should bounce before
forming caustics at microscopic scales. The existence of built-in “CDM?” is an inevitable prediction
of the theory and might solve the mystery of dark matter as mentioned in a recent article in the
“Scientific American” magazine.

The anisotropic scaling at high energy is one of essential ingredients of the theory since the
power-counting renormalizability stems from it. Based on the anisotropic scaling, I have proposed
a new mechanism for generation of cosmological perturbations [9]. As confirmed by many au-
thors, this mechanism can solve the horizon problem and generate scale-invariant cosmological
perturbations without inflation.

I also worked on generation of primordial seed magnetic field with Satoshi Maeda and Tet-
suya Shiromizu [2], and on other cosmological implications with Kazunori Nakayama, Fuminobu
Takahashi (IPMU faculty) and Shuichiro Yokoyama [8].

Theoretical and cosmological aspects of Higgs phase of gravity:

From observational point of view, the paradigm of dark energy and dark matter is very suc-
cessful to fit the data. However, from theoretical viewpoint, we do not know what they really



are, despite the fact that there are many theoretical models. This situation has been a strong
motivation for modification of gravity as an alternative to dark energy and dark matter: just
changing behavior of gravity at long distance/time scales might be able to explain the obser-
vational data without introducing dark energy and dark matter. It is important to investigate
theoretical consistencies and cosmological implications of modified gravity theories toward the
future observations.

I recently revisited theoretical consistency of the ghost condensation scenario, which I had
proposed in 2003 with Nima Arkani-Hamed, Hsin-Chia Cheng and Markus Luty [33]. Ghost
condensation is an analogue of Higgs mechanism for gravity and modifies gravity at long dis-
tance/time scales in a theoretically controllable way. While this theory is known to be perfectly
fine as a low-energy effective field theory, some authors challenged the possibility of UV comple-
tion by claiming that the generalized second law can be violated in ghost condensate backgrounds.
In [12, 3], contrary to the previous considerations in the literature, I have shown that it is rather
difficult to violate the generalized second law in ghost condensate backgrounds.

As for cosmological implications, along with Tomonori Furukawa, Kiyotomo Ichiki, Naoshi
Sugiyama (IPMU principal investigator) and Shuichiro Yokoyama, I have been working on the
possibility that ghost condensate may serve as an alternative to dark matter in the universe. The
result will be published in a near future.

String cosmology and inflation:

Cosmic inflation not only solves various problems in the big-bang cosmology elegantly but also
provides seeds for the rich structure in the universe. For this reason, inflation has been accepted
by many researchers as a part of the standard theory of the universe. However, inflationary
model building is known to be UV sensitive and the physical origin of the inflaton, a field driving
inflation, has not yet been understood. String theory, as a candidate for the theory of everything,
is expected to address this problem.

Recent developments in string theory enabled us to calculate various corrections to the inflaton
potential for warped brane inflation. It turned out that the inflaton, i.e. the brane position,
generically has non-minimal couplings to spacetime curvature. Also, it is known that the inflaton
in this setup has a nonlinear kinetic action called DBI action. Along with two IPMU postdocs
Damien Easson and Brian Powell, I investigated observational signatures of these aspects of warped
brane inflation [1].

Non-minimal coupling to spacetime curvature tends to spoil the slow-roll conditions for the
inflaton potential and thus generically forces the inflaton to roll rapidly. Nonetheless, as Lev
Kofman and I previously showed in [17], a rapidly-rolling inflaton with the conformal coupling (and
with the standard canonical kinetic action) can naturally drive inflation. In this case, however,
seeds for the structure in the universe should be generated not by inflaton but by other mechanisms
such as the curvaton mechanism. As a concrete realization in string theory, Takeshi Kobayashi
(IPMU visiting student) and I have developed a curvaton model from type IIB string theory
compactified on a warped throat with approximate isometries [6]. Observational constraints on
the rapid-roll inflation were investigated with Takeshi Kobayashi (IPMU visiting student) and
Brian Powell (IPMU postdoc) in [13, 7].

I have also worked on other related topics. With Shunichiro Kinoshita, I have analyzed sta-
bility of Freund-Rubin flux compactifications in de Sitter background in [10]. In [15, 11], along
with Shunichiro Kinoshita, Shin Nakamura and Kin-ya Oda, I investigated a holographic dual
of Bjorken flow based on the AdS/CFT correspondence. I also investigated a field theory on
the world-volume of a decaying D-brane with Tomoyoshi Hirata and Tadashi Takayanagi (IPMU
faculty) [16].
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In the forthcoming years, in order to tackle the mysteries of the universe, I will mainly work
on string cosmology and alternative gravity theories.

