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Director’s Corner

Director of Kavli IPMU

Hitoshi Murayama at Work Hitoshi Murayama

May 7: Lecture at the “Sixth International Particle Accelerator Conference, IPAC’15” held at the Greater
Richmond Convention Center in Richmond, Virginia, U.S.A. (Credit: IPAC’15)

May 26: Address at the conference entitled, June 12: Photo with Masahiko Hayashi, Director General
“International Workshop on Condensed Matter Physics (right), and Hideyuki Kobayashi, Vice-Director General
& AdS/CFT,” held at the Kavli IPMU. (left), of NAOJ . Director's

Corner

June 29: Explaining an overview of the research at the Kavli IPMU to a Freelance Journalist George Musser
who visited the Kavli IPMU.
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Kavli IPMU Associate Professor TOdOI’ M | Ia nov

Research Area: Mathematics

Intersection Numbers and Differential Equations

Introduction

One of the most fundamental concepts in modern
geometry is the notion of a manifold. It is very
unlikely that someone who did not get a special
training in mathematics has ever heard this word
before. | am going to explain what a manifold is,
but to begin with we can think of it as a specific
part of the space around us, such as the circle that
a little girl drew on the wall while her parents were
not watching, the surface of a soccer ball, and even
the entire Universe. Sometimes the shape of the
manifold is easy to imagine, because we can see it,
but most of the times it is impossible. For example,
we can see only a small piece of the Universe. It
looks like a box, but the true shape might be quite
different. One mathematical approach to deal with
things that we can’t imagine is to find numbers,
usually called invariants that capture as many
geometrical properties as possible. The invariants
that were studied quite extensively in the last 20
years are the so-called Gromov-Witten invariants.
Although their origin goes back to classical
problems in enumerative algebraic geometry, it is
the recent developments in string theory that made
them very interesting. The goal of string theory is to
unify guantum mechanics and gravity.

[ts main idea is to model particles by little strings.
In particular, trajectories are not lines but surfaces.
That is why the problem of determining what types

and how many surfaces exist in a given manifold
becomes very important in physics as well. | would
like to write about one of the striking predictions
of string theory, which has a unifying power in a
sense that it suggests a relation between two quite
different areas in Mathematics.

What is a‘manifold?

The basic examples are called linear vector spaces.
The examples that we can imagine are the line, the
plane, and the 3-dimensional space. Alternatively,
we can think of these spaces in terms of
coordinates. Namely, we draw a coordinate system
by choosing an arbitrary point as an origin and 1, 2,
or 3 orthogonal axes. Every point has coordinates
that correspond to projecting the point to each
coordinate axes. This way the line is the same as all
real numbers. The plane is the same as all pairs of
real numbers, while the 3-dimensional space is all
triples of numbers. The dimension corresponds to
the number of coordinates. Our imagination cannot
go beyond dimension 3, so that we have no way
to say what a 4-dimensional linear vector space is
except that it is just all quadruples of real numbers.

The manifold is made from linear vector spaces
by gluing. The simplest example is the circle, but let
me explain the next simplest example the sphere,
because it is more relevant to us. If we remove the
North Pole N of the sphere then every other point P
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Figure 1: Coordinate charts and triangulation (with 8 triangles) of the sphere of radius R.

on the sphere corresponds to a unigue point on the
plane of the equator: take the straight line NP and
look at the intersection with the plane (see Figure 1).
In other words, the above rule allows us to wrap the
equator plane around the sphere in such a way that
it will cover all points of the sphere except for the
north pole N. Similarly, we can do the same thing
with the South Pole S. In other words, the sphere is
made of banding and gluing two planes. Note that
the two planes overlap on the sphere everywhere
except for N and S. We can write what was just

said in terms of coordinates. Namely the point P is
obtained by gluing the points with coordinates (x;,
y1) and (x,, y,), which correspond respectively to the
intersections of the lines NP and SP with the equator
plane. The coordinates x, and y, can be expressed in
terms of x; and y; (see Figure 1 for the answer). The
precise formula is irrelevant for now. The main point
is that the gluing consists of giving a mathematical
formula to switch from the coordinates of one
linear vector space into another one. The linear
vector spaces are called coordinate charts, while the
formulas to switch between the coordinates of the
charts are called transition functions. The sphere
can be constructed from 2 coordinate charts and 1
transition function.

Can we comb a sphere?

It is very difficult to work with coordinates,
because the formulas are usually quite cumbersome
and the essential properties of the underlying
manifold are hard to see. My favorite example is
the problem of combing the sphere. Imagine that
our sphere has hair, i.e,, a piece of hair that comes
out of each point on the sphere. Can we make all
pieces of hair tangent to the surface of the sphere?
The answer is no, and presumably we should be
able to prove it using the coordinate charts and
the transition functions, but there is a much more
elegant approach.

The idea is to think of the tangent bundle of
the sphere, i.e, all tangent planes of the sphere.
Note that to specify a point on the sphere we
need 2 coordinates and to specify a point on
the corresponding tangent plane we need yet
another 2 coordinates. We obtain a 4-dimensional
manifold, so it is one of these things that we can’t
imagine. Nevertheless, we can clearly visualize an
individual tangent plane. If we were able to comb
the sphere then by moving the points of the sphere
along the corresponding piece of hair we would
obtain a surface inside the tangent bundle, which
does not intersect the sphere itself. Now one can
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prove that for every manifold X we can construct
a deformation X’ of X inside its tangent bundle,
such that, X and X’ have only isolated points of
intersection. Moreover, the number of points of
intersection is the Euler characteristic of X.

This fact would imply that the sphere has Euler
characteristic O.

The Euler characteristic of a manifold is a bit
technical to define, but in the case of surfaces it
amounts to triangulating the surface, i.e., choosing
several points on the surface and connecting them
with curves, so that if we cut the surface along
the curves we would obtain (curved) triangles. The
Euler characteristic is independent of the choice
of a triangulation. It is defined by subtracting the
number of curves from the number of points and
triangles. For the triangulation depicted on Figure 1,
since we have 6 vertices, 12 edges, and 8 triangles,
the answer is 6-12+8 = 2, which is the reason why
we can’t comb the sphere!

Vector bundles and intersection numbers

As pointed out in the above example even if
we know explicitly the coordinate charts and the
transition functions of some manifold, usually it is
very difficult to understand the main properties of
the underlying manifold. One of the key ideas in
geometry is to build vector bundles by installing
a linear vector space, called a fiber, at each point
on the manifold. For example, the cylinder and the
Mobius strip are line bundles on the circle build
by installing a line at each point on the circle (see
Figure 2). While for the cylinder the line is installed
in the same way, for the Mébius strip, as we move
along the circle, the line is rotating clockwise (with
respect to the plane of the circle) until it makes a
full revolution as we return to the starting point.
The vector bundle is also a manifold, but very
special one since part of the linear structure of the
charts is preserved under gluing. The basic algebraic

operations, such as addition and multiplication can
be introduced as well, which makes it possible to
study the geometry of the underlying manifold by
the methods of algebra and to introduce numerical
invariants.

Each vector bundle on a given manifold M gives
rise to an intersection operation, which produces a
new submanifold out of any given submanifold X
of M as follows. Let us move the points of M along
the fibers of the vector bundle in a continuous
fashion, so that we obtain a submanifold Y of the
vector bundle, such that, X 'and Y are transverse to
each other. The result of the intersection operation
is simply the intersection XnY of X and Y. The
transverse property, which will be explained below,
is a sufficient condition for XnY to be a sub-
manifold of M contained in X. Starting with any
given set of vector bundles, we can successively
apply the intersection operations to M: the first
intersection operation is applied to M and we obtain
a submanifold X; of M, the second intersection
operation is applied to X; and we obtain a sub-
manifold X, of X, etc. Each time the dimension is
decreasing by the rank of the corresponding vector
bundle, i.e., the dimension of the fiber. In particular,
if the ranks of the vector bundles add up to the
dimension of M, then the successive application of
the intersection operations yields several isolated
points. By counting the number of points we obtain
numerical invariants, called intersection numbers.

