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E Masahiro Kawasaki is a Professor at the Institute for Cosmic Ray Research (ICRR) of

| the University of Tokyo and a Principal Investigator at the Kavli IPMU. He graduated

| from the University of Tokyo and received his PhD in 1988. In the same year, he was

S appointed as an Assistant Professor at Tohoku University. He became a Postdoctoral

| Fellow at Ohio State University in 1990, an Associate Professor at ICRR in 1992, a

| Professor at Graduate School of Science of the University of Tokyo in 1999. Since

| 2004 he has been a Professor at ICRR. He received the Yukawa-Kimura Prize in 2013.

~ His main research interests are axion cosmology, baryogenesis, inflation models, and
formation of primordial black holes.
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April 4: Hiromi Yokoyama (right) shows her letter of appointment to Kavli April 25: Mr. Tetsuya Kishimoto, left, Director of the Basic Research
IPMU Professor. Promotion Division, Basic Research Promotion Bureau, MEXT (Ministry of

Education, Culture, Sports, Science and Technology) visited the Kavli IPMU.
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May 11: John Amari (left) worked as a member of the Kavli IPMU Public June 1: Delivering the letters of appointment to Kavli IPMU postdoctoral
Relations Group from July 1, 2016 to May 15, 2017. Please also enjoy John’s fellow Wenting Wang (center) and Kavli IPMU Academic Support Specialist
contribution in this issue (pp. 14-15). Antonio Paladino (right).
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June 16: Giving a talk at an Open House of the Institute of Statistical Mathematics. Photo: Courtesy of the Institute of Statistical Mathematics.



FEATURE

Masahiro Kawasaki

Kavli IPMU Principal Investigator
Research Area: Theoretical Physics

Primordial Black Holes in the Inflationary

Universe

In September 2015, for the first time in history,
gravitational waves from the coalescence of
binary black holes were detected by the Laser
Interferometer Gravitational-Wave Observatory
(LIGO) in Livingston, Louisiana and Hanford,
Washington. Afterward, more gravitational wave
events were discovered and the third event was
announced this year. These three events are caused
by binaries of black holes whose masses are from
about 10 to 30 solar mass. This historical discovery
also means that humankind has obtained a new
observational tool for exploring the universe.

Usually, black holes are formed when massive
stars collapse due to their own gravity at the end
their lifetime. However, the masses of the black
holes observed by LIGO are larger than those
expected for the gravitational collapse of massive
stars, and it is in dispute how such heavy black hole
binaries are formed by stellar evolution. Therefore,
we are interested in another idea on the formation
of black holes; that is, primordial black holes
produced in the early universe form black hole
binaries and account for the gravitational events
detected by LIGO.

Primordial Black Holes

Primordial black holes are formed by gravitational
collapse of high density fluctuations if they exist in

the very early universe at the cosmic time of less
than 1 second. The possibility of the existence of
black holes in the early universe was first considered
by Zeldovich and Novikov in 1966, and Hawking

in 1971, who presented the modern picture of
primordial black holes forming from the collapse of
high density regions. Since then, primordial black
holes have been discussed from various points of
view by physicists and astronomers.

The mass of a primordial black hole is determined
by the formation epoch. Suppose that there are
large density fluctuations in the early universe.

At that time, the density fluctuations have

various spatial sizes. Having an image that those
fluctuations are something like waves which have
crests and troughs in density, we call the spatial
sizes of the fluctuations “wavelengths.” In this
picture, large fluctuations correspond to waves
with large amplitudes. Let us consider a wave
with a certain wavelength. The evolution of the
fluctuation depends on whether its wavelength is
larger or smaller than the horizon length. Here the
horizon length represents the maximum distance
that can be reached by light. Roughly, the horizon
length is given by (horizon length) = (light speed)
X (cosmic time) and increases with time. Since no
information travels faster than the speed of light,
the causal relationship does not exist beyond the
horizon. First, the wavelength of the fluctuation
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is larger than the horizon. In this case, nothing
happens to the fluctuation. The wavelength of the
fluctuation increases by the cosmic expansion but
the horizon length grows faster. Thus, it becomes
equal to the horizon length after some time. When
the fluctuation enters the horizon, a black hole is
formed by gravitational collapse of the large density
region if the amplitude of the fluctuation is large
enough for its gravity to overcome the pressure

by the radiation that dominates the universe. So

the mass of the black hole formed is almost equal
to the total energy of radiation inside the horizon.
For example, a primordial black hole has a mass of
about 10 solar mass ~ 10°® grams if it is formed at
the cosmic temperature of 10" degrees (cosmic time
~ 10" sec) and it has a mass of about 10 solar mass
if it is formed at the cosmic temperature of 10"
degrees (cosmic time ~ 10™ sec). Thus, primordial
black holes have various masses depending on the
formation time.

The gravity of black holes is so strong that even
light cannot escape from them. Thus, black holes
had been considered stable once they were formed.
However, in 1974 Hawking applied quantum theory
to black holes and showed that they evaporate by
emitting particles. This is called Hawking radiation.
The effect of Hawking radiation is more significant
for smaller black holes and black holes with mass
less than about 10" grams have evaporated by now.

Therefore, primordial black holes existing now have
masses larger than about 10" grams.

Density Fluctuations in the Inflationary
Universe

Let us consider how large density fluctuations
required for primordial black hole formation are
produced. It is known that large scale structures
of the universe such as galaxies and clusters of
galaxies are formed from tiny density fluctuations in
the early universe which grow through gravitational
instability. In fact, the existence of density
fluctuations has been confirmed by the COBE
satellite launched by NASA. The COBE observed
the cosmic microwave background (CMB). CMB
is relic light existing when the universe is hot and
in thermal equilibrium and is presently observed
as microwaves with a wavelength of several
millimeters. CMB comes from all directions of the
sky almost isotropically, but in 1992 the precise
observation performed by the COBE revealed that
there are small anisotropies. This implies that there
existed small density fluctuations in the universe
at a cosmic time of about 0.38 million years when
the CMB light was emitted. Those anisotropies
have been further studied in detail by the WMAP
and Planck satellites, which have shown that our
universe has density fluctuations with an initial
amplitude of about 107.

