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Yasunori Nomura is a Professor of Physics and the Director of the Berkeley Center for Theoretical
Physics at the University of California, Berkeley (UC Berkeley). He also serves as a Senior Faculty Scientist
at the Lawrence Berkeley National Laboratory and a Principal Investigator at the Kavli IPMU. He is a
theoretical physicist, mainly working on particle physics, cosmology, and quantum gravity. He received
his Ph.D. from the University of Tokyo in 2000 and became a Miller Research Fellow at UC Berkeley. In
2002-03 he was an Associate Scientist at the Fermi National Accelerator Laboratory. In July 2003 he
joined the Department of Physics at UC Berkeley. Awards and Honors include Miller Research Fellow
(2000), DOE Outstanding Junior Investigator (2004), Alfred P. Sloan Research Fellow (2005), Hellman
Fellow (2005), Simons Fellow in Theoretical Physics (2012), and American Physical Society Fellow (2017).
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Director’s Corner

Director of Kavli IPMU

Hitoshi Murayama at Work Hitoshi Murayama

July 11: WPI site visit team visited the Kavli IPMU’s Kamioka Branch (see July 12: WPI site visit team visited the Kavli IPMU’s research building on
p.19). the Kashiwa campus (see p. 19).
July 29:1n 2018, Kavli IPMU again cohosted Collaborative Knowledge August 1: Visit of the Kavli IPMU Steering Committee members to Supe-
Creation Practical Learning Course “Learning and Creating Physics—From Kamiokande (SK). To look at the inside of the SK detector, Kavli IPMU
High School to the Forefront Research of the Universe” with the University Director Hitoshi Murayama (left) and Principal Investigator Mikhail Kapranov
of Tokyo CoREF unit. Director Murayama is discussing with high school (center) were on an elevating gondola for work, guided by Director of the
students participated in this event. Kamioka Observatory, Masayuki Nakahata (right). (See p. 19.)
Director’s
Corner

September 20: Giving an introductory explanation at a press conference

held to release the Subaru HSC’s observation of the structures of the most
August 20: Chancellor George Blumenthal (the second from the left) of the distant part of the Universe in the weak gravitational lensing measurements
University of California at Santa Cruz visited Kavli IPMU (see p.19). conducted to date (see p. 20).



FEATURE

Kavli IPMU Principal Investigator YaSUHOFI Nomura

Research Area: Theoretical Physics

Quantum Gravity and Quantum Information

Understanding the nature of space and time has
brought many revolutions to physics. In old days,
the introduction of a coordinate system—which is
often attributed to Descartes—led to Newtonian
mechanics through contributions by many scientists,
including Galileo. At the beginning of the 20th
century, Albert Einstein proposed special relativity,
which, in a sense, unifies space and time. According
to this theory, space and time are closely related,
causing phenomena such as a contraction of
length and a delay of time when an object moves
at a speed close to that of light. These effects are
precisely measured in present-day experiments,
leaving no room to doubt the theory. The resulting
concept of spacetime, which treats space and time
in a unified manner, has been playing a fundamental
role in contemporary physics until today.

One of the most important properties of
spacetime was revealed by Einstein himself about 10
years after the announcement of special relativity.
According to this new theory called general
relativity, spacetime is not a fixed entity, as one
might imagine from the term “coordinate system”;
rather, it is a dynamical object that can be bent
or distorted. General relativity says that it is these
bending and distortion of spacetime that we call
gravity. For example, gravity between the Sun and
the Earth arises because the existence of the Sun
bends spacetime around it. The Earth moves around

the Sun because of this bending of spacetime.

This revolutionary theory of spacetime makes
an important prediction: because spacetime
is dynamical, its distortions can propagate
independently of the existence of matter. For
example, when heavy bodies such as black holes
move violently, they disturb spacetime greatly.
This effect can then propagate to places far
away from the location of the original bodies as
wave of spacetime distortions. This wave is called
gravitational wave, and it was first detected directly
in 2016, almost 100 years after the formulation of
general relativity. This was an extremely important
experimental discovery, and for this achievement the
2017 Nobel Prize in Physics was awarded.

Theory of Quantum Gravity

As we have seen, our understanding of spacetime
has dramatically evolved over the last few hundred
years. However, we know that this is not the end.
The reason is that our world obeys quantum
mechanics.

Quantum mechanics was discovered at the
beginning of the 20th century in the process of
studying microscopic objects such as atoms, but
later it was found to be a more fundamental
principle governing the world. Quantum mechanics
makes a number of strange predictions. For
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example, an object such as an electron cannot
exist in one place; rather, its location spreads
probabilistically. (Since this spread is usually so small
that we cannot perceive it directly in our daily life.)
It is also possible that two worlds exist parallelly in
probability space, the state we call a superposition.
While these phenomena sound extremely strange
from the sense of everyday life, the correctness
of the theory has been repeatedly demonstrated
experimentally. In fact, the accuracy of these
experiments has dramatically improved in recent
years, so that predictions of quantum mechanics
have now been confirmed precisely at a detailed
level. Furthermore, scientists are advancing the
development of a computer—quantum computer—
which has capability completely different from the
conventional one and which positively utilizes the
principle of quantum mechanics.

Let us return the story to spacetime. General
relativity explains all gravitational phenomena
that have been observed until now. This includes
minuscule deviations from the predictions of
Newtonian gravity, the existence of gravitational
wave, and the expansion of the universe. There
is almost no doubt about the correctness of the
theory at scales we can currently observe. General
relativity, however, does not contain the effect of
guantum mechanics, which is a basic principle of
the world we live in. This is not an experimentally
urgent problem. The scale at which the quantum
effect of spacetime becomes important directly can
be estimated theoretically, which is about 10 cm,
the distance called the Planck length. This is about
16 orders of magnitude smaller than the smallest
length probed so far by the world’s most powerful
accelerator. Does this mean that it is meaningless to
investigate the quantum effect on spacetime?

There are a number of reasons, at least
theoretically, why this is not the case. One is the
problem of infinity. Quantum mechanics and general
relativity do not get along very well. Assuming
that the theory of gravity at our scales is general
relativity, its simple extrapolation below the Planck

length—where quantum effects on spacetime and
gravity become important—leads to an innumerable
amount of infinities, destroying the predictivity

of the theory. This means that in order to obtain

a complete theory including quantum effects on
spacetime and gravity, it is not enough to simply
consider general relativity and quantum mechanics
together. The currently most promising theory to
solve this problem is string theory, whose structure
and consequences are vigorously studied by many
researchers.

Another reason to study quantum mechanical
theory of spacetime and gravity—commonly
referred to as quantum gravity—is that it brings
about a revolutionary picture of spacetime. As we
will see in this article, it is not true that the effect
of quantum gravity becomes important only at the
Planck length; on the contrary, it has increasingly
become clear that it also plays a decisive role in
physics at long distances such as the physics of
black holes and multiverse cosmology. Moreover,
this relatively recent progress is creating a new
research area that unifies two fields of quantum
gravity and quantum information sciences, which
have been developed separately so far. Below | will
give a brief overview of this new development.