The continuous deformations of a given sub-
manifold are usually quite many. How to define
intersection numbers independent of the choice
of the deformations? First, we have to require that
our manifolds and vector bundles are orientable.
Otherwise, only the parity, i.e., even or odd, of
the number of intersection points is well defined.
Second, when executing an intersection operation,
we are allowed to use only deformations, such
that the corresponding intersection is transversal.
The main idea behind introducing the notion of
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Figure 2: The Mdbius strip and the Cylinder as vector bundles. The fibers are the lines AB, A'B’, A"B”, etc. The red curve is a

small deformation of the circle along the fibers.

an orientable manifold is the following. If we have
two coordinate systems in some linear vector
space, then depending on whether we can or can’t
move continuously one into the other, we can split
the set of all coordinate systems into two classes.
For example, if we have two coordinate systems

in the plane, then we can always move the first
coordinate system in such a way that the origins
and the 1st axes coincide, while for the 2nd axes
there are two possibilities, they either have the
same or the opposite directions. We say that the
manifold is orientable if the coordinate systems in
every two overlapping coordinate charts have the
same orientation. Furthermore, two submanifolds
of a given manifold intersect transversely if for
every point in the intersection we can construct a
coordinate system of the coordinate chart of the
manifold at that point by using only coordinate
axes from the two submanifolds. For example, if
two circles in a plane are tangent to each other,
then their intersection is not transverse, because
the coordinate axes of the two circles at the
tangent point have the same direction; so we can’t
construct from them a coordinate system of the
plane. On the other hand, if the circles intersect

at two points, then the tangent directions of the
two circles at any of the two points of intersection
are different; so we can construct a coordinate

system, i.e., the intersection is transverse. Finally, we
can give the precise definition of an intersection
number. If several orientable sub-manifolds
intersect transversely in an isolated point, we

can compare the orientations of the coordinate
system of the manifold and the coordinate system
obtained by adjoining the coordinate systems of
the submanifolds. Note that the order in which we
intersect the submanifolds is important, because this
is the order in which we adjoin coordinate systems.
If the orientations match then we assign to the
intersection point +1, otherwise -1. The intersection
number is defined by summing up the numbers
associated with all intersection points.

For example, the Mobius strip is not orientable, so
it makes sense to ask only about the parity of the
intersection number. Moving the circle along the
fibers of the Mobius strip (see Figure 2) gives a new
circle. The number of points where the two circles
intersect is always odd. On the other hand, the
cylinder is orientable, so the intersection number is
an integer. We can move the circle to a position (see
Figure 2) where the two circles do not intersect, so
the intersection number must be 0. In other words,
the parity of the intersection number can be used
to distinguish between the Mobius strip and the
cylinder as vector bundles on the circle.
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Figure 3: Genus 3 Riemann surface with 3 marked points. Cutting along the red loops gives a pairs of pants decomposition.

Note that the number of loops is 39-3 = 6.

The moduli space of Riemann surfaces

As a manifold every surface is uniquely
determined from its Euler characteristic. The latter
always has the form 2-2g, where the number g
is called the genus of the surface and it coincides
with the number of holes. For example, the sphere
has Euler characteristic 2 and genus 0, while for
the donut the Euler characteristic is O (you can
take a triangulation and make the same count as
we did for the sphere) and genus 1. However, if
we are interested in the shape of the surface, then
it is important to have a measure for the distance
between the points. Usually there is more than 1
way to measure distance and after fixing a measure
the surface is called Riemann surface. The basic idea
of the moduli space is to give a geometric structure
to the entirety of the objects we are trying to
classify. The geometry of a single Riemann surface
is quite rich and non-trivial, so it is really remarkable
that it makes sense to study the set of all Riemann
surfaces by using their moduli space. What are
the coordinates and what is the dimension of the
moduli space of the Riemann surfaces? If you
fix two different points on the Riemann surface,
then there is a shortest path between them, called
geodesic. For example for the sphere the geodesics
are precisely the circles whose plane goes through
the center of the sphere. The moduli spaces of

surfaces of genus g = 0, or 1 are much easier to
describe. So let us concentrate on the case when

g is at least 2. One possible approach is to cut the
surface along simple closed geodesics in such a way
that the surface will decompose into pairs of pants
(see Figure 3). By remembering a reference point

on each geodesic and measuring its length we can
uniquely recover the surface and its metric provided
we remember how to glue the different pieces. The
moduli space is covered by charts that correspond
to the various gluing schemes while the coordinates
correspond to the length and the position of the
reference point for each geodesic (so 2 parameters
for each geodesic). It is not hard to see that the
number of simple closed geodesics along which we
have to cut the surface is 3g-3, so the dimension of
the moduli space is 6g-6.

It is more convenient, however, to work with
slightly more complicated spaces, namely we allow
our surfaces to have punctures (also called marked
points) and nodes. By forgetting the punctures we
can recover the original moduli spaces, while the
nodes are necessary in order for the intersection
theory to work. Note that fixing a marked point on
a surface requires 2 coordinates; so the dimension
of the moduli space of genus-g Riemann surfaces
with n marked points is 6g-6+2n. The moduli space
has a natural set of vector bundles corresponding to
the marked points. The fiber at a single point, i.e., a

8 Kavli IPMU News No.30 June 2015



Riemann surface with several marked points, is just
the tangent plane of the Riemann surface at the
marked point. Using intersection operations similar
to the ones discussed earlier we can introduce many
intersection numbers that reflect the geometry of
the moduli space. What is surprising is that the
same intersection numbers can be recovered from
the system of differential equations known as the
KdV hierarchy.

The KdV integrable hierarchy

The KdV equation is the following partial
differential equation u,= uu, + &’U,. Where ¢ is a
parameter whose value could be an arbitrary non-
zero number and u = u(x, t) is a function in two
variables. | am not going to attempt to describe the
history of the KdV equation, but let me just say that
it models the motion of a wave in shallow water: t
plays the role of time and if we fix t, then the graph
of the function u(x, t) with respect to x represents
the shape of the wave. The most remarkable feature
of the KdV equation is that it can be included into
a larger system of equations by allowing additional
time variables t, = t, t,, t;, etc. The dependence of
the function u = u(x, t;, t,, t5,---) on each additional
variable is given by an additional differential
equation. We have an entire system of differential
equations, which is called the KdV hierarchy. Note
that we can’'t add arbitrary an additional time
variable and a corresponding differential equation,
because this would usually contradict the previous
equations. Starting with the KdV equation there
is a unigue way to recursively extend the system
to include as many time variables as we wish.
Equations with such property, i.e., admitting a whole
hierarchy of compatible differential equations are
called integrable, while the corresponding hierarchy
is called integrable hierarchy. Usually, it is very
difficult to find integrable differential equations. The
equations of the KdV hierarchy become more and

more complicated, but every solution depends only
on the initial condition, i.e., the shape of the wave
when all the time variables are 0. It turns out that
if we choose as an initial condition u(x, 0) = x°/6,
then the Taylor’s series expansion of the solution
of the KdV hierarchy determines all intersection
numbers on the moduli spaces of Riemann surfaces.
The variable t, corresponds to iterating k times

the intersection operation with respect to the line
bundles associated with the marked points, while
the parameter ¢ keeps track of the genus of the
Riemann surface.

Conclusion

The relation between intersection numbers on
the moduli space of Riemann surfaces and the
KdV hierarchy was predicted by E. Witten and
proved by M. Kontsevich. Nevertheless, it is still very
mysterious why does the KdV equation, which we
can observe in nature simply by watching the waves
in a channel of shallow water, is so important for
such a complicated space as the moduli space of
Riemann surfaces. Furthermore, we can generalize
the moduli space of Riemann surfaces by adding to
a given surface the data of all possible ways to fit
it (the mathematical word is to map it) in a given
manifold. Depending on what manifold we choose
we can obtain many other hierarchies of differential
equations similar to the KdV hierarchy. These
hierarchies are completely new and were never
studied before. In fact, in the theory of integrable
hierarchies, the construction of an integrable model

Feature

is quite difficult, so it is very surprising that string
theory leads to such a wide class of integrable
hierarchies of differential equations. | think

that investigating the role of integrability in the
geometry of moduli spaces of Riemann surfaces is a
very promising direction for the future development
of Mathematics.
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Chiaki H ikage Research Field: Cosmology

Kavli IPMU Assistant Professor

My research area is observational cosmology.
| have used the observational data of cosmic
microwave background and galaxy distribution to
address fundamental questions of the universe
such as How did the universe begin? What is the
origin of the accelerated expansion in the universe?
| have applied different statistics such as Minkowski
Functionals, which probe morphology and topology,
to the cosmological data to get new insight into
structure formation in the universe. | am particularly
interested in the SuMIRe project, galaxy imaging and
redshift surveys using the Subaru 8-m telescope to

Sho Saito

Postdoc (Kavli Fellow)

Research Field: Mathematics

| am studying algebraic K-theory, currently focusing
on its applications to the geometry of formal loop
spaces. A certain class of infinite dimensional vector
bundles, called Tate vector bundles, plays a crucial
role in this context. | showed in my Ph.D. thesis that
there is a natural connection between Tate vector
bundles and a certain kind of principal bundles, called
torsos over the K-theory sheaf. To formulate and
prove this connection | used the recently developed
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perform precision cosmology. The Kavli IPMU is a
unigue place in which researchers in mathematics,
particle physics, and astronomy gather from around
the world. | am very excited to work with many
researchers in different backgrounds.

theory of infinity topoi, which provides a higher
categorical framework with a very wide and flexible
geometric scope.