Feature
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Figure 1: Schematic figure of the power spectrum produced by the double inflation model. The power
spectrum represents the square of the amplitude of fluctuations with wavenumber k. The
wavenumber is inversely proportional to wavelength, that is k ~ 1/(wavelength). The first
inflation produces fluctuations on a large scale (small k) while the second inflation produces
fluctuations on a small scale (large k). PBH means primordial black hole.

Now the problem is how the density fluctuations
observed by the COBE are produced. Almost all
researchers believe that those density fluctuations
are produced by the accelerated cosmic expansion
called inflation which is considered to have taken
place at about 107° sec after the birth of the
universe. Inflation is driven by some scalar field
called an inflaton whose potential energy dominates
the energy density of the very early universe. During
inflation, the inflaton field has quantum fluctuations
which are stretched by inflation into fluctuations
with cosmological scale. The fluctuations produced
in the inflationary universe have the characteristic
property of being almost scale-invariant. The
scale invariant fluctuations mean that various
waves composing the fluctuations have the same
amplitude independently of their wavelengths. This
property of the fluctuations produced by inflation

has been confirmed by CMB observations together
with other predictions, which provides a reason for
us to believe inflation.

Primordial Black Hole Formation in
Double Inflation

Almost scale-invariant fluctuations are produced
in the inflationary universe and the CMB observation
shows that the amplitude of the fluctuations is
about 10 for large scale wavelengths (longer than
about 100 Mpc). On the other hand, in order to
form primordial black holes, the density fluctuations
should have amplitudes as large as 10" when they
enter the horizon. However, if the scale-invariance
is satisfied, the fluctuations always have amplitudes
of about 10 when they enter the horizon so it is
difficult to produce black holes without breaking
the scale-invariance.
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Figure 2: Potential of the scalar field (= inflaton) in the new inflation model. Inflation takes
place when the inflaton has an initial value near zero and rolls down slowly
toward the minimum of the potential.

Here | introduce a double inflation model as
one of the interesting ideas for forming primordial
black holes. The scale-invariance is hardly broken
if a single scalar field causes inflation. However,
this is not the case when inflation is derived by
more than one field. Suppose that inflation takes
place in two stages. Fluctuations with the smallest
wavelengths are produced near the end of inflation,
and the fluctuations produced earlier have larger
wavelengths. This is because the fluctuations
produced early are stretched by subsequent
inflation. Therefore, in the scenario where inflation
takes place in two stages, the first stage of
inflation accounts for the fluctuations on a large
scale observed by CMB, while the second stage of
inflation produces large fluctuations on a small scale
and hence primordial black holes. The model with
two such stages of inflation is called the double
inflation model. The schematic figure of the power
spectrum (which is the square of the amplitude of
fluctuations with wavenumber k or wavelength 1/k)
is shown in Figure 1.

To build a double inflation model which produces
primordial black holes, the model for the second
inflation needs some special properties. It is
required to take place at low energy and produce
large fluctuations. Concretely, the new inflation
model with potential shown in Figure 2 is the most
favorable. The new inflation model, contrary to its
name, is one of the oldest inflation models. It is a
successful inflation model but has an initial value
problem; the initial value of the inflaton field should
be near the maximal point of the potential for
sufficient inflation (Figure 2). However, in the double
inflation model, this initial value problem can be
solved through the effect of the first inflation.”’

Figure 3 shows the mass distribution (mass
function) of primordial black holes produced in
the double inflation model. If appropriate sets of
model parameters are chosen, double inflation can
produce black holes with various masses. In an

*I This was my personal reason for considering the double inflation
model 20 years ago (K.-I. Izawa, M. Kawasaki and T. Yanagida,
Physics Letters B411, 249 (1997)).
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Figure 3: Mass distribution (mass function) of primordial black holes produced in the double
inflation model. The solid black and blue lines represent the mass functions for different
sets of the model parameters. Various observational constraints are shown by the shaded

regions. Mg means the solar mass.

interesting case, the mass distribution of black holes
has two peaks shown by the solid blue line in
Figure 3.

Searching for Primordial Black Holes

As mentioned above, primordial black holes could
have a very wide range of masses. Many attempts
have been made to observe primordial black holes
in various ways. Unfortunately, no evidence for
primordial black holes has been obtained, from
which stringent constraints on their abundance have
been imposed. For masses of between about 10"
grams and 10" grams, the abundance is constrained
by observations of gamma rays from evaporating
black holes. Observations of the interference of
gravitationally lensed light (femto lensing) from
gamma ray bursters give a constraint on black holes
with masses of 10" to 10" grams. On the other

hand, the abundance in the mass range from 10°°
to 10% grams is constrained by another gravitational
lensing effect (microlensing™) by which the
luminosity of stars is enhanced when black holes
cross the line of sight to those stars. There are
also constraints from the heating of gravitational
systems like dwarf galaxies by black holes and
from effects on CMB due to accreting gas around
black holes. Figure 3 shows the constraints on
abundance (fraction to the dark matter density) of
primordial black holes. From this figure, it is seen
that abundance is stringently constrained in the
wide range of mass.

Primordial Black Holes as Dark Matter

Can primordial black holes formed in the
inflationary universe account for the dark matter?
*? See page 22.
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As shown in Figure 3, there are stringent constraints
on black hole abundance. However, in the mass
range of around 10*° grams the constraint is
relatively weak, so it is possible for primordial black
holes to account for the dark matter of the universe
if they have a mass distribution with sharp peak at
10” grams. In fact, such black holes can be formed
in the double inflation model explained above. In
Figure 3, the mass function denoted by the solid
black line gives the observed dark matter density

if it is integrated over mass, which means that the
double inflation model can account for the all dark
matter of the universe. However, the observational
constraints are expected to be more stringent in
future and the possibility of primordial black holes
as dark matter might be excluded.