Quantum Mechanics of Spacetime and
the Holographic Principle

The beginning was the physics of black holes. In
a theory with gravity, when the density of matter
becomes larger than a certain limit, it produces a
region around it from which nothing can escape
due to its strong gravity. The boundary of this
region is called a horizon, and the inside is a black
hole.

Black holes had been known to have the
following intriguing property: in general relativity,
the total area of horizons does not decrease. For
example, when a black hole swallows an object, its
area increases. (Here and below, when we refer to
the area of a black hole, it means the area of the
horizon of the black hole.) Also, when two black
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Figure 1: The area, A;, of the black hole formed after the merging of two black holes is
equal to or larger than the sum of the areas, A, and A,, of the original black holes.

holes merge into one— this phenomenon was
actually observed by the detection of gravity wave
in 2016!—the area of the produced black hole is
equal to or larger than the sum of the areas of the
initial two black holes; see Figure 1.

The fundamental importance of this fact was
realized by Jacob Bekenstein in his revolutionary
paper in 1973. Bekenstein asked what happens to
physical quantities when an object is thrown into
a black hole. The answer is clear for energy. The
energy of the thrown object becomes (a part of)
the mass of the black hole, so that the total energy
is conserved. But what about entropy? According
to the second law of thermodynamics, entropy
should not decrease. However, the entropy of the
thrown object seems to simply disappear when it is
absorbed into the black hole. Does this mean that
the second law of thermodynamics is violated?

What Bekenstein suggested in his 1973 paper is
that the entropy of the thrown object is converted
into the entropy of the black hole. What is the
entropy of the black hole? He proposed that the
area of the horizon is the one. Recall that the
total sum of horizon areas does not decrease in
general relativity. This is exactly the property that
entropy must have. Indeed, by defining the entropy
of a black hole in this way, it can be shown that
the entropy of the black hole after the object is

absorbed is always equal to or larger than the sum
of the entropies of the initial black hole and the
thrown object.

The idea that a black hole has entropy was
initially received with skepticism. If a black hole
has entropy, the first law of thermodynamics
requires it to also have temperature. However,
if it has temperature, then it must be radiating.

Isn’t it the case that nothing can come out of a
black hole? This apparent contradiction, however,
was resolved in 1974 when Stephen Hawking
performed a calculation which included the effect
of quantum mechanics into general relativity. While
his calculation was not based on a complete theory
of quantum gravity, he could still show that a black
hole indeed emits radiation because of quantum
effects. This established the thermodynamics of
black holes.

A strange thing here is that the entropy of a black
hole is given by its area. Since a black hole is the
final state of the evolution of any initial state, the
entropy of the black hole must be indicating “the
largest possible entropy that the region can have.” In
modern days, we know that entropy is given by the
logarithm of the number of possible quantum states
that the system can take. If space is composed of
some simple constituents as in ordinary materials
(e.g., if space can be approximated by a lattice with
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a spacing of order the Planck length), then the
largest entropy of a region must be proportional
to its volume. However, the discovery of Bekenstein
and Hawking says that it is proportional to the
surface area.

This implies that in a quantum theory with gravity,
the number of fundamental degrees of freedom is
given by that of spacetime with one dimension less
than that of the original, dynamical spacetime. For
example, while spacetime we live in seems to have
three spatial dimensions (ignoring possible small
extra dimensions), the “true theory” describing it
must be formulated in spacetime with two spatial
dimensions and one time dimension. This is possible
because if you try to fill matter at each point in
space (e.g., at each site of the Planck-size lattice),
black holes form long before it is completely filled,
and putting further matter only increases the size
of the black holes. Namely, it is merely a fiction
that the space we live in has full three dimensional
degrees of freedom.

The idea that the theory of quantum gravity is
formulated in spacetime that has lower dimensions
than the apparent, dynamical spacetime is called the
holographic principle. The lower dimensional theory
formulated in this way—called the holographic
theory—does not have the discrepancy between the
number of true and apparent degrees of freedom,
so it does not have gravity: the dynamical spacetime
in higher dimensions and its associated gravity are
only emergent. The fact that the holographic theory
does not contain gravity at the fundamental level
means that it can be treated as a regular quantum
system, and hence can give a rigorous definition of
quantum gravity. This seems to be a pretty crazy
conclusion. It would be natural if one cannot believe
such a thing.

AdS/CFT Correspondence

However, it has been shown—though only in
some special cases—that quantum gravity indeed
satisfies the holographic principle! This discovery

was made by studying structures of string theory.
In 1997, Juan Maldacena proposed, based on
numerous evidences, that quantum gravity
describing physics in spacetimes that asymptotically
approach a certain space called Anti-de Sitter
(AdS) space is equivalent to conformal field theory
(CFT) formulated in non-gravitational spacetime
that has dimensions one less than the gravitational
asymptotically AdS space. This relationship is called
the AdS/CFT correspondence.

The AdS/CFT correspondence is an extremely
powerful mechanism despite the fact that it applies
only to special spacetimes. First, CFT is a class
of quantum field theory and is mathematically
well defined. This implies that quantum gravity in
spacetimes that are not so distant from the one we
live in (asymptotically AdS space) is defined for the
first time without relying on perturbation theory.
Also, many theories describing the nature (e.g.,
QCD describing nuclear force and theories used in
condensed matter physics) are well approximated
by CFT at strong coupling. In general, it is extremely
difficult to solve such a theory with strong coupling,
but by the AdS/CFT correspondence we can solve it
approximately using general relativity in one higher
dimensions. And above all, this correspondence
gives a concrete example of the holographic
principle, showing how dynamical spacetime with
gravity is generated from non-gravitational theory
in lower dimensions.

The mechanism of generating dynamical
spacetimes has been studied by many researchers,
and in this process a very important discovery
was made by Shinsei Ryu and Tadashi Takayanagi.
What they found is the following relation between
the geometry of AdS and quantum states in CFT;
see Figure 2. Consider a quantum state on an
equal time slice in CFT. Let us divide this slice into
a subregion A and its complement A. Then, the
entanglement entropy” between A and A is given
by the area of the surface in AdS that is anchored to

*See, Kavli IPMU News No. 31, p. 28.
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holographic
dimension
— space

the boundary of A and has the minimal area (more
generally the surface which extremizes the area

in AdS). Here, the entanglement entropy between
A and A is a quantity representing the amount of
guantum entanglement between the degrees of
freedom in A and A.

The importance of this relationship, called the
Ryu-Takayanagi formula, is not just that it relates
two quantities. First, the fact that a geometric
object in the gravitational bulk—a minimal area
surface in AdS—is related to a quantum information
theoretic quantity in the holographic theory—an
entanglement entropy—implies that the mechanism
of generating dynamical spacetime is intrinsically
qguantum mechanical. Also, taking the view that
the theory of quantum gravity is rigorously defined
only holographically, we may say that what we
perceive as gravitational spacetime is nothing other
than quantum information theoretic properties
of quantum states in a more fundamental, non-
gravitational theory. In fact, by using the Ryu-
Takayanagi formula, one can show that the Einstein

Figure 2: Entanglement entropy of a state in CFT between a
spatial region A and its complement A is given by the area of
the surface in AdS which is anchored to the boundary of A
and whose area takes an extremal value.

equation in higher dimensional AdS background is

an automatic consequence of the relation between
the geometry of emergent spacetime and quantum
information in the holographic theory.