Kavli IPMU News No.30 June 2015



Kohei Hayashi

Postdoc

Research Field: Astronomy

My research interest is dark halo structures of
dwarf galaxies in the Local Group. These galaxies are
ideal sites for studying the fundamental properties
of dark matter, because such satellites are the most
dark-matter-dominated systems. In order to gain
useful insight into dark halo structures on small-mass
scales, | am studying the stellar dynamics of their
member stars, mainly by using our constructed mass
models. Using a number of the kinematical data

Akishi lkeda

Postdoc

Research Field: Mathematics

My research interests are describing the spaces
of Bridgeland stability conditions on the derived
categories of Calabi-Yau algebras and to study the
relationships between these spaces and Frobenius
manifolds. In my recent work, | determined the
spaces of stability conditions for two dimensional
Calabi-Yau algebras associated with quivers by
using the theory of root systems. And for higher
dimensional Calabi-Yau algebras of type A, | made

Tadashi Ishibe

Postdoc

Research Field: Mathematics

My research interests are in the study of the
topology of the complement of the discriminant
divisor of a semi-universal deformation of an
isolated hypersurface singularity, of which homotopy
groups are believed to have nice properties. For
rational double points, the homotopy groups are
fully understood. In other words, the fundamental
group is an Artin group and the higher homotopy
groups vanish. For the simply elliptic singularities,

measured by Prime Focus Spectrograph attached
to the Subaru Telescope, | hope to obtain stronger
limits on dark halo structures and their dynamical
evolutions.

clear the relationship between the spaces of stability
conditions and Frobenius manifolds.

very little is currently known. | attempt to understand
the fundamental groups for these cases through a
generalization of the theory of Artin groups.

Our Team



DaV'd MCGady Research Field: Theoretical Physics (String Theory)

Postdoc

My current research is in two directions. | study the
interplay between on-shell and off-shell formulations
of observables in quantum field theories, in particular
the massless S-matrix. Additionally, | am interested
novel symmetries present in exactly solvable limits
of physically interesting theories. Specifically, | am
working on both elucidating the fundamental cause
of, and the consequences derived from, a recently
discovered temperature-reflection symmetry in

Yuki Moritani

Postdoc

Research Field: Astronomy

I am a new postdoc from Hiroshima University.
| was a development member of optical and near-
infrared astronomical instruments such as Subaru/
FMOS, the Kyoto University 3.8m Telescope, and the
Hiroshima 1.5m Kanata telescope/HONIR. Now | am
in charge of the PFS project, mainly planning the
commission of the instrument. My research interests
also lie in high-energy binaries (X-ray binaries and
gamma-ray binaries), which are comprised of a
compact object and a star. By monitoring the optical

Kyohei Mukaida

Postdoc

My interests lie in the strong connection between
particle physics and cosmology in the early universe.
In particular, | have been focusing on its dynamical
aspects from the viewpoint of quantum fields
under extreme conditions. This is partly because
the early universe was filled with very hot plasma
as strongly suggested by the observations of CMB
and the success of BBN. | try to refine understanding
of various phenomena in the early universe, like

large-N gauge theories on compact four-dimensional
manifolds—such as hidden modular invariance and
vanishing Casimir energies.

counterpart, the star, in these binaries, | probe the
nature of the interactions and the relationship
between the stellar activity and high-energy
phenomena.

Research Field: Theoretical Physics

preheating/reheating, baryo/leptogenesis, dark
matter production, and cosmological phase transition,
which are closely tied with new physics.
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Maresuke Shiraishi

Postdoc

Research Field: Cosmology

Higher spin fields have a great variety of impacts
on our universe. For example, magnetic fields (spin 1)
are deeply associated with structure formations of
varied sizes, and gravitational waves (spin 2) generate
distinctive signatures in CMB. A main goal of my
research is to understand the origins of these cosmic
spin dependencies, through phenomenological
studies and parameter estimations based on
observational data. My recent/ongoing activities are
to find new observables for symmetry breakings

Benda Xu

Postdoc

Research Field: Experimental Physics

| set out to search for the particle side of dark
matter, one of the most important open questions in
modern physics.

My work is carried out with the world’s largest
single-phase scintillation liquid Xenon dark matter
detector, named XMASS, located in Kamioka in
Japan. If it exists, the dark matter signature from
the detector will be extremely rare. At the heart of
this experiment is the production of a supreme low
radiation environment to a level not found anywhere

KiyOtO Yabe Research Field: Astronomy

Postdoc

My research interests revolve around the formation
and evolution of galaxies. | have tackled this topic
from observational aspects. | am particularly
interested in various properties of star-forming
galaxies at redshift around 2, where star-formation
in galaxies is in the most active phase. Near-infrared
(NIR) spectroscopy is necessary to examine detailed
properties of galaxies at this redshift. | have been
involved with the FMOS project, which is a fiber
multi-object spectrograph of the Subaru Telescope,

(non-Gaussianity, broken rotational invariance, parity
violation) motivated by higher spin fields, to build
these estimators, and to constrain these observables
from new CMB temperature and polarization data in
the ESA Planck collaboration.

in nature.

| am also enthusiastic about free and open
source software and hardware, together with their
applications in physics experiments and the real
world.

Our Team

and NIR spectroscopic surveys by using FMOS. With
this experience, now | am working on the PFS project,
which is a new instrument of the Subaru Telescope
and led by the Kavli IPMU.



Interview

with Gerard 't Hooft

Interviewer: Shigeki Sugimoto

Physics Had Been Primary
Interest since Very Early
Age
Sugimoto: Thank you very
much for letting me have
this opportunity to talk to
you today. There are a lot of
things that | wanted to ask
you.
't Hooft: Yes.
Sugimoto: First, | would like
to ask you when and how you
got interested in science.
't Hooft: I think that | was
somewhat exceptional.
When | was still very young,
maybe even at nursery
school, | really knew that |
was going to be interested
in the world of nature. |
had much more difficulty in
understanding humans than
nature. | also found adding
and subtracting much easier

Gerard 't Hooft is Distinguished
University Professor at Utrecht
University (since July 2011). He shared
the 1999 Nobel Prize in Physics

with Martinus J. G. Veltman “for
elucidating the quantum structure
of electroweak interactions.” He

has also received many other
distinguished awards including the
Dannie Heineman Prize in 1979,
Wolf Prize in Physics in 1981, Lorentz
Medal in 1986, Franklin Medal in
1995, Oskar Klein Medal in 1999,
and Lomonosov Gold Medal in 2010.
He received his Ph.D. from Utrecht
University in 1972.1n 1977, he
became a full professor at Utrecht
University.
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than learning to read and
write. In Europe, in general,
when you're 6 years old

you learn how to read and
write at least the basic stuff.
Before that, | could not read
or write but | could add and
subtract, and | knew that |
was interested in that.
Sugimoto: In mathematics?
't Hooft: In mathematics and
physics. Physics was running
in my family to some extent.
My uncle was a theoretical
physicist. He was well known
in his field. My grand uncle
was Frits Zernike, who also
had a Nobel Prize in physics.
| was very much inspired by
that and from an early age
on | knew | was interested in
physics.

Sugimoto: | see. When did
you decide to be a physicist?
't Hooft: Well, I don’t know
when | really decided to be a
physical scientist but physics
had been always my primary
interest. Maybe 9, 10, or 11
years old, | knew that | was
going to be a physicist.
Sugimoto: Then, you
became a Ph.D. student of
Veltman and soon after
that you started to work

on the renormalizability of
Yang-Mills theories. Is that
right?



Started to Work on the
Renormalizability of
Yang-Mills Theories
"t Hooft: Yes. Veltman was
working on the problem of
how to renormalize Yang-
Mills theories and he had
developed some very good,
sound techniques which
fascinated me. But he said,
“This is very difficult” and

“It may be better for you to
work on something else.”
But my reaction was, “Well, |
like the problem that you are
working on very much. | want
to understand more of that.”
From the beginning | said “|
understand your difficulty, so
I want to see what | can do
about it.”

Sugimoto: | heard that many
people were skeptical about
gauge theory at that time.

't Hooft: At that time, yes.

It is a bit difficult to say

how the history developed
because now people are very
much tempted to say that
there was such a thing as
the electroweak theory and
the only question was how
to renormalize it. But that is
not how they looked at their
problems at that time. | mean
the majority of physicists did
not want to think in terms
of field theory. They wanted

to replace it with something
better, something where you
don’t have to renormalize
away infinities. There were
many electroweak theories.
One approach was called the
scattering matrix approach,
another was called current
algebra; there were all sorts
of algebraic ideas about how
to understand elementary
particles, but field theory was
not at all popular in those
days.

Sugimoto: | see. What was
the reason that Veltman and
you believed in gauge theory?
't Hooft: Veltman was very
pragmatic. He understood
there was a basic problem

in understanding the weak
interactions. He learned
about the experimental
observations. Experimentally,
a lot was already known
about the weak interactions
and about other properties of
particles and forces. Also, their
symmetry structure was very
well understood since Gell-
Mann’s group theory became
a well-known topic. It was
understood how important
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group theory, Lie groups in
particular, is for physics. That
was clear but how to get the
exact description of these
particles was a big mystery.
Now, Veltman even did not
care pretty much about

field theory although he

liked the general formalism,
but he just repeated what
everybody else said that field
theory is probably not going
to be the answer. But in the
meantime there was nothing
better to do. He thought
that field theory might not
be the answer. But it was

the thing I understood that |
could do in principle, except
we did not understand the
details. We basically did not
understand how to handle
the renormalization effect of
particles with the exception of
the photon. The photon was
understood; actually the best-
understood particle.
Sugimoto: Right.