LIGO Gravitational Wave Events and
Primordial Black Holes

As | mentioned at the beginning, the gravitational
wave events detected by LIGO can be caused
by primordial black holes. When black holes are
formed in the early universe, it is still uncertain how
abundant they should be in order to account for
the LIGO events, but one analysis indicates that it
is possible if primordial black holes with a mass of
about 30 solar mass have about 107 of the dark
matter density. The mass function of such black
holes produced in the double inflation model is
shown by the solid blue line in Figure 3.

In general scenarios where black holes are formed

by large fluctuations produced during inflation,
gravitational waves are produced through the
second order effect of the fluctuations (which is
equal to the effect proportional to the fluctuation
squared). These gravitational waves are different
from those produced in binary systems of black
holes, and have a frequency of nHz for the case of
fluctuations which form primordial black holes and
explain the LIGO events. The gravitational wave
background with such frequencies is stringently
constrained by observations of pulsar timings.
Therefore, the density fluctuations should have a
very sharp peak in order to avoid the pulsar timing
constraint and account for the LIGO events. (The
mass function in Figure 3 satisfies this condition.)

Summary

Primordial black holes have been attracting
interest since LIGO detected the first gravitational
wave event from coalescence of binary black holes.
In addition, primordial black holes could contribute
significantly to the dark matter of the universe.

In this article, | introduce the double inflation

model which can produce density fluctuations

large enough to form primordial black holes, and
show that the primordial black holes produced can
account for the LIGO events and the dark matter of
the universe. | hope that future observations such as
microlensing searches will discover primordial black
holes.

Feature



Young-Kee Kim

Kavli IPMU Principal Investigator

| am an experimental particle physicist. | have been
devoting much of my research to understanding the
origin of mass for fundamental particles. My group
measured the mass of two of the most massive
particles (the W boson and the top quark) at the
Tevatron's CDF experiment, providing information
about the mass of the Higgs boson, discovered at
the LHC in 2012. In recent years, my focus has been
to (i) find a deeper understanding of the nature of
the Higgs, (i) search for new physics using the Higgs
as a new tool, and (iii) search for a new messenger
particle that couples to dark matter, using the ATLAS
detector at the LHC. Achieving these goals requires
significant improvement of detectors and triggers.
My group has been working on the new tracking
trigger that has more capability and flexibility than
the current trigger system. In addition, my group

Research Field: Experimental Physics

is exploiting novel concepts in accelerator science
and technology, studying limitations affecting the
acceleration and intensity of particle beams at a
fundamental level, and developing new approaches
to overcome these limitations. | am a member of
the particle and accelerator physics group at the
University of Chicago and a member of the Kavli
IPMU.
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Eiichiro Komatsu

Kavli IPMU Principal Investigator

| study the beginning and an end (if any) of the
Universe using the laws of physics and state-of-
the-art measurements. | spend 2/3 of my time
on theoretical research, and remaining 1/3 on
providing theoretical underpinnings to experiments,
and analysis and interpretation of the new data.
My main weapons are the cosmic microwave
background (CMB) and the large-scale structure
of the Universe. | was a member of the Wilkinson
Microwave Anisotropy Probe (WMAP), with which
we determined the age and composition of the
Universe. We also found strong evidence for cosmic
inflation by discovering adiabatic and Gaussian
super-horizon fluctuations that are nearly, but not
exactly, scale invariant. Over the next decade |
would like to find definitive evidence for inflation
by measuring B-mode polarisation of the CMB, rule

Shigetaka Moriyama

Kavli IPMU Principal Investigator

My fields of interest include dark matter, axions,
neutrino physics, and proton decay. My research
comprises of two experimental approaches based
on the energy scale of signals. The first approach
involves the use of a liquid xenon scintillator that is
sensitive to an energy scale ranging from sub-keV
to MeV. The XMASS detector with 1 ton of liquid
xenon is used to study dark matter particles, axions,
and rare decay of xenon nuclei. To discover if dark
matter is an elementary particle, we are searching for
any deviations of observed events from background
expectations, in addition to search for events caused
by WIMPs or their relatives. The second approach
involves the use of Super-Kamiokande, a large

Research Field: Cosmology

Research Field: Experimental Physics

A

out the standard cosmological model (ACDM) by
mapping cosmic structures up to a redshift of z=3.5,

and determine the mass of neutrinos. To this end |
am co-leading two galaxy surveys with the Prime
Focus Spectrograph (PFS) on the Subaru telescope
led by the Kavli IPMU, and with the Hobby-Eberly
Telescope in the McDonald Observatory. For CMB,

I am a member of the LiteBIRD team, and | am
leading a team investigating impacts of the Galactic
foreground emission on B-mode polarisation. | also
enjoy thinking about what new physics we can learn
about inflation in case of the discovery of primordial
gravitational waves.

water Cherenkov detector. The hierarchy of neutrino
masses and CP violation in the lepton sector may be
crucial for understanding the existence of matter in
the Universe, and an observation of proton decay

clearly indicates a large framework of particle physics.

We are working to realize a much larger detector,
the Hyper-Kamiokande, which will have a sensitivity
far beyond that of Super-Kamiokande. | would like to
work together with the members of Kavli IPMU to
achieve big discoveries.

Our Team



Hiromi Yokoyama

Kavli IPMU Professor

| have been promoting science communication
research based on science and technology sociology.
In our post-truth era today, | am interested in how
science maintains to be highly trusted by society, how
it can develop in harmony, and how academia should
fulfill their responsibility to society. In particular, | am
interested in the following three studies:

1. Research on patronage of basic science (the
difference between science born out of crowd
funding and ordinary science, changes in scientific
view as seen from society, etc.)

2. Big science and mega science policy and
communication strategy (research on the relation
between a big science facility such as TMT or SK and

Tomoko Morii

Postdoc

| am producing the silicon vertex detector (SVD) for
the Belle Il detector. In the Belle Il experiment, we will
search for new physics from the deviation between
the standard model and the result of experiment
using a large amount of data. For this purpose, it is
necessary to precisely measure the decay points of
particles, and the SVD is a very important detector
for it.