The AdS/CFT correspondence gives us a basic
picture of how dynamical spacetime may be
generated. We could draw the following analogy.
Consider liquid water in place of spacetime. We
want to know its microstructure such as water
molecules and forces acting between them. For
this purpose, it is barely useful to study phenomena
that occur as perturbation in the limit that liquid
water is regarded as continuum, e.g., water waves.
These are described by the Navier-Stokes equation
of fluid dynamics, which corresponds to the Einstein
equation in our context, regarding spacetime as
continuum. In contrast, AdS/CFT can tell us the
identity of water molecules and forces between
them, i.e., CFT. A big difference between water and
spacetime, however, is that in the case of spacetime
its constituents somehow live in one lower
dimensions.

8 Kavli IPMU News No. 43 September 2018



Beyond AdS/CFT

As we have seen above, AdS/CFT is extremely
powerful, but the actual spacetime we live in is not
an asymptotically AdS space. On the other hand,
the holographic principle is expected to apply
more generally in quantum gravity as can be seen
from the consideration of black holes. How then
does holography work in general spacetimes? This
guestion has been investigated by several research
groups. Below, | will briefly describe the work we
have done.

The starting point is to identify which of the
properties of AdS/CFT are specific to AdS space and
which are more generally applicable in quantum
gravity. For example, we expect that, from various
considerations, the fact that the holographic
theory is local quantum field theory like CFT is due
to a special feature of asymptotically AdS space.
Then, which of the properties of AdS/CFT are
manifestations of the more general holographic
principle?

Based on a number of suggestions, we have
hypothesized that the relationship between
guantum information in a lower dimensional
holographic theory and the geometry of higher
dimensional quantum gravity, as represented by
the Ryu-Takayanagi formula, is general. Since the
holographic theory for general spacetimes is not
yet known, this requires us to extract essential
elements of the theory using entropy bounds
obtained by extending the result of Bekenstein and
Hawking. | omit the details of this procedure due
to the limitation of pages. In any case, the idea is to
examine the validity of the hypothesis by analyzing
what consequences it leads to.

In a sense, this strategy corresponds, e.g., to
the one Max Planck took when he examined
the consequences of his quantum hypothesis
upon the creation of quantum mechanics. At
that time, there was an experimental result—the
black body spectrum—to which he compared
the consequences. In the case of quantum

gravity, however, there is no corresponding direct
experimental result to which we can compare
theoretical results. Then how can we test the validity
of the hypothesis?

Our idea is to use general relativity as
“experiment.” Specifically, under the assumption
that the holographic relationship between quantum
information and generated geometries is valid in
general spacetimes, we have derived the properties
that the dynamical spacetimes must satisfy in order
for the quantum information theoretic quantities
to be consistently interpreted holographically. The
result was a series of monotonicity properties and
inequalities, which were not known before. If the
original assumption is correct, then these properties
must be satisfied for general spacetimes, and indeed
we were able to prove them using general relativity.

An important point is that if general relativity did
not possess features that are needed to prove the
properties we found, then the original assumption
could have been rejected. In other words, the
hypothesis that quantum information theoretic
properties of states in the holographic theory are
the origin of dynamical spacetime in cases beyond
AdS/CFT has passed a nontrivial test. This increases
our confidence about the holographic principle
and relation between quantum information and
quantum gravity.

Summary

This article has described the relationship based
on the holographic principle between quantum
information and dynamical spacetime, including
AdS/CFT. This has been investigated not only
by our group but also by other researchers, and
important discoveries have been made day-to-day.
These discoveries are providing fundamentally new
answers to the question of what spacetime really
is. Hopefully, this new research area emerging at
the intersection of quantum gravity and quantum
information will reveal a deep and fundamental
picture of spacetime.
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Research Report

Its R&D Mission Completed, EGADS Evolves

Mark R. Vagins

Kavli IPMU Principal Investigator

Fifteen years ago, theorist John Beacom and |
first proposed introducing 100 tons of a water-
soluble gadolinium [Gd] compound, gadolinium
chloride, GACl;, or the less reactive though also
less soluble gadolinium sulfate, Gd,(SO,)s, into the
Super-Kamiokande (Super-K, SK) detector. Called
GADZOOKS! (Gadolinium Antineutrino Detector

Zealously Outperforming Old Kamiokande, Super!),

the basics of this load-SK-with-Gd idea have been
detailed in a Physical Review Letters article [1], as
well as in this very publication [2].

In a nutshell: neutron capture on gadolinium

produces an energetic gamma cascade, so the
inverse beta decay (IBD) reaction, v, + p = e" +n,
in such a Gd-enriched Super-K will yield coincident
positron and neutron capture signals. Looking for
these coincidences (or the lack thereof) will allow a
large reduction in backgrounds and greatly enhance
the detector’s response to both supernova neutrinos
(galactic and diffuse) and reactor antineutrinos. It
will also improve the detector’s sensitivity to proton
decays by cutting backgrounds; genuine nucleon
decay events should usually not have free neutrons
in the final state. In addition, solar neutrino studies

Figure 1: EGADS, the large-scale gadolinium test facility in the Kamioka mine.
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Figure 2: Primary EGADS results.

will benefit from reduced spallation backgrounds.

While the physics potential of the GADZOOKS!
concept was readily apparent, there were technical
issues to address if it were to become a reality.
Naturally, the compatibility of gadolinium with
detector materials needed to be demonstrated, but
the primary challenge was that in detectors such as
Super-Kamiokande the long mean free path of light
(~100 meters) is maintained by constant recirculation
of the water through a water purification system.
The existing SK purification system would rapidly
eliminate any added gadolinium along with all of
the unwanted contaminants that are removed to
maintain optical clarity.

To solve this crucial problem, | developed a
fundamentally new type of filtration system: my
“Molecular Band-pass Filter” was designed to
selectively extract Gd,(S0O,); from the water and
return it to the tank, while simultaneously allowing
all other impurities to be removed.

Starting in September of 2009 a new

experimental chamber was excavated in the
Kamioka mine, located close to Super-Kamiokande.
There, a dedicated, large-scale gadolinium test
facility and water Cherenkov detector (essentially

a 200-ton scale model of Super-K, along with a
few prototype Hyper-K phototubes) was built [3] as
depicted in Figure 1. Known as EGADS (Evaluating
Gadolinium’s Action on Detector Systems), it

was designed to make absolutely sure that the
introduction of Gd would not interact adversely with
the detector materials and to certify the viability of
the Gd-loading technique on a large scale, closely
matched to the final Super-K requirements. Those
studies have now been completed.