't Hooft: That was a vector
particle, so why was it so
difficult to renormalize other
vector particles? The problem
was in the masses of these
particles. Veltman understood
that the weak interactions
are caused by vector particles
with mass, and he tried to
understand how to make

a unitary renormalizable
theory for such particles. He
had discovered many of the
problems that were there. He
had his own approaches to
the problems using gauge
invariance and he was
intrigued very much by the
Yang-Mills paper. He said this
should be somehow the way

todoit.

Sugimoto: | see.

't Hooft: He had all the
ingredients but there was

still no answer about how

to renormalize this theory
properly. At that time this was
thought as just one possible
approach to physics and it
was not expected that this
was going to be the way to
understand all the forces in
nature.

Sugimoto: Were there many
people trying to prove the
renormalizability at that
time?

"t Hooft: No, there were not
so many people who were
studying renormalizability.
There was Abdus Salam,
there was Steven Weinberg,
but they were asking more
generic questions like “How
in the world can these things
hang together?” “How do we
describe these forces?” “How
can we understand what the
next particle will be that is
going to be discovered?” and
so on. But, renormalization
was not very fashionable.
Sugimoto: Did you think
you would succeed when you
started tackling this problem?
"t Hooft: Well, as long as |
hadn't been able to answer
the main questions | didn’t
know whether | would
succeed or not, but | was
very ambitious and | knew
for sure | wanted to get the
best answers | could find. So |
thought “If this problem can
be solved at all | will try to
solve it.”

Sugimoto: | see, so how

did you feel when you

completed the proof of
renormalizability?

't Hooft: | first thought,

“I will need to convince
people that this is the way

to do things,” because there
was a sentiment against
renormalization. So | realized
that people were going to
criticize whatever | had done
and Veltman had the same
response as well. “Maybe you
have something interesting
here, but people will ask this
and that. Do you have your
answers ready?” | realized
that people were going to ask
quite a lot of questions which
| could not answer. This is a
very mathematical problem.
Mathematicians are very
accurate and | was somewhat
sloppy in the way of phrasing
things. He said, “This is where
you have to be more precise.
Otherwise nobody will believe
you.”

Sugimoto: Were you excited
about this?

"t Hooft: Yes | was very
excited because this was
certainly the moment when

| realized the importance of
the Higgs mechanism. | didn’t
really call it that because |
didn’t know the papers by
Higgs and Englert very well.

I had heard that there were
people thinking along these
lines. So | accepted that | was
not the first to write down
these theories, but | did feel

I was the first to understand
how exactly the Higgs
mechanism was solving the
problem that Veltman had
formulated.

Sugimoto: | see.
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Found the Way to Cancel
All the Anomalies

't Hooft: | realized, “Well,
now | understand exactly
how to do it and | have

to fill in some details,”

but those were secondary
details. The most important
detail was the anomalies. It
wasn’t obvious that if you
renormalize this diagram
using this counter term,

and that diagram using that
counter term, if you combine
the whole thing it will still
be unitary; and indeed a
counterexample was known.
There were examples of
theories where this would
break down; that was the
case when you have chiral
symmetry; left and right
particles are different.
Sugimoto: The chiral
fermion.

't Hooft: The chiral fermion
has anomalies in it. Those
anomalies would be
disastrous. Now not every
theory has such anomalies, at
least not that we knew. But
still there was this danger;
maybe there are more such
anomalies. While formulating
the rules to renormalize the
theory, we have to prove that
everything hangs together
without any anomalies
because if they were there,
we could understand that
renormalization would
destroy unitarity, which
would imply that it would
not really work.

Sugimoto: Right.

"t Hooft: I had some hopes
that if there are anomalies,
maybe you can find a way



to rephrase the theory such
that it still is unitary, but that
hope quickly evaporated.
No, you have to cancel out
all the anomalies but how
restrictive is that? Will there
be any theory where all the
anomalies cancel out? This
was not known.

Sugimoto: | see. At that time,

the anomaly cancellation of
the standard model was not
known?
"t Hooft: No. Well, it was
known that fermionic
anomalies may be made to
cancel. This was not certain,
but | thought maybe the
pure gauge part itself also
has anomalies which we do
not know how to cancel. It
had to be proven that they
cancel. The point is that the
number of counter terms
that can be used was not
as large as the number of
free parameters one has to
renormalize. So, | realized
there could be a clash, so
that even though the theory
looked renormalizable, things
could go wrong if you try to
work out all the details of all
the diagrams; you will find
that they are contradicting
each other and then the
theory will not be unitary. So
this was still something that
had to be proven. What was
missing was a good way to
regularize the theory and that
was where basically | had the
idea of varying the number of
dimensions.

| first tried five dimensions,
six dimensions, seven
dimensions, and used these
dimensions as regulators.

In itself that nearly worked
but it just didn’t and then

| discovered the correct
answer or a much better
answer by taking four plus
or minus epsilon dimensions
and letting epsilon tend to
zero. That was the correct
answer. It was amazingly so
because you can ask “What
does it mean, four plus or
minus epsilon dimensions?”
Physically it makes no sense,
and mathematically it makes
no sense. But | noticed
where epsilon comes in the
expressions it is just a number
in a diagram which you

can tune any way you like.
You can choose a complex
number if you want, and you

can choose to let it go to zero.

Sugimoto: How long did

it take for you to prove this
renormalizability?

't Hooft: One of the
questions is, how long did

it take to convince myself?
That was fairly quick, a

year or so. Certainly after
dimensional renormalization
was introduced, | realized this
is the answer and | don’t need
any further proof but that is
not exactly the same thing

as a mathematical proof. To
prove that it works correctly
to all orders: that was the
main thing really. The way
we phrase the problem is:
prove that all final diagrams
up to any number of loops
can be renormalized using
dimensional renormalization.
That required some extra
work but it was quickly sorted
out that this indeed was the
best way to do it.

Story of the Beta Function
of Yang-Mills Theory

Sugimoto: | heard that you
also knew that the beta
function of Yang-Mills theory
is negative before the work of
Gross, Wilczek, and Politzer.
't Hooft: Yes, that is a
somewhat strange story. Of
course | was approaching the
problem from the physical
point of view. As a physicist,

I wanted to understand how
these fields work in practice.
And then, it's very important
to know how this system
works at very short distances
and how it works at very
large distances. Very early,
well before the dimensional
renormalization and such, |
asked myself what happens in
the short-distance limit.
Sugimoto: Before
dimensional renormalization?
"t Hooft: Yes, because if the
short-distance limit theory is
sufficiently convergent, then
all I need to do is to establish
things at one or at most two
loop levels. Everything else
will become unimportant
because if the theory is totally
free that's all you need to
know. So | did the calculation,
I scaled, | had the final
diagrams, and | could see how
they scaled. | thought, “Well
this is just fine.” It has the
right sign to be what are now
called asymptotically free. |
could clearly see that the sign
implied what is now known
as asymptotic freedom. So

| couldn’t understand why
many people had such
problems with it. There was
an argument about Bjorken

scaling, but | never quite
understood what Bjorken
meant when he talked about
scaling. People said, “Bjorken
scaling proves that field
theories don’t work.” | could
not understand why they said
that because | thought, “Well
when | scale the theory, it just
works fine. | don't understand
your problem.” But what |

did not realize is that nobody
had yet calculated that beta
function.

Sugimoto: Why didn’t you
publish this?

"t Hooft: First of all, | thought
there was a more urgent
problem. The urgent problem
was to understand why
quarks are confined because
this would be a theory for
the strong interactions. The
real problem of the strong
interactions was the quarks.
Why did they not come out
as free particles? | thought
we now had one half of

the answer to this question,
but the other half is what
happens in the infinite
distance region and that was
much more difficult, of course.
I think Veltman put me a little
bit on the wrong track here
in that he said, “Well as long
as you don't understand why
these quarks don’t come out,
you have nothing — it is not
even worth publishing.” That
was a mistake. Of course, |
should have. Yes, | believed

in the theory but | hadn'’t
understood that | was the
only one who had calculated
beta function correctly, and
understood that it is negative
and so the pure gauge theory
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would serve very, very well

as a candidate for the strong
interactions. Now we all

know how this leads to the
confinement of quarks, but
that was just a big conjecture
in those days.

Sugimoto: | see. Was it easy
for you to accept QCD despite
the fact that quarks and
gluons were not discovered?
"t Hooft: Oh, yes because

I thought there’s absolutely
no reason for these quarks

to come out as free particles
because they have color

and all physical states must
be invariant under color.