At Kavli IPMU, | have been involved in the
production of the SVD. Development of the SVD
took time due to its complicated structure, but in the
spring of 2016 we started to mass-produce them. If

Research Field: Science and Society

Research Field: Experimental Physics

a local community, comparison between SSC and
ILC, etc.), and

3. Communication strategy for the basic science
(research on scientists' information dissemination and
trust from society using social psychology, etc.).

I will focus on discussing how to communicate
with society in each research.

things go smoothly, it will be installed in the Belle I
detector around the fall of 2018, and we will start
taking data around the end of 2018. | would like
to start research on new physics using the Belle I
experiment data after mass production of the SVD.

12 Kavli IPMU News No.38 June 2017



YUSU ke Nakajlma Research Field: Mathematics

Postdoc

My research interests focus on commutative
algebra and singularity theory. | am studying these
subjects from the viewpoint of Cohen-Macaulay
representations. For example, | am interested in
non-commutative crepant resolutions, cluster tilting
modules and their variants. Some interesting classes
of these notions are given by dimer models, which
are certain graphs on the real two-torus. In my recent
research, | am trying to understand singularities and

Wenti ng Wang Research Field: Astronomy

Postdoc

My research interests lie in galaxy formation, dark
matter haloes, and their connection to the underlying
cosmology. My past research has been devoted to
the properties of satellite galaxies, the connection
between galaxies and dark matter, understanding
the standard cosmology model with faint satellite
galaxies, and constraining Milky Way halo mass
through dynamical modelling of galactic haloes.
These studies were carried out both theoretically

non-commutative crepant resolutions arising from
dimer models by paying attention to the operation
called the mutation.

and observationally, with experiences in large
galaxy surveys, cosmological numerical simulation,
gravitational lensing and dynamical modelling.

Our Team



Special Contribution

The Art of Communication
Should science be communicated in the language of social media?

John Amari
Writer

In the 21st century, stepping out of your comfort
zone has become a mantra repeated almost ad
nauseam across a number of fields. From the startup
world to business, the media to politics, and even
academia, the communications gurus recommend
it as a kind of panacea for all modern-day outreach
challenges.

| tend to agree with them. But when in July 2016
| joined the public relations group at the Kavli IPMU,
| had to admit to myself that | may have bitten off
more than | could chew. As a freelance journalist
without any training in science, but with a general
interest in all things scientific, | was not sure what
—if anything—I could contribute to an institute of
fundamental physics and mathematics.

Despite the daunting challenge of understanding
the research that | was tasked with presenting to
the public, | stepped up and—for the 10 months of
my contract—did my best to represent the institute
in Japan and abroad. In addition to publishing press
releases of the latest research, | coordinated with
colleagues at the Kavli IPMU and around the world
to share with the public the latest results from the
institute and its many global partners.

We also helped to create public events, including
open days at the institute and at science conferences
around the world. Of all the fascinating work that is
done at the Kavli IPMU, one of the most eye-opening
for me was to see throngs of people attend a public
lecture by one of our researchers.

And it was really thrilling. As the legendary science
communicator Carl Sagan once said, “When you're
in love, you want to tell the world.” He was talking,
of course, about his life-long love affair with science,
an affair he communicated in pioneering broadcasts
like Cosmos: A Personal Voyage. A thirteen-part
series, Cosmos broke new ground for television
programming in the 1980s.

And yet, in the middle of the back-and-forth
emails and preparatory work that is the mainstay of
press officers, | had to face my greatest challenge:
confronting the fundamental research that our
scientists produced. Was | worried? Was | terrified?
Absolutely. And yet | need not have been.

Researchers at the Kavli IPMU seem to have the
patience of angels. Whether it was a question about
the cosmic microwave background, the Standard
Model of Particle Physics, or Lagrange on number
theory, they listened carefully and answered fully—
and without condescension. | was impressed with
their communicative ability, especially as most are not
native English speakers.

Kavli IPMU is endowed with a number of world-
class science communicators. From the top, Director
Hitoshi Murayama has led with infectious passion—
he is a recognizable figure, and may be described as
“the Carl Sagan of Japan.” He keeps the audience
spell-bound long after a lecture, when he stays
behind to answer the eager questions of individual
attendees.
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And the list of well-known scientists who go the
extra mile in their communications with the public
reads like a “who's who' of the science world: 2015
Nobel Prize-winning physicist Takaaki Kajita and
Principal Investigator and theoretical physicist Hirosi
Ooguri, to name two.

So it was not a surprise when | discovered that
one of the criteria for selecting researchers at the
institute is their ability as public communicators. And
yet, it is my feeling that more can and should be
done to reach the public. | firmly believe that to do
this, researchers have to reach outside their comfort
zone and embrace the latest platforms of mass
communication: social media.

For many, social media is a menace to society and
right-thinking-people are better off avoiding it. | think
that view is mistaken. As a social media strategist, in
addition to being a writer, | see the power of social
media on a daily basis. Early in the 21st century, social
media—Dbe it Facebook, YouTube, Twitter, Instagram
or whatever follows them—is the means of global
communication. It is the television, or the radio, or
the telegram, or the letter, or the messenger pigeon,
or the smoke signal of modern times. But with a
great difference: it is virtually free to produce and it
has scale.

Facebook alone has, at the last count, around 2
billion users. Instagram has reached 700 million. There
are some 300 hours of video uploaded to YouTube
every minute, and around 5 billion videos are watched
every day. People don't just turn on social media in
the same way that we turned on the television or
radio in the past; they are on social media; that is
where they spend a lot of the waking day.

Institutions, be they in the public, private, or
academic sector, have to embrace social media. And
so do individuals, in this case researchers. Whether
you are a supporter or not, it is hard to argue that
President Donald Trump of the United States has
not found an effective tool for getting his message
directly across to the public. Via his social media
platforms, he can reach around 100 million people

directly.