Figure 2 shows the main EGADS results: water
transparency — characterized as the light remaining
after 15 meters of travel through the water, the
average distance traversed by light in Super-K — and
the amount of gadolinium sulfate in the 200-ton
tank are plotted as a function of time. They are both
measured at three points in the tank: the bottom,

Research
Report



the middle, and the top. Transparency (percentage
of light remaining, left hand scale) is indicated by
the upper set of three lines, and concentration
(parts per million, right hand scale) by the lower set
of lines. The transparency range of the ultrapure
water in Super-K, the most transparent large volume
of water ever made, is shown as a blue band near
the top of the figure.

Once full Gd-loading was achieved in April of
2015, the key EGADS findings were:

1) Whenever the Gd-capable water systems were
allowed to operate normally (i.e., excluding the
gray hashed areas), the transparency of the Gd-
loaded water became comparable to that of SK’s
ultrapure water.

and

2) During 650 passes of the entire water volume
through the Gd-capable water filtration systems
there were no detectable losses of gadolinium
sulfate whatsoever.

With these results in hand it was time to open
the tank and look inside. Figure 3 shows us getting
ready to open the big square hatch on the top of

the 200-ton EGADS tank. Figure 4 is a view through
this hatch at the Gd-loaded water inside, and Figure
5 is an image taken in the bottom wall region
looking up the side of the drained tank. Everything
was shiny and beautiful: there were no changes
after years of exposure to the 0.2% Gd,(SO,)s.

The EGADS findings were sufficient for us to
receive official approval from both the Super-
Kamiokande and T2K Collaborations to move
forward with plans to load gadolinium into Super-K.

Meanwhile, with its R&D role finished, EGADS
has had its data acquisition hardware and online
computing power significantly upgraded and now
lives on as the world’s most advanced water-based
supernova neutrino detector. Refilled and building
upon the confidence provided by Gd neutron
tagging of IBD events, its ambitious goal is to make
a fully automated, standalone announcement of
a galactic supernova explosion within one second
of the first neutrino’s arrival in the detector [4].

This reborn EGADS is now associated with a
Japanese network of optical, X-ray, gamma-ray,
infrared, and gravitational wave observatories,
for true multimessenger astronomy. Even the
EGADS acronym has been repurposed: Employing
Gadolinium to Autonomously Detect Supernovas.

Figure 3: Getting ready to open the EGADS tank.

12 Kavli IPMU News No. 43 September 2018



Figure 4: Looking down into the full EGADS tank
following two years of exposure to Gd.

Figure 5: Looking up the side wall of the empty
EGADS tank after 2.5 years of soaking in Gd.
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M atth ew DOd e I son Research Field: Theoretical Physics

Postdoc

My main interests are in black holes, holography,
and string theory. In my PhD research at Stanford
| focused on aspects of string theory near black
holes. Specifically, if a string falls into a black
hole, how much does the string stretch out near
the horizon? We argued that such nonlocal
string effects near the horizon lead to a possible
resolution of Hawking's information paradox, where by detecting the spreading of the early infalling
the information can be collected by a late observer string.

M d rt' n FI u d €1 Research Field: Theoretical Physics

Postdoc

The overarching theme of my research is the
study of symmetries, dualities and correspondences
in quantum field theory and string theory.
Ultimately, my goal is to exploit these concepts to
improve the understanding of non-perturbative
guantum systems, as well as their (hidden)
mathematical structures. | am working on a diverse
set of topics, ranging from the study of various
supersymmetric and superconformal field theories
in different dimensions, to concepts in holography and supergravity.
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Wentao Luo

Postdoc

Research Field: Astronomy

| am from Shandong Province, China and am
now a post-doctoral researcher at the Kavli IPMU.
My research interests include accurate galaxy
shape measurements, galaxy-galaxy lensing signal
measurements, and modeling of galaxy-galaxy
lensing signals. | really enjoy the procedure of
extracting the weak signal from very noisy data.
Isn’t it amazing to detect the distribution of dark
matter from galaxy images and further constrain
cosmology? It is like communicating with Mother
Nature using multiple languages, computer

Oscar Macias

Postdoc

Research Field: Astronomy

I'm a Postdoc at Kavli IPMU (Tokyo U.) and
GRAPPA (Amsterdam U.). Previously | was a research
associate in the Center for Neutrino Physics at
Virginia Tech.

My research interests lie at the interface of
particle physics and astrophysics. A central theme
of my research program is the possibility that Dark
Matter particles - which are invisible to optical
telescopes - may produce gamma-ray photons as
the result of collisions with each other. A clear-

Dinakar Muthiah

Postdoc

| am working in algebro-geometric and
combinatorial aspects of representation theory.

One topic | have been investigating is the p-adic
theory of Kac-Moody groups. A special case of
this is a notion of a double loop group. This is very
closely related to the geometry of double affine
Schubert varieties. Conjecturally, these double affine
Schubert varieties should also be closely related to
instanton spaces as well as Coulomb branches for
quiver gauge theories.

A closely related topic is the geometric Satake
equivalence and Mirkovi¢-Vilonen (MV) cycles.

Research Field: Mathematics

language and mathematical language. For me, there
is nothing more interesting than studying language
and communicating with people and with Mother
Nature.

cut detection of this signal in regions where Dark
Matter is abundant and the background is well
understood would have profound implications for
our understanding of the Universe.

In this area | have been studying both the MV

basis as well as MV polytopes and their affine
generalizations. Finally, | have been recently thinking
about Chern-Mather classes and characteristic
cycles for Schubert varieties.

Our Team



YOU n g SO0 Pa rk Research Field: Theoretical Physics

Postdoc

The exact nature of cosmic acceleration is a key
mystery of modern cosmology. Current and future
wide-field surveys provide a number of important
probes, such as weak gravitational lensing, the
clustering of matter, and the abundance of galaxy
clusters, that can shed light on this mystery.

My research interests involve combining these
different probes in a unified analysis to maximize
the cosmological information we gain from them, as
well as to use them for tests of the current-standard

Anna Puskas

Postdoc

Research Field: Mathematics

My research interests lie on the boundary of
Number Theory and Combinatorial Representation
Theory. For example, | am interested in questions
related to the study of Whittaker functions on
metaplectic covers of nonarchimedean groups.
Recently with my collaborators we extended the
study of lwahori-Whittaker functions to metaplectic
covers of Kac-Moody groups, and studied properties
of related correction factors. The main tools of this
study are Demazure and Demazure-Lusztig operators,
highest weight crystals and other combinatorial
devices associated with the representation theory of

Research Field: Astronomy

Kenneth Wong

Postdoc

| am primarily interested in studying cosmology
and extragalactic astronomy using observational
data, particularly at optical/NIR wavelengths. | am
involved in a number of observational studies using
Hyper Suprime-Cam on the Subaru Telescope,
particularly in the field of strong gravitational
lensing. I also perform mass modeling of strong
lens galaxies using Hubble Space Telescope imaging
and combine this information with measurements
of the time delay between multiple images of

ACDM framework. In particular, | am interested

in developing analysis techniques that can provide
tighter constraints on the cosmological parameters
of interest while mitigating critical systematic errors.

finite and infinite-dimensional Lie algebras. Similar
devices, related to symmetries and the Bruhat order
of a Weyl group appear in the study of a wide range
of interesting questions.

the background source to constrain cosmological
parameters such as the Hubble constant, H,.
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Workshop Report

Vertex Algebras, Factorization Algebras, and

Applications

Mikhail Kapranov

Kavli IPMU Principal Investigator

Hiraku Nakajima

Kavli IPMU Principal Investigator

From July 17 to July 21, 2018, Kavli
IPMU hosted a workshop on “Vertex
algebras, factorization algebras, and
applications,” organized by B. Feigin
(HSE Moscow and Kyoto University),
M. Kapranov (Kavli IPMU), and H.
Nakajima (Kavli IPMU).