You can turn the question
around. Why should there be
free quarks? The answer is
they are not there. | thought
basically | understand that the
theory doesn’t have to have
free quarks. But, the question
is then what keeps those
quarks together? How do you
understand that such a theory
will be unitary if you don’t
understand the physical states,
the asymptotic states of the
theory? That was basically
answered by several pieces of
insight. One was the fact that
there are vortices and that the
mechanism that keeps them
stable was a dual opposite

of monopole confinement,
called the Meissner effect

in superconductors. It's the
dual Meissner effect, and

the realization came slowly
that you can understand
everything with that.

The other thing was jet
physics: that the asymptotic
states are not free quarks but
jets. Jets consist of hadronic

particles, but they behave as a
single quark coming out with
high energy. Those quarks
will then manifest themselves
as jets and the gluons also

as jets. So you have quark
jets and gluon jets. And that
was how unitarity could be
understood to be restored;
but those items were quite
complex. They need not

just hand waving but some
more rigorous mathematical
treatment.

Sugimoto: Do you think
confinement in QCD is
understood well enough
these days?

Confinement in QCD:
Acceptable as a Physicist,
But Unsatisfactory as a
Mathematician

"t Hooft: I think the
combination of these

items to me as a physicist

is quite acceptable and it
explains everything. But as

a mathematician, | would

say, “Well the situation is

not as good as it should

be.” QCD is not at the same
level of accuracy as quantum
electrodynamics and the
confinement problem is part
of that. It's now called the
mass gap problem. That is,
“Does a pure gauge theory,
QCD, generate a mass gap?”
The question immediately
associated with that is, “Can
we compute the mass gap?”
“Can we understand what the
lightest particles are in QCD?"
The answer is that pions are
basically the lightest particles
of QCD, but can we prove this
with mathematical accuracy

and can we mathematically
even define what a mass
gap is? The question is if
you know how to define the
theory and know how to
define the question, can we
prove this property of the
theory?

The strange thing is that the
best procedure we have today
is that we prove it numerically.
We simulate this theory on a
big computer by putting the
thing on a lattice. We take
the lattice as fine mazed as
possible and then we see that
the theory behaves exactly
as all physicists expect. So
there is no problem. They say
“We can prove everything
in mathematics; the first
10 decimal places obey
this theorem, so indeed all
numbers obey this theorem.”
That doesn’t go with
mathematics. Mathematicians
will not accept this as a proof.
Of course not. They shouldn’t.
It's still a problem in physics,
but I think it's an academic
problem. We don’t need
that problem to be solved to
understand how QCD works,
but we do understand that
it needs to be solved from
a mathematical point of
view. The importance of a
mathematical proof may well
be that if you have proved this
mathematically you also might
find new alleys to do faster
and more precise calculations.
It won't be a waste of time
to prove mathematically that
the mass gap exists because
then you can actually make
accurate computations for
everything.
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Sugimoto: Do you think it
will be proven someday?

"t Hooft: I think it will be. |
think what we need is some
monk on an uninhabited
island who sits in a monastery
with his books and his
computers and his laptop
and his internet and he just
works out the proof. There
are hundreds of epsilons and
deltas that you have to put
in the right position and then
| think you can prove it. | do
believe that this is a property
of our physical theory. We all
believe it’s true and therefore
we all believe it can be proven,
but it's going to be a very
tough and very unrewarding
work because after 20 years
the monk would come out
of his monastery and he says,
“Look | have proven QCD

to exist,” and all physicists
will stare at him and say
“What's your problem? Why
have you been doing all this
work? We knew that QCD

is a fine theory.” So he will
not be rewarded. Probably
he might not get the Nobel
Prize for it even though it's a
very important mathematical
question.

1/N Expansion and String
Theory
Sugimoto: | see. Another
thing that | wanted to ask you
is about 1/N expansion. How
did you come to the idea of
expanding amplitudes with
respect to 1/N?
't Hooft: At that time | was
at CERN as a fellow and all
these marvelous new ideas
came along, and one question



was exactly the question
which | mentioned, “How to
have good approximation
techniques for QCD?" Is there
a small parameter in QCD?
Is there a parameter you
can tune even if physically it
might not be so small such
that, if you tune it to be
very small, calculations can
be done accurately? If the
parameter will be larger, the
theory is slightly less accurate
but certainly you have a
systematic expansion. Of all
parameters, of course, 1/N
came along as a parameter
and | asked myself now, “In
what way does the large-N
theory distinguish itself
from arbitrary N theories?
What does the limit N to
infinity look like?” | knew
that a certain simplification
took place in the diagrams. |
wanted to understand “What
kind of simplification is that?”
| found the answer to that.
Unfortunately, the answer was
that even in the N to infinity
limit, the final diagrams
can still be so complex that
you cannot compute them
exactly. We cannot do the
large N expansion explicitly.
The power expansion in that
expansion constant generates
all the planar diagrams. They
are too complicated to solve.
| searched very hard to see if
there is any way to get some
sort of internal equation to
solve the large N diagrams for
QCD, but that, up to this day,
didn’t work.

Of course, the question was
extremely interesting because
only the planar diagrams

survived and they looked very
much like the world sheet
diagrams of a string theory.
By that time we understood
that there will be vortices that
connect the quarks together.
So this will be a perfect

way to understand where
these vortices come from, in
principle.

Sugimoto: So, this 1/N
expansion resembles the
perturbative expansion of
string theory.

't Hooft: Yes.

Sugimoto: Did you think that
it can be used to formulate
string theory?

"t Hooft: That was certainly
our hope, yes. | was hoping
that this would also vindicate
string theory. It would tell you
why all the dual resonance
models were so successful

for the strong interactions. |
wanted, in fact, string theory
to solve my problem, which
is, | want to understand the

N to infinity limit of QCD.
Maybe that’s a theory that
can be written down in a
closed form. The point is that
the 1/N to zero limit, or the

N to infinity limit, is a limit
where the mesons and the
baryons do not interact. It

is a free theory and for that
reason, you might suspect it

is exactly solvable. Free theory
is basically trivial. All you need
to know is the mass spectrum.
| thought string theory should
help me do this. Maybe the
1/N expansion is equivalent
to a string theory. | hoped to
see that happen. But though

I tried many times, | couldn’t
identify any string theory that
coincides with the 1/N limit of
QCD.

Sugimoto: Do you think
string theory is a promising
candidate for quantum gravity
or--?

't Hooft: Personally | think
that it is a very good and

interesting mathematical
approach to quantum
gravity, but not sufficient. |
think physically there’s got
to be more. You have to
make a distinction between
the physical question and
the mathematical question.
Mathematically, string

theory is a very interesting
mathematical construction. It
should be taken very seriously
in trying to understand
quantum gravity, but
physically | think the ultimate
underlying equations are not
string theory. But I amin a
minority here.

Sugimoto: You are the one
who first proposed the idea
of holography out of the
consideration of black hole
entropy. Later Maldacena and
others refined this idea in
the context of string theory.
How do you think about this
development?
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How to Understand
Physical Degree of
Freedom of Quantum
Gravity at Planck Scale

"t Hooft: They really took

off in a direction which was
never my intention. They are
using duality which is not
quite the same as holography.
| find dualities interesting

but they are not going to be
an answer to our physical
questions. They are going to
be helpful. They are going

to relate one problem to
another problem. Holography
is being used in the sense
that certain different theories
are equivalent. But that really
never was my problem. The
problem is how to understand
the physical degrees of
freedom of quantum gravity,
and, in particular, at the
Planck Scale. | am convinced
that at the Planck Scale we
only have bits and bytes of
information. We don’t have a
continuum anymore in which
things live. String theory is still
suggesting that you have to
think in terms of real numbers
and continua, and | have
reached a stage now that |
don’t believe anymore that
the real numbers are going to
be the fundamental variables
of all the ultimate theory.

I think the ultimate theory
would just be based on bits
and bytes basically. But to
understand how it works is
now the big problem. We
don’t understand that.

Now holography tells you
that the number of degrees
of freedom is actually even
less than what fits in the bulk.
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It basically corresponds to
what fits on the surface. Now
the physical implementation,
| think, is different from what
you usually hear when people
talk about string theory and
holography and AdS/CFT and
so on. | think the physical
reason is in the fundamental
origin of quantum mechanics
itself; holography tells you
that the degrees of freedom
fit on a surface and not in a
volume in a bulk of space-
time. There must be a good
reason for this. The reason |
can find is called information
loss. The point is that all
information about a certain
physical object in a volume
of space is already to be
found on its surface. You can
think of taking a region of
space and time. The region

is bounded by a surface.

If you look at all physical
phenomena on that surface,
you can actually reconstruct
what happens inside. If you
think a little bit you find that
is not as strange as it sounds,
because the gravitational
field obeys Gauss's law,
which really means that if
you know the gravitational
field on a surface, then you
know exactly the amount of
energy which is encapsulated
by the surface. If you know
the amount of energy, you
have the Hamiltonian. In
other words, strictly speaking
Gauss's theorem for gravity
will tell you that if you

know the gravitational field
accurately on the surface,
whatever that surface is, you
have got the Hamiltonian of

Kavli IPMU News

the entire system, in principle.
That means the inside is also
understood.