But Trump is not a pioneer in this regard. So-
called “influencers”—individuals who have a strong
fan base on social media—have led the way in
social media usage for as long as the medium has
been around. Many scientists have followed suit. In
the United States at least, public scientists like Neil
DeGrasse Tyson and Brian Greene have cultivated
a strong on-screen and social network persona.
DeGrasse Tyson, for instance, has over 5 million
followers on Twitter; Greene’s World Science Festival's
YouTube channel has over 230,000 subscribers.

Like Carl Sagan before them (in his case when he
embraced the then-magic of television), they have
on occasion received criticism for not being “real
scientists” because they appeared—or appear—to be
as concerned with their public reputation as they are
with their academic one.

Despite the cynics, a new generation of researchers
and science lovers are taking on the challenge of
science communication for the masses. Physics Girl,

a channel on YouTube, is run by Dianna Cowern and
Sophia Chen. One of their videos—called “Crazy
pool vortex”—explains vortices in straightforward yet
non-condescending language. As of this writing, the
video has been watched more than 6 million times.

Science students and enthusiasts like Cowern
and Chen are not alone; there are more and more
niche social media users out there, even in esoteric
subject areas, and they are revolutionizing science
communications—see the inspiring story behind
IFLScience, for instance.

From my short time at the Kavli IPMU, | know
that the institute’s greatest asset is its people. But
| hope that, like Carl Sagan and others, more of
them than has been the case thus far will step
out of their comfort zone, and tell the world—
in their own voice—about their love of science.

Special
Contribution
To paraphrase Galileo: science may still be written
in the language of mathematics, but in the 21st
century, it is—perhaps—best communicated to the
public in the language of social media.



Workshop Report

Developments of Mathematics at IPMU:

in Honor of Kyoji Saito

Toshitake Kohno

Kavli IPMU Principal Investigator

Kyoji Saito finished his term as Kavli IPMU #
Principal Investigator at the end of March 2017. |
This conference was held on this occasion,
from April 25 through 28, with the purpose of
surveying the wide influence of Kyoji Saito’s
works on the development of mathematics at
the Kavli IPMU. Based on a grand ambition to revive
the theory of elliptic integrals and period integrals
of Euler, Abel, and Jacobi from the 18th to 19th
century into contemporary mathematics, Saito
developed the theory of universal deformation of
isolated singularities, primitive forms, flat structures
and semi-infinite Hodge structures. These notions
are closely related to the non-commutative Hodge
theory developed later by Kontsevich, and the
theory of Frobenius manifold which was used for
the study of quantum cohomology. From the point
of view of realizing period integrals of primitive
forms along vanishing cycles, Saito also investigated
infinite dimensional Lie algebras such as elliptic Lie
algebras. Saito’s theory plays an essential role in

Music performance by the Kavli IPMU Chamber Orchestra with the
participation of Kyoji Saito at Tea Time on April 27.

mirror symmetry in mathematics and theoretical
physics.

There were talks in various areas including
integrable systems, algebraic analysis, representation
theory, algebraic geometry and quantum field
theory, that were all influenced by pioneering works
by Saito, and we had stimulating discussions. The list
of lecturers at the conference included Aleksander
A. Belavin, Alexey Bondal, Claus Hertling, Kentaro
Hori, Hiroshi Iritani, Michio Jimbo, Si Li, Takuro
Mochizuki, Shigeru Mukai, Nikita Nekrasov, Kyoji
Saito, Morihiko Saito, Yukinobu Toda and Alexander
Varchenko. The talk by Kyoji Saito was entitled
“Highest weight Integrable Representations of
Elliptic Lie algebra” and described the representation
theory of infinite dimensional Lie algebras beyond
the classical correspondence between simple
singularities and simple Lie algebras. At the end
of the conference he mentioned that the subjects
covered at the conference appeared different at
first glance, but in fact each of them are deeply
connected with one another. Through this event, we
were able to appreciate the depth and wide-ranged
aspects of mathematics initiated by Kyoji Saito.
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Workshop Report

The 3rd Joint Symposium of Osaka CTSR, RIKEN ITHES/ITHEMS, and Kavli IPMU
"Deep Learning and Physics’

Shiro keda

Professor, The Institute of Statistical Mathematics, The Research Organization of Information and Systems,

and Kavli IPMU Visiting Senior Scientist

On June 5, 2017, the 3rd Joint Symposium
of Osaka CTSR, RIKEN iTHES/ITHEMS, and Kavli
IPMU “Deep Learning and Physics” was held at
the Nambu Hall of Osaka University. In contrast
to the previous two symposia of this series, the
theme of this symposium was the relationship
between deep learning—a hot topic in the fields
of artificial intelligence and machine learning—
and fundamental physics. In deep learning, high
performance of deep convolutional neural networks
in image processing has been drawing attention.
It was Kunihiko Fukushima who proposed this
characteristic structure when he was a professor
at the School of Engineering Science at Osaka
University in the 1980s and 1990s. | enjoyed this
coincidence, as | have been working around the
field of machine learning.

The program consisted of seven talks. The first
two talks were related to neural networks, where
Masato Taki (iTHES) gave an overview of the
mechanism and development of deep learning,
and Shun-ichi Amari (RIKEN BSI) explained the
relationship between the theory of neural fields,
which he proposed about 40 years ago, and deep
learning. The next two talks were related to the
application of neural networks in physics. Methods
of training neural networks to reproduce phase
diagrams and their results were reported by Tomi
Ohtsuki (Sophia Univ.) regarding quantum phase

transitions in random electron systems, and by
Akinori Tanaka (iTHES) regarding an Ising spin
model. The importance of machine learning in
astronomy was the subject of the two subsequent
talks. The present author (ISM/Kavli IPMU) explained
the significance of sparse modeling in the Event
Horizon Telescope, and the use of machine learning
for the automatic detection of transients in the
Subaru/Hyper Supreme-Cam (HSC) project. Nao
Suzuki (Kavli IPMU) spoke about the relationship
between Type la supernovae captured by the HSC
and precision cosmology, and the role of machine
learning. Finally, Yoshinobu Kawahara (Osaka Univ./
RIKN AIP) explained the way to extend the recently
proposed Dynamic Mode Decomposition (DMD) by
using a kernel method.