Vertex algebras are fundamental
algebraic structures underlying
conformal field theories in two
dimensions. With the impetus given
by the AGT conjecture, the recent
couple of years have seen intense
activity relating field theories in 2
and 4 dimensions. In particular, there
emerged deep relations between
vertex algebras and the geometry of
smooth 4-dimensional manifolds.

At the same time, vertex algebras
are particular cases of factorization
algebras, a concept that makes
sense in any number of dimensions
and provides a mathematical
descriptions of quantum field
theories. Factorization structures and
factorization homology also serve as a
mathematical language for a local-to-
global “integration” formalism in pure
mathematics. They have also served as
crucial tools in representation theory
of affine Lie algebras and quantum

groups. The emerging relation of
factorization structures in 2 and 4
dimensions is an extremely promising
area of development, of importance
both in mathematics and physics. The
conference brought together experts
in these related areas as well as
younger researchers from Japan and
overseas. The talks of S. Gukov and B.
Feigin were devoted to the exciting
connections between vertex algebra
and smooth 4-manifolds. In particular,
classical constructions related to
vertex algebras (such as coset models)
obtained a new meaning from the
4-dimensional topology point of view
(plumbing, Kirby moves, etc.).

The talk of T. Arakawa was
devoted to a new “geometrization”
approach to vertex algebras based
on the concept of associated
varieties, which provide natural
vertex Poisson algebras and ordinary
Poisson manifolds. This approach
also establishes a connection to the
mathematical analysis of Coulomb
branches of 4-dimensional field
theories. A. Braverman, in his
talk, explained a wider and more
conceptual categorical framework for
some of these questions. The talk of T.

Kuwabara, devoted to “chiralization”
of hypertoric manifolds, made several
steps in the opposite direction, going
from certain Poisson manifolds to
vertex algebras.

D. Gaitsgory presented a vertex
algebra approach to the quantum
Langlands correspondence,
understood as equivalence of
categories of twisted D-modules.

In the talks of S. Raskin, L. Chen,

and D. Yang, several aspects of

the connection between vertex
algebras, affine Lie algebras, and
quantum groups were investigated,
with applications to the Langlands
correspondence playing an important
role.

The talks of T. Creutzig, K.
Kawasetsu and T. Nishinaka were
devoted to various aspects of
vertex algebras coming from affine
Lie algebras at admissible level.

A. Linshaw talked about realizing
W-algebras as specializations of vertex
algebras depending on parameters.

Various applications of factorization
structures (including those in higher
dimensions) were given in the talks of
E. Cliff, J. Francis, B. Hennion, Q. Ho,
Y. Kremnitzer, and V. Schechtman.
Relations with Hall algebras (which
play a role in some mathematical
aspects of the AGT conjectures) were
discussed by E. Vasserot.

Workshop



Workshop Report

IGM2018: Revealing Cosmology and Reionization
History with the Intergalactic Medium

Khee-Gan Lee

Kavli IPMU Assistant Professor

On September 18-21, 2018,
the 4-day workshop titled
“IGM2018: Revealing Cosmology
and Reionization History with the
Intergalactic Medium” was held
at the Kavli IPMU. The goal of this
workshop was to bring theorists
and observers working on the
intergalactic medium (IGM) across
a range of cosmic history and
observational methods to discuss
the interplay between cosmology
and reionization history. Our invited
speakers ranged from experts on the
cosmic microwave background, high-
redshift galaxy observations, quasar
observations, Lyman-alpha forest
cosmology, and 21cm studies. Over
100 participants showed up from
both within Japan and also all over
the world including Asia, Europe and
North America.

An intriguing development in
recent years is that the optical depth
to electron scattering as measured
through the cosmic microwave

background has been creeping lower,

implying that hydrogen reionization
occurred later than previously
assumed, with a midpoint around

z =7.7. This means that the most
distant quasars, and the foreground
IGM absorption seen in their spectra,
are now directly probing the epoch
of reionization! Indeed, Fred Davies
(UCSB) demonstrated direct neutral
fraction constraints from the
hydrogen damping wing in the most
distant (z = 7.5) quasar spectrum,

which bodes well for the exciting
possibility of directly measuring the
evolution of the neutral fraction
across the epoch of reionization

with future samples of high-redshift
quasars. Xiaohui Fan (Arizona), in
particular described ambitious efforts
to find more high-redshift quasars at
z>7.

At slightly lower redshift, we
heard about efforts to understand
the nature of optically-thick Gunn-
Peterson troughs at z ~ 5.5, when
hydrogen reionization should have
been completed. George Becker
(UC Riverside) showed narrow-band
imaging results from Subaru Hyper
Suprime-Cam indicating a deficit of
Lyman-alpha emitters near these dark
troughs, which could be interpreted
as being due to UV background
fluctuations or even pockets of late
reionization as advocated by Laura
Keating (CITA).

The effects of reionization persist
to lower redshifts especially in the
temperature and pressure evolution
of the IGM. Elisa Boera (UC Riverside)
discussed constraints on the thermal
properties of the IGM using the
Lyman-alpha forest power spectrum
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at z ~ 4=5, while Michael Walther
(UCSB) showed impressive forest
power spectrum constraints over 12
Gigayears of cosmic time from
z ~ 0—5. We also had presentations
on cosmological constraints using
the IGM, first via a comprehensive
review by Andreu Font-Ribera (UCL)
on the use of Lyman-alpha forest
baryon oscillation signal to early
expansion history of the universe.
Nathalie Palanque-Delabrouille (CEA
Saclay) then presented 1D power-
spectrum constraints on neutrino
masses (from z ~ 2—3 data) as well
as warm dark matter and sterile
neutrino masses from z ~ 4-5
data. During the discussions it was
clear that the understanding of
reionization and thermal history of
the IGM is becoming a high priority
for mitigating this systematic in
Lyman-alpha forest cosmology.
Overall it was a successful
workshop, and the participants
remarked on the multi-disciplinary
nature which allowed for discussions
between scientists who would not
usually encounter each other at
meetings.