That is of course a very
strange situation, and that tells
you quantum gravity is going
to be a very crazy theory,
unless you do it my way. My
way is that you have to re-
evaluate our understanding
of quantum mechanics itself.
And, if you replace quantum
mechanics by a deterministic
theory, then | can understand
the holographic principle
much better. Then, it
tells me that actually the
underlying quantum theory
is not keeping all the
inside information intact.
Information dissipates away.
Imagine a surface, and
the information that has
dissipated away through the
surface. Then if you know the
data on the surface, you have
all the information you need
to be able to predict how the
inside of the thing will evolve
in time. That's counterintuitive,
but | have all sorts of ideas
now about how this can come
about in the ultimate theory
of quantum mechanics.

The Best Theory

Is a Theory That
Explains Experimental
Observations

Sugimoto: You have done so
many ingenious works. Which
one of your works do you like
the best?

"t Hooft: Well, I think |

am still very proud of what
happened in the first few
years of my career that | had
the idea of renormalization of
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gauge theories, of dimensional
renormalization, and the

role played by the Higgs
mechanism in renormalization.
The magnetic monopole was
a very fortunate moment, and
so was the 1/N expansion, but
also there are some very nice
ideas about instantons and
their role in explicit symmetry
breaking of a theory. The
standard model doesn’t
conserve baryon number even
though it looks — if you look
at Lagrangian — that baryon
number must be conserved;
but when you take the
instanton effects into account,
baryon number is not
conserved. That's a very deep
and beautiful observation that
we made. Those are essential
things, and so | think they are
the best.

But also, in a different way,
| am proud of what | did later
on in gravity and quantum
mechanics, although there
are many that have to be
proven. | would love to talk
about gravity and quantum
mechanics with anybody
but I didn’t have such great
ideas there that solve the
problem. | still see quantum
gravity as a big problem
that we don’t understand. |
want to make fundamental
progress there. Of course, we
have to realize physics is an
experimental science in the
very end. The best theory you
can think of is a theory that
proves or explains something
that is being observed
experimentally. What | would
love to see is an explanation
as to why physical constants



have the values they have,
why the proton electron mass
ratio has the value it has,

or anything of that sort, to
understand where constants
of nature come from. That
hasn’t happened yet. That's
why | think that there is much
more work to be done.

Advice to Young People
Who Want to Be
Scientists

Sugimoto: | see. Could you
give some advice to young
people who want to be
scientists?

"t Hooft: Science is still
extremely interesting as an
activity. When you are a
scientist you will discover
things, but usually you
discover very small things. If
you are hitting something

big that's of course even a
nicer experience. But you
should realize that when you
do some research on some
topic, you want to know

how that research relates

to the ultimate questions
that we are really interested
in, like solving quantum
gravity, finding the theory of
everything, understanding this
and that. We won'’t answer
those questions overnight and
the young students we see
today may not find answers
to such questions overnight.
But they might contribute
some further steps towards
finding answers. You can only
contribute if you understand
what those big questions are. |
think you should work on the
big questions and if you are
lucky and you are not afraid

of asking difficult questions,
then maybe you will find
some interesting answers.
You have to be extremely
critical. That's the other
advice. In particular you have
to be critical about your own
results. You shouldn’t be
happy with what you have
found or what you have
understood so far. You should
always ask more detailed
questions, “Did | understand
this?” “Did | understand
that?” and “Why shouldn’t
the answer be formulated in a
different way?” If you ask very
critical questions to yourself,
maybe you will find some
new interesting answers.
Sugimoto: Okay, it's about
time. | really enjoyed talking
with you.
"t Hooft: Thank you.
Sugimoto: Thank you very
much.
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Workshop Report

International Workshop on Condensed Matter
Physics and AdS/CFT

René Meyer

Kavli IPMU Postdoctoral Fellow

In 1997, a new duality between
guantum field theories and gravity
called the “gauge/string duality” (AdS/
CFT correspondence) originated from
string theory. It was quickly realized that
this duality captures apparently universal
features of certain strongly coupled
systems. While first successfully
applied to QCD, recent research started
to apply this duality to strongly coupled
and correlated states of condensed
matter such as e.g. the electronic
states present in high temperature
superconductors. Conversely, real-
world systems might be used to model
gravity and in particular black holes,
an approach dubbed “analogue
gravity”. These results have been very
promising and keep attracting the
interest of string theorists, condensed
matter physicists and the gravitational
community. The goal of this joint
workshop with the Institute for Solid
State Physics (ISSP), the University
of Tokyo held at the Kavli IPMU on
May 25-29, 2015, organized by René
Meyer (Kavli IPMU), Shin Nakamura
(Chuo U./ISSP), Hirosi Ooguri (Caltech/
Kavli IPMU), Masaki Oshikawa (ISSP),
Masahito Yamazaki (Kavli IPMU), and
Hongbao Zhang (VUB Brussels), was
to bring together key members from
these three communities to foster
exchange in this direction and ignite
further collaboration.
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The program of the workshop
consisted of 20 hour-long talks by
internationally recognized experts,
who gave excellent overviews over
their respective topics and at the
same time presented cutting-edge
research. In total 122 participants (80
from Japan) attended the workshop.
33 researchers from Japan and abroad
used the opportunity to present their
work in the gong show and poster
presentation. The workshop focused
on three topics: (1) AdS/CFT, non-
Fermi liquid phenomenology and
high temperature superconductivity,
(2) non-equilibrium physics and AdS/
CFT, and (3) topological states of
matter and entanglement entropy.
Concerning (1), the discussion largely
revolved around the question of
which aspects of the physics of high
temperature superconductors are
relevant for AdS/CFT, and what gravity
theories can describe them. A very
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interesting insight of (2) was that black
holes in AdS/CFT share many features
of non-equilibrium dynamics known
from condensed matter systems.
Finally, as regarding (3), entanglement
entropy was discussed both as a tool
to characterize topological states of
matter and gauge theories, and as
a way to better understand gauge/
gravity duality in general.

This workshop was one of the
key meetings in the field in this year.
It was unique in bringing together
condensed matter physicists and
string theorists nearly in a half-half
ratio, as well as gravitational theorists,
which made it very successful. This
workshop was financially supported
by the Kavli IPMU, ISSP, and the EU ESF
HoloGrav network. We are grateful
to the administrative staff of the Kavli
IPMU and ISSP for their hard work, as
well as to the volunteers from ISSP for
their help.



Pl Ken’ichi Nomoto Received the
Marcel Grossmann Award

Kavli IPMU Principal
Investigator Ken'ichi
Nomoto’s work “for
heralding the role of
binary systems in the
evolution of massive
stars” has earned
him a Marcel
Grossmann Award.
The Awards were
established in
1985 to honor the contribution
mathematician Grossmann made
to Einstein’s construction of general
relativity. Grossman had helped
Einstein overcome mathematical
difficulties in Riemannian geometry.
The two had been classmates at
the ETH Zurich and had continued
their friendship. The Grossmann
Awards are presented at the Marcel
Grossmann Meeting on Recent
Developments in Theoretical and
Experimental General Relativity,
Gravitation, and Relativistic Field
Theory, held every three years, to
recipients who are recognized for
their outstanding achievements in
the fields covered in this Meeting.
This year's Meeting was held at
University of Rome “La Sapienza”
in Rome. The award ceremony was
held on July 13.

Ken'ichi Nomoto
holding a silver casting
of sculpture “Traction
of Events in Space-
Time,” presented to
each recipient.

Nobel Laureate Gerard 't Hooft
Visited Kavli IPMU

Utrecht University Distinguished
University Professor Gerard 't Hooft
visited the Kavli IPMU, and gave a
colloquium talk entitled “The Large
Hadron Collider and New Avenues
in Elementary Particle Physics” on
April 16. 't Hooft was awarded the
1999 Nobel Prize in Physics for
elucidating the quantum structure
of electroweak interactions. In his
talk, he reviewed milestones in the
development of the Standard Model
of elementary particles in reference
to the discovery of the Higgs boson
at CERN’s Large Hadron Collider
(LHC), and then explained what we
could expect in the future with the
LHC, which has restarted experiments
using higher energy and luminosity,
for elucidating remaining mysteries
in particle physics. For example,
discoveries of new particles would
lead to new physics.

In this issue of the Kavli IPMU
News, Shigeki Sugimoto, Professor at
the Yukawa Institute for Theoretical
Physics, Kyoto University, interviews
Professor Gerard 't Hooft, see pp. 14 -
21.

Gerard 't Hooft giving a talk.