Having attended this symposium, it was surprising
to learn that physicists have a keen interest in
neural networks. But, because my background is
close to machine learning, I understand the risks,
and caution the use of those techniques. High
performance in deep learning has not been fully
understood theoretically, and in some aspects it is
used as a black box. Sometimes it is dangerous to
apply such a method to a problem which should be
clarified through precise first-principles calculations.
I hope that physicists will make great achievements
through proper use of machine learning.

Workshop



Hitoshi Murayama Named One of
the 100 Influencers in the World

It has been 100 years |
since Albert Einstein +

established the General W ® .~ %
Theory of Relativity in & =

1915 and published it in
1916. To commemorate Hitoshi Murayama
this historic milestone, the Albert
Einstein Foundation is promoting

the Einstein Legacy Projects. “Genius:
100 Visions of the Future” is one of
these projects. It aims at collecting
and publishing the visions of 100
significant influencers in the world
including scientists, artists, thinkers,
and innovators. Kavli IPMU Director
Hitoshi Murayama has been named
by the Foundation as one of the
contributors for this project. Those
already on the list include Kyoto
University Professor and Nobel
Laureate Shinya Yamanaka. The

100 visions will be compiled into

the world’s first 3D-printed book
featuring Einstein’s face, designed by
the world-famous designer, Israel-
born Ron Arad.

Pl Young-Kee Kim Elected to the
American Academy of Arts and
Sciences

On April 12,2017, it was
announced that Chicago University
Professor and Kavli IPMU Principal
Investigator (PI) Young-Kee Kim was
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named a new member
of the American
Academy of Arts and
Sciences. Established in 3
1780, it is one of the B
oldest learned societies
in the United States. Its members have
made significant accomplishments in
academia, arts, business, and politics,
and selection by the Academy has
been one of the highest honors in

the United States. So far, three Kavli
IPMU members have been selected by
the Academy as its members: Pl David
Spergel in 2012, Director Hitoshi
Murayama in 2013, and PI Hirosi
Ooguri in 2016.

Professor Young-Kee Kim has long
been a leading physicist in the field of
high-energy physics experiments using
particle accelerators. Her research
activities include participation in the
CDF experiment at Fermilab in the
US and the ATLAS experiment at the
CERN LHC. She also served as Deputy
Director of Fermilab from 2006 to
2013.

The 228 new members announced
this year will be inducted at a
ceremony at the Academy’s head-
quarters in Cambridge, Massachusetts
on October 7.

Young-Kee Kim

Kavli IPMU and ICRR Host 16th
Joint Public Lecture

On April 15,2017, the 16th Kavli
IPMU and University of Tokyo’s
Institute for Cosmic Ray Research
(ICRR) joint public lecture was held at
Amuser Kashiwa in Kashiwa city, and
about 330 audience including junior
high-school and high-school students
participated.

ICRR Professor Hiroyuki Sagawa
delivered the first lecture, entitled
“The Highest Energy Cosmic Rays
—Probing Extremely High-Energy
Astrophysical Phenomena from Utah,”
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where he talked about the Telescope
Array (TA) experiment carried out in a
Utah desert. (For the highest-energy
cosmic rays which are the objects of
observation in the TA experiment,
see Kavli IPMU News No. 27, p. 28.)
Professor Sagawa explained that there
are various hypotheses about the
origin of the highest-energy cosmic
rays, and the TA experiment uses two
kinds of instruments, a ground array
of scintillator surface detectors and
fluorescence telescopes, to observe
arrival directions and energies of
cosmic rays, which are clues to
distinguish these hypotheses. He also
explained that the instruments of
the TA experiment are deployed over
a 700 km” area of the Utah desert,
and in the TA’s future plan, a 3000
km” area is envisaged. The audience
seemed to be astonished at such a
large scale.

The next lecture was delivered
by Kavli IPMU Associate Professor
Yukinobu Toda. He spoke on “Calabi-
Yau Manifolds—Mathematical
‘Conjectures’ Introduced by Physics.”
Calabi-Yau manifolds are manifolds
which attract a great deal of
attention at the intersection between
string theory in physics and pure
mathematics. To explain what the
Calabi-Yau Manifolds are, Professor
Toda gave careful and stepwise
illustrations of dimensions, polynomial
expressions, complex numbers,
complex algebraic varieties, and so
on, while talking about the history of
a field of mathematics developed in

Yukinobu Toda, giving a lecture.



Japan, “the classification of higher-
dimensional complex algebraic
varieties.”

He then talked about how the
Calabi-Yau manifolds, known to
mathematicians as interesting
manifolds, came to be connected
with physics when physicists
discovered mirror symmetry, and
how mathematician’s interests
in superstring theory led to the
mathematical discovery of the
equivalence of two different
mathematical theories thanks to
mirror symmetry.

After the lectures, Professor Sagawa
and Professor Toda answered each
other’s questions. They also answered
some of the written questions that
the audience submitted during the
break. There was then a further
opportunity for attendees to ask the
lecturers questions in the foyer of
Amuser Kashiwa.

oyt -G
Yukinobu Toda (left) and Hiroyuki Sagawa (right)

First Lecture at Science Café
Universe 2017
Since 2009, Kavli IPMU and

Tamarokuto Science Center has been
co-hosting “Science Café Universe” at
Tamarokuto Science Center in Nishi-
Tokyo City. Every year, a series of
two or three Science Cafés, with the
exception of 2009 when there were
five, has been held on Saturdays over
a month or two. This year, the first
Science Café in the 2017 series was
held on June 24. Here, for the first
time a non-Japanese researcher, Kavli
IPMU postdoctoral fellow William

Donovan delivered a lecture in English
with no interpretation in Japanese.
The second of the 2017 series will be
held on July 8 in the same way.