FY2018 WPI Site Visit

The FY2018 WPI site visit team
visited Kavli IPMU’s Kamioka Branch
on July 11. The next day, they visited
Kavli IPMU’s research building on
the University of Tokyo's Kashiwa
campus, and on July 13, the site visit
continued at the Crest Hotel Kashiwa
near JR Kashiwa station (see photos
on p. 3).

The site visit team to the Kamioka
Branch consisted of ten members:
WPI Program Director (PD) Akira
Ukawa, WPI Academy Director (AD)
Toshio Kuroki, Program Officer (PO)
in charge of the Kavli IPMU Ichiro
Sanda, members of the Working
Group in charge of the Kavli IPMU
(Tetsuji Miwa, Kaoru Ono, Matthias
Staudacher, and Anthony Tyson),

POs in charge of other WPI institutes
(Shoken Miyama and Akihiko
Nakano), and Director, Office for the
Promotion of Basic Research, Basic
Research Promotion Division, Research
Promotion Bureau of MEXT (Ministry
of Education, Culture, Sports, Science
and Technology) Tadatoshi Kaneko.
Director of Kavli IPMU Hitoshi
Murayama, Director of the Kamioka
Observatory, Institute for Cosmic Ray
Research and Principal Investigator
(PI) of Kavli IPMU Masayuki Nakahata,
and other researchers reported
research activities at the Kamioka

Branch and guided them to Super-
Kamiokande and, in particular, the
inside of its detector tank which was
open for refurbishment work, the
EGADS experiment (see pp. 10-13),
and the XMASS experiment.

For the site visit to Kashiwa on
July 12 and 13, five members joined
(Deputy PD Minoru Yoshida, WPI
Program Committee member Kiyoshi
Kurokawa, JSPS (Japan Society for
Promotion of Science) Executive
Director Yasuhiro lye, members of
the Working Group in charge of the
Kavli IPMU Akira Iso and lan Shipsey),

while PO Akihiko Nakano was absent,

so the site visit team consisted of 14
members. They listened to Director
Murayama'’s overview presentation
and presentations by Kavli IPMU
researchers on their research
accomplishments. In the final session,
the members of the site visit team
gave their comments, and the site
visit was concluded.

On July 12, the site visit team and Kavli IPMU researchers
gathered for informal discussion at a poster session held
in the Fujiwara Hall at the Kavli IPMU Building.

UC Santa Cruz Chancellor Visits
Kavli IPMU

On August 20, 2018, Chancellor
George Blumenthal of the University
of California at Santa Cruz (UCSC)
visited the Kavli IPMU, accompanied
by Associate Chancellor Ashish Sahni
and Assistant Vice Provost of Global
Engagement Becky George (see
photo on p. 3).

As UCSC is one of the premier
institutions in the US in astronomy,

astrophysics, and physics, and
Chancellor Blumenthal himself is an
astrophysicist, they are interested in
Director Murayama'’s presentation on
research activities at the Kavli IPMU.
There was also a discussion session
between visitors and leading Kavli
IPMU researchers, and agreement
was reached on boosting exchanges
of researchers at all levels, from
undergraduate to faculty.

Kavli IPMU Researchers and
Administrative Staff Members
Visited Super-Kamiokande

The water tank of the Super-
Kamiokande (SK) detector was
opened in June 2018 for the first time
in twelve years, in order to refurbish
the detector by adding gadolinium
to the pure water in the detector to
improve neutron detection efficiency
as a result of successful R&D through
the EGADS experiment. On this
occasion, the Institute for Cosmic Ray
Research, which operates SK, kindly
arranged opportunities for Kavli IPMU
researchers and administrative staff
to visit and look at the inside of the
beautiful SK detector on an elevating
gondola for work on July 20 and
August 7, in addition to the WPI site
visit team on July 11 and the Kavli
IPMU Steering Committee on August
1 (see photo on p. 3).

An Encouraging Step Forward for
the Hyper-Kamiokande Project

On September 9-13, 2018, the
7th Hyper-Kamiokande (HK) Proto-
Collaboration Meeting was held at
the Kavli IPMU.

The HK is an international project
led by Japan to construct a huge
water-Cherenkov detector with a
fiducial mass 10 times larger than
that of the highly successful Super-
Kamiokande, aiming at further



developments in neutrino physics. At
the University of Tokyo, the Institute
for Cosmic Ray Research (ICRR),

the Kavli IPMU and the School of
Science partnered to launch the
Next-Generation Neutrino Science
Organization last year for the
advancement of the HK project.

On September 12, the participants
of the Meeting heard a very
encouraging report from a guest
speaker, Director-General of the
Research Promotion Bureau of MEXT
Keisuke Isogai, that MEXT allocated
seed funding toward construction
of the HK within its FY 2019 budget
request to the Ministry of Finance.
Subsequently, ICRR Director Takaaki
Kajita introduced a statement from
the President of the University of
Tokyo, Makoto Gonokami, about the
University of Tokyo’s decision to start
construction of the HK detector in
April 2020. From past experience, it is
expected that once the seed funding
is approved, it will lead to approval of
full funding the following year. Even
before funding is confirmed, however,
the statement indicates the University
of Tokyo’s firm determination.

Participants of the seventh Hyper-Kamiokande Proto-
Collaboration Meeting.

Beginning of HSC's Precision
Cosmology Towards Elucidating
Dark Components of Universe

Led by Kavli IPMU Assistant
Professor Chiaki Hikage, a team
of researchers from institutes
including the University of Tokyo, the
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National Astronomical Observatory
of Japan, Nagoya University,
Princeton University, and Academia
Sinica Institute of Astronomy and
Astrophysics (ASIAA) has successfully
observed the distortion of images
of about 10 million galaxies caused
by the “weak” gravitational lensing
effect from the distribution of
dark matter in the Universe, based
on about 90 nights of HSC data
covering about 140 square degrees
of sky (the area of about 3000 full
moons). As the Subaru Telescope
and a wide angle camera HSC is the
world’s best combination to conduct
a wide imaging survey of galaxies
in the distant and dark Universe,
these results imply observation of
the structures of the most distant
(therefore, earliest) Universe in
the weak gravitational lensing
measurements conducted to date.
The researchers analyzed
these results and deduced a
physical parameter indicating the
fluctuations or clumpiness of the
matter distribution today. It is a key
parameter that describes how the
structures in the Universe grew after
the Big Bang into the galaxies and

HSC preferred universe

stars we see today. If the structure
of the Universe is more evolved,
there are more galaxies, for example.
The results of the clumpiness of
the matter distribution from HSC
observations of the distant Universe
using weak gravitational lensing are
consistent with results from other
similar observations (Dark Energy
Survey (DES) and Kilo Degree Survey
(KiDS)) of slightly nearby Universe.
These results are also statistically
consistent with the prediction
from the observation of the cosmic
microwave background in the
very early Universe by the Planck
satellite of the European Space
Agency. Therefore, the HSC results
are consistent with the simplest
cosmological model, which is
supported by the Planck observation,
and predicts that the present Universe
is dominated by dark matter and dark
energy, and that dark energy behaves
like Einstein’s cosmological constant.
However, taken together the
results from weak lensing surveys
prefer a slightly smaller value of
clumpiness of the matter distribution
today than that predicted by the
Planck satellite. The figure shows

Planck preferred universe

The weak lensing surveys such as HSC prefer a slightly less clumpy Universe than that predicted by Planck. The
pictures show the slight but noticeable difference as expected from large computer simulations. Is this difference
a statistical fluctuation? Astronomers all around the world continue to collect more and more data to answer this

question. (Image Credit: Kavli IPMU / Takahiro Nishimichi.)
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simulation results of the formation
of cosmological structures for two
cosmological models. Although there
are only slight differences, the Planck
preferred universe seems clumpier
than the HSC preferred universe.