Screening of a Documentary Film
Particle Fever

A hundred people crowded into the
Kavli IPMU’s hall to watch a special
screening of Particle Fever on April 5.
This documentary film, distributed by
ro*co films international, follows the

lives of six physicists over the course
of five years as they search for the
Higgs particle at CERN. Interwoven
with this story, the film illuminates
how science and art are similar. It
does this by emphasizing how they
motivate us by driving curiosity, and
they make us strive for what we
don’t have yet. In short, they make us
human.

Kavli IPMU Professor and University
of California Berkeley Professor
Yasunori Nomura helped produce
the Japanese subtitles for this special
Kavli IPMU version, with permission
from the movie company.

After the screening, participants
were able to meet and hear behind
the scenes stories from Johns Hopkins
University Professor David Kaplan,
who starred in and produced the
film. While Professor Nomura served
as interpreter, he kept the audience
engaged with his wit and very liberal
interpretations added with his own
opinion.

Yasunori Nomura (left) and David Kaplan (right).

After screening, participants surround Yasunori Nomura
and David Kaplan.

Deciphering the Universe: Joint
Public Event with ICRR

On April 18, 400 people squeezed
into a hall at the Amuser Kashiwa,
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near the JR Kashiwa station, to take
part in the 12th joint public lecture
event by two University of Tokyo
institutes, the Kavli IPMU and the
Institute for Cosmic Ray Research
(ICRR).

ICRR Associate Professor Shinji
Miyoki gave the first talk on “The
Last Homework from Einstein—Catch
Gravitational Waves!” He explained
the importance of the gravitational
wave research and introduced the
audience to experiments designed to
find their direct evidence. Then, Kavli
IPMU Professor and University of
California Berkeley Professor Yasunori
Nomura talked on “The Multiverse
Cosmology—The Origin, Fate, and
Outside of the Universe Predicted
by the Latest Physics Theory.” He
enthusiastically explained what the
multiverse theory is about, a theory
that postulates the existence of
many universes, and touched on its
philosophical aspect. He also touched
on the possibility of universes under
different laws of physics.

Yasunori Nomura giving a talk.

Kavli IPMU Hosts Interaction
Collaboration Meeting at Kamioka
On April 20—21, seventeen
press officers from CERN, Fermilab,
and eight other world-renowned
particle physics research institutes
traveled to the Kavli IPMU’s Kamioka
Branch Office for the Interaction
Collaboration Meeting. Joined by
four guest press officers from three
institutes including RIKEN and the
ICRR, participants shared their recent

24

experiences, and there were updates
on each institute’s activities. Kavli
IPMU Director Hitoshi Murayama
gave a talk about research at the
Kavli IPMU, and a Kavli IPMU press
officer gave an update on the
institute’s outreach activities. The
meeting ended with a tour of the
Super-Kamiokande, EGADS, XMASS,
KamLAND, and KAGRA guided by
Kavli IPMU and ICRR researchers.

Meeting at the Kavli IPMU’s Kamioka Branch Office.

Participants visiting EGADS during the guided tour.

Kavli IPMU Social Group Art
Project Takes Over Piazza Fujiwara
From May 12 to June 9, the Kavli

IPMU Arts Society hosted the 5th
Science and Everyday Life project in
the Piazza Fujiwara. In this project,
all Kavli IPMU researchers and staff
are invited to contribute pictures
corresponding to a given theme. This
time, 27 pieces were put on display
corresponding to the theme “order,”
including travel photos, photos of
geodesic models, original composition
of images, diagrams excerpted from
published papers, formulae, and texts.
During the free drink (contributed
by Director Murayama and
Administrative Director Haruyama)
get together on May 29, people
enjoyed a night chatting and looking
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at displayed pieces.

Kavli IPMU researchers and staff chatting in the Piazza
Fujiwara.

Enjoying displayed pieces.

Journalist in Residence in
Mathematics Program at the Kavli
IPMU

On May 14— 16, the Kavli
IPMU welcomed Sankei Shimbun
reporter Takeshi Maeda as part
of a Journalist in Residence (JIR)
program coordinated by Professor
Koji Fujiwara at the Department of
Mathematics, Kyoto University, with
the cooperation of the Mathematical
Society of Japan.

The program has been running
since 2010, and is designed to
give journalists the opportunity
to experience a mathematics
department or institute, and
interview working mathematicians.
To date, more than 30 people, mainly
journalists, but also including TV
directors, artists, and a lawyer, have
taken part in the program.

For Maeda, it was an eye-opening
opportunity to get to know the
mathematics community through
hearings, teatime, and seminars.
“Being here was like riding a



rollercoaster. | hope to use the things
I've learned and spread the word to a
wider audience,” he said.

On June 29, US freelance journalist
George Musser visited the institute
on the same program. While he could
only stay a day, the people here had a
profound impact on him. “Talking to
Kavli IPMU researchers was amazing,
really mind-blowing,” he said.

The Kavli IPMU hopes to continue
to welcome these journalists into our
institute.

Science Café Universe 2015 Begins

On June 21, the Kavli IPMU teamed
up with the Tamarokuto Science
Center in Nishitokyo City to host
the first of a three-part Science Café
Universe 2015 running from June to
July. Altogether, three researchers
from different fields talk their stories
about using physics and mathematics
to solve the mysteries of the universe.
The Science Café Universe series has
been held every year since 2009,
making this the seventh in its series.

On this day, more than 40
participants, mostly junior high and
high school students, listened to
Kavli IPMU Professor Yoichiro Suzuki,
who talked in detail about what
dark matter is, and how he and his
colleague are trying to uncover its
identity. The participants enjoyed his
talk in a relaxed atmosphere with tea
and cookies.

Yoichiro Suzuki giving a talk.

Kavli IPMU Seminars

1. “Exploring the Higgs sector of
Georgi-Machacek model at
colliders”

Speaker: Cheng-wei Chiang (NCU)
Date: Apr 01, 2015

2. “The Multiverse—Emerging New
View of Fundamental Physics”
Speaker: Yasunori Nomura (UC
Berkeley / Kavli IPMU)

Date: Apr 01, 2015

3. "Oceans Of Data And Rosetta
Stones: Understanding How The
First Galaxies Formed”

Speaker: Peter Capak (Caltech)
Date: Apr 02, 2015

4. “Next obstacles in precision
neutrino oscillations: neutrino-
nucleus cross-sections”

Speaker: Federico Sanchez (IFAE
Barcelona)
Date: Apr 03, 2015

5. “Lense-Thirring precession in
strong gravitational fields”
Speaker: Chandrachur Chakraborty
(Saha Inst. of Nncl. Phys.)

Date: Apr 03, 2015

6. “The Dark Energy Spectroscopic
Instrument (DESI) Survey”
Speaker: Stephen Baiely (LBNL)
Date: Apr 07, 2015

7. “Modelling and reconstruction
of the cosmological large-scale
structure from galaxy redshift
surveys’

Speaker: Francisco-Shu Kitaura (AIP)
Date: Apr 07, 2015

8. “Detecting Ultra-light Dark Matter
with Precision Metrology”
Speaker: Surjeet Rajendran (UC
Berkeley)

Date: Apr 08, 2015

9. “Lessons for Gravity from
Entanglement”

Speaker: Arpan Bhattacharya (IIS,
Bangalore)
Date: Apr 09, 2015

10. “A Higgs or the Higgs? A Detailed
look at the Anomalous Higgs
Couplings”

Speaker: Banerjee Shankha
(Harish-Chandra Research Inst)
Date: Apr 15, 2015

11. “Gravitational Lensing with KiDS”
Speaker: Konrad Kuijken (Leiden U)
Date: Apr 16, 2015

12. “The Large Hadron Collider and
New Avenues in Elementary
Particle Physics”

Speaker: Gerard 't Hooft (U
Utrecht)
Date: Apr 16, 2015

13. “Probing Physics behind Neutrino
Masses”

Speaker: Kaladi Babu (Oklahoma
State U)
Date: Apr 17,2015

14. “Painleve equations and weight
system”

Speaker: Hayato Chiba (Kyushu U)
Date: Apr 20, 2015

15. “Local Lyman alpha emitters: last
results from the LARS project”
Speaker: Daniel Kunth (IAP)

Date: Apr 20, 2015

16. “Probing the relationship between
Galaxies and Dark Matter
with Lensing and Clustering in
CFHTLenS/VIPERS”

Speaker: Jean Coupon
Date: Apr 21, 2015

17. “Analytic Bootstrap: Universality
at large spin and large twist”
Speaker: Kallol Sen (IIS Bangalore)
Date: Apr 21, 2015

18. “The progenitors and
environments of hydrogen-poor
core-collapse supernovae”
Speaker: Hanindyo Kuncarayakti
(U Chile)

Date: Apr 22,2015

19. “Measuring Cosmic Shear with
the Dark Energy Survey”

Speaker: Matthew Becker
(Stanford/KIPAC)
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20.

21.

22.

23.

24,

25.

26.

27.

28.