The title of Donovan’s lecture
was “Soap Bubbles, Spacetime, and
Structures.” There were about 30
attendees, about 30% of whom
were junior high-school and high-
school students. In the first half of
the Science Café, each group of
attendees made an experiment to
generate soap bubbles using a hand-
made soap bubble making kit and
soap bubble liquid, for the purpose
of understanding curvature. The
lecturer explained that soap bubbles
have surprising shapes and the shape
of a soap bubble is set by simple
equations. He then proceeded to
Gaussian curvature, the bending
of space and time, and Einstein’s
equation for general relativity.

The attendees seemed to be quite
interested in the fact that there is a
link between soap bubbles and the
universe in terms of the mathematical
concept of curvature.

Although only English was used
throughout this Science Café, from
the lecture to the Q&A session, one
of the attendees remarked on the
questionnaire, “As the lecture was
given in English only, I was initially
bracing myself for it. But because the
lecturer spoke English in an easy-to-
understand way, | was able to follow
his lecture. And it was interesting.”
There were other similar remarks.

Generally, the attendees seemed to
be satisfied.

¥ s
Will Donovan, answering questions of attendees after
the lecture.

Kavli IPMU Seminars

1. “Theoretical Models for Hydrogen-
poor Superluminous Supernovae”
Speaker: Elena Sorokina (Moscow
State U)

Date: Feb 01, 2017

2. “Ultraluminous quasars with
the most massive black holes at
cosmic dawn”

Speaker: Xue-Bing Wu (KIAA,
Peking U)
Date: Feb 02, 2017

3. “Curves and cycles on K3
surfaces”

Speaker: Qizheng Yin (ETH Zurich)
Date: Feb 07, 2017

4. “Dark Matter interpretation of the
IceCube diffuse neutrino flux”
Speaker: Marco Chianese (U
Naples)

Date: Feb 08, 2017

5. “Higher Dimensional Quantum
Theories”

Speaker: Kimyeong Lee (KIAS)
Date: Feb 14, 2017

6. “Ultra-Light Axion Dark Matter
and its impacts on dark halo
structure in N-body simulation”
Speaker: Yue-Lin Sming Tsai (NCTS,
Taiwan)

Date: Feb 15, 2017

7. “Simulating nonlinear
cosmological structure formation
with massive neutrinos”

Speaker: Arka Banerjee (UIUC)
Date: Feb 15, 2017
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8. “Characteristic polynomials of
Linial arrangements”
Speaker: Masahiko Yoshinaga
(Hokkaido U)
Date: Feb 16, 2017

9. “Splashback and outskirts of Dark
Matter halos”
Speaker: Susmita Adhikari (UIUC)
Date: Feb 16, 2017

10. “On geometric invariant theory
for hypersurfaces and their
hyperplane sections”
Speaker: Patricio Gallardo (U
Georgia)
Date: Feb 21,2017

11. “On quantized elliptic algebras”
Speaker: Yoshihisa Saito (U Tokyo)
Date: Feb 21, 2017

12. “A (The?) Higgs Vacuum Instability
During Inflation”
Speaker: Jack Kearney (FNAL)
Date: Feb 22,2017

13. “Nucleosynthesis of heavy
elements in the r-process”
Speaker: Igor Panov (ITEP)
Date: Feb 22,2017

14. “The Degeneracy of Cosmic
Neutrinos”
Speaker: Ming-Chung Chu
(Chinese U of Hong Kong)
Date: Feb 23,2017

15. “The Thirty Meter Telescope - India
Perspective”
Speaker: Anupama Chakrapani
(Inidian Institute of Astrophysics)
Date: Feb 23,2017

16. “Algebraic Cycles and Modular
Forms”
Speaker: Marc-Hubert Nicole
(Institut mathematique de
Marseille)
Date: Feb 24, 2017

17. “Top and Top+Charm Flavored
Scalar Dark Matter with a Vector-
like Fermion Partner”
Speaker: Peiwen Wu (KIAS)
Date: Feb 24,2017

18. “Non-perturbative analysis of the
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spectrum of meson resonances in
an ultraviolet-complete composite-
Higgs model”
Speaker: Michele Frigerio (CNRS)
Date: Mar 01, 2017

19. “Superconformal index of Argyres-
Douglas theories of class S”
Speaker: Takahiro Nishinaka
(Kyoto U)
Date: Mar 07, 2017

20. “The interplay between the
primordial magnetic fields and
particle physics”
Speaker: Kohei Kamada (Arizona
State U)
Date: Mar 08, 2017

21. “Langlands conjecture for function
fields via shtukas”
Speaker: Dennis Gaitsgory
(Harvard U)
Date: Mar 13, 2017

22. “Cosmology with Shadows in the
Microwave Sky”
Speaker: Nick Battaglia
(Princeton U)
Date: Mar 13,2017

23. “The Influence of Galaxy
Environment on the Stellar Initial
Mass Function of Early-Type
Galaxies”
Speaker: Giulio Rosani (ARl
Heidelberg)
Date: Mar 14, 2017

24. “Factorization homology and the
cobordism hypothesis”
Speaker: John Francis
(Northwestern U)
Date: Mar 14, 2017

25. “Langlands conjecture for function
fields via shtukas”
Speaker: Dennis Gaitsgory
(Harvard U)
Date: Mar 15, 2017