String cosmology:

Modern cosmology has been ever developing, based on precision observational data. It is fair
to say that many among those parameters describing our universe were determined, or at least are
being determined, with good precision. However, physics behind the values of those parameters
are still covered by a veil of mystery. For example, we do not know what dark energy and dark
matter really are, although our universe is thought to be filled mostly with them. What made our
universe so big? This question can be addressed by cosmic inflation, but again we do not know
the physical origin of vacuum energy driving inflation. Three big mysteries, dark energy, dark
matter and inflation, are standing in the way of cosmology which boasts precision observational
data.

String theory is the strongest candidate for the theory of everything and, thus, is supposed to
address these cosmological mysteries at least in principle. Thus, I will work on various cosmological
issues in string theory. These include inflationary model building, investigation of reheating after
inflation in multi-throat scenarios, analysis of gravity in braneworlds with co-dimension higher
than two, investigation of properties of dark matter candidates, realization of Higgs phases of
gravity, cosmological implications of the string landscape and so on.

A weakness of string theory is, if I have to point out, the lack of observational/experimental
supports. It is therefore very important to seek observational/experimental signatures of the
theory. From this point of view, I expect that signatures of tensor modes and non-Gaussianities
in the cosmic microwave background should play important roles in coming years. Thus I will
seek and investigate models of inflation which predict observable amplitudes of tensor modes and
non-Gaussianities.

Alternative Gravity Theories:

FEinstein’s theory of relativity unifies a three-dimensional space and a one-dimensional time
as a spacetime and describes gravity as a fabric of curved spacetime. This picture has been very
successful in explaining and predicting many gravitational phenomena. Experimentally, however,
we do not know how gravity behaves at distances shorter than ~ 0.0lmm. At shorter distances,
gravity may behave completely differently from what we expect. For example there may be
hidden dimensions at short distances. In fact, many theories, including superstring theories and
M-theory, require the existence of such extra dimensions. Extra dimensions may exist everywhere
in our universe, but they are somehow hidden from us. One possibility recently investigated very
actively is called the brane-world scenario. In this scenario our universe is supposed to be a three-
dimensional surface, called brane, floating in higher-dimensional space. Although we cannot see



extra-dimensions directly, we may hope to detect some indirect evidence of extra-dimensions in
high-energy experiments or cosmological observations.

Gravity at very long distances (for example, billions of light-years) may also be as weird as at
short distances. Precision observational data recently revealed that the expansion of our universe
is accelerating. If Einstein’s theory is correct, this requires that more than 70% of our universe
is filled with invisible, negative pressure, energy. This energy is named dark energy, but we do
not know what it really is. This situation reminds us of a story in the 19th century: when the
perihelion shift of Mercury was discovered, some people hypothesized the existence of an invisible
planet called Vulcan, a so-to-speak dark planet, to explain the anomalous behavior of Mercury.
However, as we all know, the dark planet was not real and the correct explanation was to change
gravity, from Newton’s theory to Einstein’s. With this in mind, we wonder if we can change
FEinstein’s theory at long distances to address the mystery of dark energy.

Concrete alternative gravity theories that I will work on include, but are not restricted to,
braneworld scenarios, Higgs phases of gravity and gravity with Lifshitz-type anisotropic scaling.
I will investigate both theoretical and observational aspects of those theories.

My attitude to the two subjects

Needless to say, my ultimate dream is to understand our universe. Toward this end, I will
continue to challenge by using every possible means such as general relativity, particle physics
and superstring theory. From this point of view, string theory (at least what is currently called
string theory) is not just a theory but a rather big framework, in which we can hope to construct
a theory of the universe. On the other hand, alternative gravity theories can be thought of as
candidates for important parts, if not the whole, of ultimate description of the universe.

Since these two subjects are apparently very different from each other, here I think I had
better provide an argument on why they can be compatible with each other at least in principle.

A recent example in which even two apparently exclusive subjects were actually shown to be
compatible is cosmic inflation in string theory. Until 2002, there were no-go theorems claiming
that there is no way to construct accelerating universe such as inflation in the framework of string
theory. However, after a seminal work by Kachru, Kallosh, Linde and Trivedi in 2003, there
appeared many models of inflation in the framework of string theory. Another example in which
previously known no-go theorems were evaded is warped compactification in string theory, i.e. a
stringy version of the Randall-Sundrum braneworld scenario. From these examples, I have learned
that it is a rather healthy attitude to hope that apparently different subjects may in the end be
related to each other in a consistent framework.

Therefore, I will continue to work on both subjects. For me, string cosmology and alternative
gravity theories are not exclusive but complementary. Also, it is important to keep in mind that
correctness of theories should be decided not by theoretical prejudice but by observations and
experiments. Therefore, I will tackle any problems in cosmology, according to circumstances with
theories and observations/experiments.
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