26

Date: Apr 23, 2015

“Flat structure on isomonodormic
deformations”

Speaker: Tomoyuki Mano
(Ryuukyu U)

Date: Apr 24,2015

“The credibility of SUSY
phenomenology: some silver
linings”

Speaker: Biswarup
Mukhopadhyaya (Harish-Chandra
Research Inst)

Date: Apr 24, 2015

“The NeverEnding story of Cosmic
Microwave Background and Large
Scale Structure correlations”
Speaker: Alessandro Manzotti (U
Chicago)

Date: Apr 24, 2015

“Torsion in the codimension-
two Chow group of some toric
varieties”

Speaker: Wanshun Wong (U
Ottawa)

Date: Apr 28, 2015

“Latest results from the Planck
satellite and implications for star
formation properties”

Speaker: Daisy Mak (KICC)

Date: Apr 30, 2015

“The new results from Alpha
Magnetic Spectrometer (AMS)”
Speaker: Sadakazu Haino
(Academia Sinica)

Date: May 07, 2015

“Surprises in gauge theories:
temperature-reflection symmetry,
hidden”

Speaker: David McGady (Kavli
IPMU)

Date: May 12, 2015

“Beyond Thermodynamics:

the Physics of Matter, Life, and
Intelligence”

Speaker: Piet Hut (IAS/ELSI)

Date: May 12, 2015

“2HDM scalar potential and the
role of symmetries”

29.

30.

32.

33.

34.

35.

36.

37.

Speaker: Gautam Bhattacharyya
(Saha Inst. of Nucl. Phys., Kolkata)
Date: May 13, 2015

“The early evolution of the Milky
Way's satellite system in CDM
cosmology”

Speaker: Gerhard Hensler (U
Vienna/ NAQOJ)

Date: May 14, 2015
“Cohomoloical Fourier-Mukai
transforms of abelian varieties”
Speaker: Dulip Piyaratne (Kavli
IPMU)

Date: May 14, 2015

. “Combining imaging and

spectroscopy to reveal the hidden
universe”

Speaker: Jeffrey Newman (U
Pittsburgh)

Date: May 19, 2015

“Recent topics in rigorous proof
of quark confinement”

Speaker: Keiichi Ito (Rikkyo U)
Date: May 20, 2015

“Towards understanding UV
aspects of gravity"

Speaker: Anupam Mazumdar
(Lancaster U)

Date: May 20, 2015

“Some explorations of a
holographic Kondo model:
quantum quench and
entanglement entropy”

Speaker: Jackson Wu (NCTS
Hsinchu)

Date: May 21, 2015

“Prospects of galaxy cluster
studies with ASTRO-H"

Speaker: Tetsu Kitayama (Toho U)
Date: May 21, 2015

“How Bayesian Statistics Are
Different And Better”

Speaker: Ed Turner (Princeton U)
Date: May 26, 2015

“MaNGA: how to run a successful
survey (and not die trying)”
Speaker: Jose Sanchez-Gallego (U
Kentucky)
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38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Date: May 26, 2015

“Higgs physics as a probe of
electroweak baryogenesis”
Speaker: Eibun Senaha (NCU)
Date: May 27, 2015
“Antineutrino Results from T2K"
Speaker: Roger Wendell (ICRR)
Date: May 27, 2015

“Star formation, gas and the ISM
of high-z starburst galaxies”
Speaker: John Silverman (Kavli
IPMU):

Date: May 28, 2015

“Horava gravity: Suppressing the
Lorentz violations in the matter
sector”

Speaker: A. Emir Gumrukcuoglu
(U Nottingham)

Date: May 29, 2015

“From Massive Gravity to Bigravity
and back”

Speaker: Matteo Fasiello (Stanford
U)

Date: Jun 01, 2015

“A Zoo of Bayesian Priors”
Speaker: Ed Turner (Princeton U)
Date: Jun 02, 2015

“Holographic vortex pair
annihilation in superfluid
turbulence”

Speaker: Hongbao Zhang (VUB
Brussels)

Date: Jun 02, 2015

“Inflationary Tensor Fossils in
CMB and LSS”

Speaker: Emanuela
Dimastrogiovanni (Arizona State U)
Date: Jun 03, 2015

“Dark Matter Dynamics”
Speaker: Tom Abel (Stanford U)
Date: Jun 03, 2015

“Obtaining and Understanding
Bayesian Posteriors”

Speaker: Ed Turner (Princeton U)
Date: Jun 04, 2015

“Nuclear and host properties of
local and distant radio galaxies
(FRO-FRI-FRII): similarities and



49.

50.

51.

52.

53.

54.

55.

56.

57.

differences”

Speaker: Ranieri Baldi (Technion in
Israel)

Date: Jun 08, 2015

“Practical and Philosophical
Problems with Bayesian Statistics”
Speaker: Ed Turner (Princeton U)
Date: Jun 09, 2015

“4D N=2 Galois symmetries”
Speaker: Michele del Zotto
(Harvard U)

Date: Jun 11, 2015

“(Hsi-An Pan) What is a Giant
Molecular Cloud? Are Observers
and Simulators Discussing the
Same Star-forming Clouds? (Alex
Pettit) Armed and/or dangerous:
the sensitivity of galactic spiral
generation in tidal encounters”
Speaker: Hsi-An Pan & Alex Pettit
(Hokkaido U)

Date: Jun 11, 2015

“A new approach to simulation of
collisionless fluids (dark matter)”
Speaker: Oliver Hahn (Université
de Nice)

Date: Jun 12, 2015

“ACM bundles and

derived categories of cubic
hypersurfaces.”

Speaker: Marti Lahoz (Universite
Paris)

Date: Jun 15, 2015

“Moonshine and Sigma Models”
Speaker: John F. Duncan (Case
Western U)

Date: Jun 16, 2015
“Thermalization after Inflation”
Speaker: Kyohei Mukaida (Kavli
IPMU)

Date: Jun 17, 2015

“Correlation Functions in
Stochastic Inflation”

Speaker: Vincent Vennin
(Portsmouth U)

Date: Jun 23, 2015

“Modelling the Milky Way Bar”
Speaker: Shude Mao (Tshingua

U/ NAOC Chinese Academy of
Sciences)
Date: Jun 25, 2015

58. “Scaling laws for thermo-electric
transport at quantum criticality”
Speaker: Andreas Karch (U
Washington)
Date: Jun 30, 2015

Personnel Changes

Reappointment
Takahiro Nishimichi
has appointed as a
Kavli IPMU Assistant
Professor on April 1,
2015. He had been at
the Kavli IPMU from
April 1,2010 to March 31,2013
as a Todai Postdoctoral Research
Fellow (JSPS Pstdoctoral Fellow).
He then stayed at the Institute
d'Astrophysique de Paris (IAP) for
two years under the support of JSPS
Postdoctoral Fellowship for Research
Abroad Program. Nishimichi says
he is excited to return to the Kavli
IPMU. “I have been working on
gravitational evolution of cosmic
structures, and, more practically,
cosmological information in galaxy
clustering. At the Kavli IPMU, | would
like to establish ‘big-data cosmology’
based on next generation survey
projects, such as SuMIRe on Subaru,
by exploiting advanced techniques in
computational science and statistics.”

Takahiro Nishimichi

Expiration of Joint Appointments

Professor Yasunori Nomura at the
University of California, Berkeley was
jointly appointed as a Kavli IPMU
Professor on January 1, 2015. This
joint appointment expired on May 6,
2015.

Professor Edwin L. Turner at
Princeton University was jointly
appointed as a Kavli IPMU Professor

on March 6, 2015. This joint
appointment expired on June 30,
2015.

Moving Out

Kavli IPMU Postdoctoral Fellow Ivan
Chi-Ho Ip has moved to the Graduate
School of Science, Kyoto University as
an Assistant Professor. He was with
the Kavli IPMU from 16 August, 2012
to May 15, 2015.

Kavli IPMU Postdoctoral Fellow
Haruki Nishino has moved to the
Institute of Particle and Nuclear
Studies, High Energy Accelerator
Research Organization as an Assistant
Professor. He was with the Kavli IPMU
from 1 April, 2013 to April 30, 2015.
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Leptogenesis
Masataka Fukugita

Kavli IPMU Professor

Generating baryons in the Universe requires violation of the conservation of baryon
number. The most popular idea studied for some time was to invoke the grand
unification of particle interactions. Actually, baryon number is violated, in principle, even
within the Standard Model of particle physics, owing to quantum fluctuations. This effect
was conceived to be only academic, since it is suppressed by a huge exponential factor,
making it too small to cause any effects in nature. It was eventually realised, however,
that this suppression is lifted at a temperature above the electroweak scale. This, at
the same time, was a bad news to grand unification baryogenesis: baryon number
generated, which equals lepton number, is all erased.

One idea to save the situation is to generate lepton number in an earlier universe.
This is a natural possibility if neutrinos are massive and of the Majorana type. Decay of
superheavy Majorana neutrinos produces lepton number, which is converted partially to
baryon number when the Universe was above the electroweak energy scale. It is now
conceived that the scenario should work if the neutrino mass is 0.1eV or less.
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