26. “How environment chisels galaxy
properties: the clusters galaxies’
outlook”
Speaker: Anna Pasquali (AR
Heidelberg)
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Date: Mar 16, 2017
27. “Mass growth of objects and
categorical entropy”
Speaker: Akishi lkeda (Kavli IPMU)
Date: Mar 16, 2017
28. “Langlands conjecture for function
fields via shtukas”
Speaker: Dennis Gaitsgory
(Harvard U)
Date: Mar 17,2017
29. “The new relationship between
inflation and gravitational waves”
Speaker: Tomohiro Fujita
(Stanford U)
Date: Mar 21, 2017
30. “OzDES - Spectroscopic follow-up
of transients and other objects in
the DES supernova fields”
Speaker: Chris Lidman (Australian
Astronomical Observatory)
Date: Mar 21, 2017
. “Axion dark matter in the
post-inflationary Peccei-Quinn
symmetry breaking scenario”
Speaker: Kenichi Saikawa (DESY)
Date: Mar 22, 2017
32. “On magnetic field generation in
stars”
Speaker: Elena Popova (Moscow
State U)
Date: Mar 22, 2017
33. “New Ways to Study Magnetic
Fields and Turbulence using
Observations”
Speaker: Alex Lazarian (U
Wisconsin)
Date: Mar 23, 2017
34. “Multiple Higgs production at very
high energies (and meltdown of
perturbation theory)”
Speaker: Valya Khoze (IPPP,
Durham U)
Date: Mar 29, 2017
35. “The Boundary Dual of a Local
Bulk Operator”
Speaker: Sean Jason Weinberg
(UCSB)
Date: Mar 30, 2017
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36. “Mapping the z>2 Cosmic Web
with IGM Tomography: Latest
Results and Future Perspectives”
Speaker: Khee-Gan Lee (LBL)
Date: Mar 30, 2017

37. “Equations and derived manifolds”
Speaker: Andrew Macpherson
(Kavli IPMU)

Date: Mar 30, 2017

38. “Analysing the 21cm signal from
epoch of reionization with artificial
neural networks”

Speaker: Hayato Shimabukuro
(Observatoire de Paris)
Date: Mar 31, 2017

39. “Effective Field Theory for the
Standard Model”

Speaker: Rodorigo Alonso De
Pabio (CERN)
Date: Apr 03,2017

40. “Quantum Aspects of Black Holes”
Speaker: Dieter Luest (MPI)

Date: Apr 04, 2017

41. “Simplified models of dark matter
with a long-lived co-annihilation
partner”

Speaker: Alexis Plascencia (IPPP,
Durham)
Date: Apr 05,2017

42. “The Thin Flux-Tube
Approximation and Some
Applications in Solar/Stellar
Magnetism”

Speaker: Antonio Ferriz (IAA/CSIC
Granada and Universidad de Vigo,
Spain)

Date: Apr 06, 2017

43. “Direct dark matter search with
the XMASS detector”

Speaker: Katsuki Hiraide (ICRR)
Date: Apr 07, 2017

44, “Supercritical Entanglement:
counter-examples to the area law
for quantum matter”
Speaker: Ramis Movassagh (IBM TJ
Watson Reserach Center)
Date: Apr 10,2017

45, “Cohomological BPS invariants,

vanishing cycles and Kac-Moody
Lie algebras”
Speaker: Ben Davison (U Glasgow)
Date: Apr 10,2017

46. “Superposition induced topology
changes in quantum gravity”
Speaker: David Berenstein (UCSB)
Date: Apr 11, 2017

47. “Dark Matter and Collider Studies
in the L-R Symmetric Standard
Model with Vector like leptons”
Speaker: Dilip Kumar Ghosh
(Indian Association for the
Cultivation of Science )
Date: Apr 12, 2017

48. “Moving the CFT into the Bulk”
Speaker: Herman Verlinde
(Princeton U)
Date: Apr 13,2017

49. “From Precision to Accuracy:
cosmology with large imaging
surveys”
Speaker: Boris Leistedt (NYU)
Date: Apr 13,2017

50. “Hunting for Dark Matter with
SuperCDMS”
Speaker: Tsuguo Aramaki (SLAC)
Date: Apr 14, 2017

51. “How to resum perturbative series
in supersymmetric gauge theories”
Speaker: Masazumi Honda
(Weizmann Institute of Science)
Date: Apr 18,2017

52. “Searching for dark matter with
liquid xenon”
Speaker: Masaki Yamashita (ICRR)
Date: Apr 18,2017

53. “Standard Model Parton
Distributions at Very High
Energies”
Speaker: Bryan Webber (U
Cambridge)
Date: Apr 19,2017

54. “Homotopy Lie algebroids and
bialgebroids”
Speaker: Alexander Voronov (U
Minnesota)
Date: Apr 20, 2017

55. “Dynamical Clockwork axions”
Speaker: Rupert Coy (U.
Montpellier)

Date: Apr 21,2017

56. “You can hide but you have to
run: new theory tools to unveil the
mystery of dark matter”
Speaker: Francesco D’Eramo (UC
Santa Cruz)

Date: Apr 26, 2017

57. “Magnetic fields of primordial
origin”

Speaker: Ryo Namba (McGill U)
Date: Apr 28,2017

Personnel Changes

Reappointment

Former Kavli IPMU Postdoctoral
Fellow Yin Li has been reappointed on
April 1,2017. Previously, he was at the
Kavli IPMU from April 1 to September
30, 2016. He then stayed at Lawrence
Berkeley National Laboratory (LBNL)
for half a year. For the time being, he
will alternately work at the Kavli IPMU
and LBNL for half a year each.

Moving Out

The following people left the Kavli
IPMU to work at other institutes. Their
time at the Kavli IPMU is shown in
square brackets.

Kavli IPMU Postdoctoral Fellow
Christophe Bronner [May 1, 2014 —
April 30, 2017] moved to the Kamioka
Observatory of the Institute for
Cosmic Ray Research, the University of
Tokyo as a Project Assistant Professor.

Kavli IPMU Postdoctoral Fellow
Yohsuke Imagi [June 1,2014 - June
15, 2017] moved to the Chinese
University of Hong Kong as a
Postdoctoral Fellow.

News
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Microlensing

Masamune Oguri

Assistant Professor, School of Science, The University of Tokyo,
and Kavli IPMU Associate Scientist

One way to study the abundance of compact objects such as black holes is to make
use of gravitational lensing magnifications of background stars by such compact
objects, which is called microlensing. Although the probability of observing such
magnifications for individual stars is tiny, this microlensing effect can be observed

by monitoring the brightness of millions of stars. In particular, recent discoveries of
gravitational waves from black hole mergers have stimulated theoretical studies to
explain dark matter with black holes as well as observational studies to constrain the
abundance and mass of black holes using microlensing observations.
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Developments of Mathematics at IPMU:
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