This could just be a statistical
fluctuation due to the limited
amount of data available, or might
be a signature of the breakdown of
the standard model of the Universe,
based on General Relativity and the
cosmological constant. The HSC
survey is ongoing, and these HSC
results come from a mere one-tenth
of the final survey. Upon completion,
the survey will put considerably
tighter constraints on cosmological
parameters, deepening our
understanding and further testing
our understanding of both dark
matter and dark energy.

The report of this research
appeared in a preprint server on
September 26 (https://arxiv.org/
abs/1809.09148), and was submitted
to Publications of the Astronomical
Society of Japan. Also, the results of
this research were released at a press
conference held on September 20.

Science Café in English: Universe
2018

Every year, Kavli IPMU and the
Tamarokuto Science Center co-
host “Science Café Universe” at the
Tamarokuto Science Center in Nishi-
Tokyo City, and Science Café 2018
is the 10th of this series. Following
Science Café Universe 2017, this year
two Kavli IPMU postdoctoral fellows
again delivered a lecture in English
with no Japanese interpretation. Each
time, there were about 30 attendees
including junior high school and high
school students.

On July 8, Matthias Weissenbacher
gave the first lecture entitled

“Quantum Strings and the Vacuum
Structure of the Universe.” He
explained the development of
superstring theory, starting from its
prehistory up to the present. Further,
he introduced some experiments at
the CERN LHC in which searches have
been made to find effects related to
superstring theory.

Matthias Weissenbacher, giving a lecture.

The second lecture entitled
“Supernova: The cradle of chemical
elements in the universe” was given
by Shing Chi Leung on September
29. After talking about how many
of the elements that form our body
have been produced in supernova
explosions, he carefully explained
different kinds of supernova
explosions and their mechanisms,
with demonstrations using a balloon
and a tennis ball.

Shing Chi Leung, giving a lecture.

Booth at the 2018 Super Science
High School Student Fair

On August 8 and 9, the 2018 Super
Science High School Student Fair
was held at the Kobe International
Exhibition Hall in Kobe, Hyogo
Prefecture. The Kavli IPMU and other

10 WPI centers jointly ran a booth
exhibiting their research activities.

Kavli IPMU Seminars

1. “miniTimbeCube: Building The
World's Smallest Neutrino Detector”
Speaker: Viacheslav Li (Hawaii U)
Date: Apr 20, 2018

2. “A logarithmic McKay
correspondence and derived
invariance for parabolic sheaves”
Speaker: Mattia Talpo (Simon Fraser U)
Date: Apr 24,2018

3. “Noether inequality for algebraic
threefolds”

Speaker: Chen Jiang (Kavli IPMU)
Date: Apr 26, 2018

4. “Yang-Baxter equations and
symmetric groups”

Speaker: Simon Wood (Cardiff U)
Date: May 01, 2018

5. “Cohomological field theories from
matrix factorizations”

Speaker: Arkady Vaintrob (U
Oregon)
Date: May 08, 2018

6. “Maximally Supersymmetric AdS
Solutions and their Moduli Spaces”
Speaker: Severin Luest (Ecole
Polytechnique)

Date: May 08, 2018

7. “The impact of EDGES 21-cm data
on dark matter interactions”
Speaker: Yue-Lin Sming Tsai
(Academia Sinica)

Date: May 09, 2018

8. “Understanding the chemical

enrichment pattern in the hot

haloes of massive ellipticals, groups,

and clusters of galaxies”
Speaker: Francois Mernier (E6tvos-
Lorand U)
Date: May 11, 2018
9. “Introduction to Deep Learning for
Basic Science”
Speaker: Masato Taki (RIKEN)
Date: May 16, 2018
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10. “The power of high resolution
X-ray spectroscopy: legacy from
the Hitomi observatory”

Speaker: Aurora Simionescu (JAXA)
Date: May 16, 2018

11. “The Cosmic Microwave
Background”

Speaker: Mark Devlin (U Penn)
Date: May 17, 2018

12. "Hodge-Tate conditions for
Landau-Ginzburg models”
Speaker: Yota Shamoto (Kavli IPMU)
Date: May 17, 2018

13. “Systoles, Special Lagrangians, and
Bridgeland stability conditions”
Speaker: Yu-Wei Fan (Harvard U)
Date: May 22, 2018

14. “Current status of MSSM Higgs
bosons and future”

Speaker: Biplob Bhattacherjee
(Indian Inst of Science)
Date: May 23, 2018

15. “The Planck Legacy Archive”
Speaker: Marcos Lopez-Caniego
(ESA)

Date: May 23, 2018

16. 938 MeV dark matter, neutron
decay, and neutron stars”
Speaker: David McKeen (TRIUMF)
Date: May 28, 2018

17. “A study of the stability manifold
on an abelian threefold”

Speaker: Dulip Piyaratne (U Arizona)
Date: May 29, 2018

18. “What do we know about Hl
Cosmic Reionization? New
Constraints from the High-z
Lyman-Forest”

Speaker: Jose Onorbe (U
Edinburgh)
Date: May 31, 2018

19. “E-infinity geometry and
symmetric spectra”

Speaker: Andrew Macpherson
(Kavli IPMU)
Date: May 31, 2018

20. “Fast Radio Bursts”

Speaker: Vikram Ravi (Caltech)
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Date: Jun 05, 2018

21. “Telling the Story of Life in the
Universe: The LUVOIR Mission
Concept”
Speaker: John O'Meara (St.
Michael's College)
Date: Jun 07,2018

22. “Theories of Class F and Their
Anomalies”
Speaker: Craig Lawrie (U
Heidelberg)
Date: Jun 12,2018

23. “Gamma-Ray Imaging
Instrumentation in Oncology:
Current Status, Challenges and
Opportunities”
Speaker: Lars Furenlid (U Arizona)
Date: Jun 12,2018

24. “Li Abundances in Extremely
Metal-Poor Stars”
Speaker: Tadafumi Matsuno (NAQJ)
Date: Jun 15, 2018

25. “From Phase Space to Integrable
Representations and Level-Rank
Duality”
Speaker: Arghya Chattopadhyay
(IISER Bhopal)
Date: Jun 19, 2018

26. “New multiplets in four
dimensional N=2 conformal
supergravity”
Speaker: Subramanya Hegde
(IISER Thiruvananthapuram)
Date: Jun 20, 2018

27. “M/N and 1/N Anomalous
Dimensions in Chern-Simons
theory”
Speaker: V. Guru Charan
(Dayalbagh Educational Inst, Agra)
Date: Jun 21,2018

28. “Brain PET imaging in awake
mice and its application to human
disease models”
Speaker: Hiroshi Mizuma (RIKEN-
BDR)
Date: Jun 21,2018

29. “A Flexible Halo Model for the
Intrinsic Alignment of Galaxies”
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Speaker: Duncan Campbell
(Carnegie Melon U)
Date: Jun 21, 2018

30. “Structure of higher genus
Gromov-Witten invariants of the
quintic 3-fold”
Speaker: Yongbin Ruan (U
Michigan)
Date: Jun 21, 2018

31. “Verlinde/Grassmanian
Correspondence”
Speaker: Yongbin Ruan (U
Michigan)
Date: Jun 22,2018

32. “Tests of modified gravity using
galaxy clusters and gravitational
wave observations using
GW170817"
Speaker: Shantanu Desai (IIT
Hyderabad)
Date: Jun 26, 2018

33. “On generalized cohomology
theories of regular nilpotent
Hessenberg varieties of type A"
Speaker: Anatol Kirillov (RIMS)
Date: Jun 26,2018

34. “Creating matter-antimatter
asymmetry from dark matter
annihilations in scotogenic
scenarios”
Speaker: Debasish Borah (IIT
Guwahati)
Date: Jun 28,2018

35. “New applications of gravitational
lensing to probe dark matter
substructure”
Speaker: Liang Dai (IAS, Princeton)
Date: Jun 28,2018

36. “Modularity, resurgence, and the
3d-3d correspondence”
Speaker: Sarah Harrison (McGill U)
Date: Jul 02,2018

37. “Galaxies and Dark Matter Seen
Through a Gravitational Lens”
Speaker: Mike Hudson (U Waterloo)
Date: Jul 03,2018

38. “Computation of flat structures
with irrelevant (negatively



weighted) directions”
Speaker: Konstantin Aleshkin
(SISSA)
Date: Jul 03,2018

39. "Duality Interfaces and the
4-simplex”
Speaker: Natalie Paquette (Caltech)
Date: Jul 03,2018

40. “Alternative production
mechanism of sterile neutrino
dark matter”
Speaker: Takashi Toma (TUM)
Date: Jul 04,2018

41. “Supersymmetric Bolt solutions
and their free energy via susy
localization”
Speaker: Chiara Toldo (KITP, UCSB)
Date: Jul 05, 2018

42. “Heavy (dynamical) axions”
Speaker: Pablo Quilez (UAM)
Date: Jul 06,2018

43. “Integrability, correlation
functions, and stringy WZW
models”
Speaker: Alessandro Sfondrini (ITP,
ETH Zurich)
Date: Jul 09, 2018

44, “Spontaneous CP breaking in
QCD and the axion potential”
Speaker: Gabriele Veneziano
(CERN/College de France)
Date: Jul 09,2018

45, “First star formation with
streaming velocities and Lyman-
Werner radiation”
Speaker: Anna Schauer (U
Heidelberg)
Date: Jul 10, 2018

46. “Cheshire Cat Resurgence in QM
and QFT"
Speaker: Daniele Dorigoni
(Durham U)
Date: Jul 10,2018

47. “Bosonization and other exact
dualities in 2+1 dimensions”
Speaker: Djordje Radicevic
(Perimeter Inst)
Date: Jul 10,2018

48. “Hunt for low mass diphoton
resonance at LHC and Kaon
factory”

Speaker: Kohsaku Tobioka (Stony
Brook U)
Date: Jul 11,2018

49, “Parametric approach for Dark
Energy”

Speaker: Mariana Jaber (UNAM)
Date: Jul 11,2018

Personnel Changes

Appointment of a New PI

Kavli IPMU Professor Hiraku
Nakajima was appointed to a Kavli
IPMU Principal Investigator on August
1,2018.

Promotion

Mark Hartz, who
was Kavli IPMU
Assistant Professor,
became Kavli IPMU
Associate Professor on
August 1, 2018. Mark Hartz
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 Associate Professor
Surhud More [September 1, 2012
— February 28, 2014 as an IPMU
postdoctoral fellow, then — February
28,2018 as a Kavli IPMU Assistant
Professor, and then —July 15,2018
as a Kavli IPMU Associate Professor]
moved to Inter-University Center for
Astronomy and Astrophysics in India
as an Associate Professor.

Kavli IPMU postdoctoral fellow
Jiaxin Han [July 1, 2016 — August 31,
2018] moved to Shanghai Jiao Tong
University as an Assistant Professor.

Kavli IPMU postdoctoral fellow
Juliana Kwan [October 1, 2016 —

September 30, 2018] moved to
Liverpool John Moores University as a
postdoctoral fellow.

Kavli IPMU postdoctoral fellow
Evangelos Routis [August 1, 2015 —
September 30, 2018] moved to the
Max Planck Institute for Mathematics
as a postdoctoral fellow.

Kavli IPMU postdoctoral fellow
Alessandro Sonnenfeld [September
1,2015 — August 31, 2018] moved
to the Leiden Observatory in The
Netherlands as a postdoctoral fellow.

Kavli IPMU postdoctoral fellow
Alexey Tolstov [April 1,2014 —
September 30, 2018] moved to
The Open University of Japan as a
researcher.

Kavli IPMU postdoctoral fellow
Benda Xu [April 1, 2015 — August 19,
2018] moved to Tsinghua University as
an Assistant Professor.

Kavli IPMU postdoctoral fellow
[tamar Yaakov [September 1,2015
— August 31, 2018] moved to the
University of Parma as a postdoctoral
fellow.

Kavli IPMU postdoctoral fellow Louis
Yang [October 1, 2017 — September 5,
2018] moved to Tubular Labs, Inc. as a
Data Scientist II.

JSPS overseas postdoctoral
researcher Mathew Murdoch
[November 8,2016 - July 26, 2018]
moved to the University of Liverpool
as a Royal Society of Edinburgh
Enterprise Fellow.

Erratum to Kavli IPMU News No. 39
(September 2017)

On page 12 of Kavli IPMU News
No. 39, Hillary Child’s title “Postdoc”
should read “JSPS Overseas
Researcher.” Her “Moving Out”
information [Kavli IPMU News No. 41
(March 2018), page 29, right column]

refers to her correct title. News
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Black Hole and Hawking Radiation

Misao Sasaki

Kavli IPMU Deputy Director

A black hole is a space-time region where gravity is so strong that not even
light can escape from it. The boundary of the space-time region is called the
event horizon. This seems to imply that a black hole can only become heavier
by absorbing nearby matter. However, Hawking showed that a black hole
behaves as a thermal source if quantum effects are taken into account. The
thermal radiation emitted quantum mechanically by a black hole is called
Hawking radiation. The figure illustrates the formation of a black hole and its
subsequent stage when it becomes thinner due to Hawking radiation.
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