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Eiichiro Komatsu is Director of the Max Planck Institute for Astrophysics. He also serves as a Principal Investigator of the
Kavli IPMU. His research area is cosmology. He has been a member of the Wilkinson Microwave Anisotropy Probe (WMAP)
Science Team. For his work on the analysis and interpretation of the WMAP data, in particular tests of the predictions

of cosmic inflation, he received many prizes including the Nishinomiya Yukawa Memorial Award in 2010, Gruber
Cosmology Prize in 2012, American Astronomical Society’s Lancelot M. Berkeley - New York Community Trust Prize in
2013, Astronomical Society of Japan’s Hayashi Chushiro Prize in 2015, Fellow of American Physical Society in 2015, and
Breakthrough Prize in Fundamental Physics in 2017. After having received his Ph.D. from Tohoku University in 2001, he
became WMAP Postdoctoral Research Fellow at Princeton University. In 2003, he moved to the University of Texas at
Austin as an Assistant Professor. He became Associate Professor in 2008, Director of the Texas Cosmology Center in 2009,
and Professor in 2010. He was appointed to the current position in 2012. On the cover: Photograph by Hiroto Kawabata.
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Director’s Corner

Hitoshi Murayama at Work

January 6: The 2nd lecture delivered at 2017 Collaborative Knowledge
Creation Practical Learning Course, cohosted by the Kavli IPMU and the
University of Tokyo Center for Research and Development on Transition
from Secondary to Higher Education, Division for Cross-Stage Education and
Assessment, COREF. (For the 1st lecture, see Kavli IPMU News No. 39, p. 22).

February 27: At a press conference to inform the initial research achievements
from HSC (see p. 18), Kavli IPMU Director Murayama talked about the
importance of sustaining Subaru Telescope operation.

March 12: Lecture delivered at the Second International Interdisciplinary
Faculty Forum of the University of Chicago and the University of Tokyo:
Perspectives on Big Data. Photo: Courtesy of the University of Tokyo Vice
President Naoto Sekimura.

Director of Kavli IPMU
Hitoshi Murayama

February 3: Giving a keynote lecture at the JSPS (Japan Society for the
Promotion of Science) Researcher Reception, hosted by JSPS San Francisco
Office. Photo: Courtesy of JSPS San Francisco Office.

February 28: MEXT Research Promotion Bureau Director-General Keisuke Isogai
(left) visited the Kavli IPMU (see p. 25).

March 26: A press conference was held to announce the beginning on a
new research project between fundamental science and medicine. From
right: Kavli IPMU Director Hitoshi Murayama, ISAS Director General Tsuneta
Saku, Keio University Professor Hideyuki Saya, the University of Tokyo
Executive Director and Vice President, and Kavli IPMU Principal Investigator
Hiroaki Aihara (see p. 25).

Director’s
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FEATURE

Quantum Fluctuation

The 20th century has seen the remarkable
development of the Standard Model of elementary
particles and fields. The last piece, the Higgs particle,
was discovered in 2012. In the 21st century, we are
witnessing the similarly remarkable development
of the Standard Model of cosmology. In his 2008
book on “Cosmology” Steven Weinberg, who led
the development of particle physics, wrote: “This
new excitement in cosmology came as if on cue
for elementary particle physicists. By the 1980s the
Standard Model of elementary particles and fields
had become well established. Although significant
theoretical and experimental work continued, there
was now little contact between experiment and new
theoretical ideas, and without this contact, particle
physics lost much of its liveliness. Cosmology now
offered the excitement that particle physicists had
experienced in the 1960s and 1970s.”

The Standard Model of cosmology is known
as the "ACDM model”. This model contains some
extraordinary ingredients, just like the Standard Model
of elementary particles and fields once appeared to.
The “A” denotes Einstein’s cosmological constant, the
simplest (but most difficult to understand) candidate
of Dark Energy that accelerates the expansion of
the Universe today. The “CDM” stands for “Cold
Dark Matter”, which accounts for 80% of the matter
density in the Universe. The existence of Dark Matter
and Dark Energy and their mysterious nature are
well known to the public. They are among the most
popular topics in cosmology.

However, the most extraordinary ingredient

4 Kavli IPMU News No. 41

Kavli IPMU Principal Investigator EIIChII’O KomatSU

Research Area: Theoretical Physics

is not well known to the public. This ingredient

is not contained in the name of ACDM, but is

an indispensable part of the Standard Model of
cosmology. It is the idea that our ultimate origin is
the quantum mechanical fluctuation generated in
the early Universe. However remarkable it may sound,
this idea is consistent with all the observational data
that have been collected so far for the Universe.
Furthermore, the evidence supporting this idea keeps
accumulating and is strengthened as we collect more
data! It is likely that all the structures we see today in
the Universe, such as galaxies, stars, planets, and lives,
ultimately originated from the quantum fluctuation
in the early Universe.

Borrowing energy from the vacuum

In quantum mechanics, we can borrow energy
from the vacuum if we promise to return it
immediately. The duration that we can borrow energy
is inversely proportional to the amount we borrow. If
you visit a bank without an appointment and ask to
lend one million dollars for one day, they would not
do it. However, if you ask to lend one million dollars
for one second, they might do it because you would
have to receive and return the money immediately.
(And they will probably call a police because they
think you are crazy.) You could borrow a lot of energy
from the vacuum in the early Universe because the
time was still very short. The quantum fluctuation has
emerged randomly everywhere in space.

Structure formation in the Universe proceeds
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according to Einstein’s gravitational field equations
and the equations of motion for matter and energy
components that constitute the Universe. Once initial
conditions are given, the subsequent evolution is
deterministic. And now modern cosmology, which
is rooted firmly in a lot of observational data, tells us
that the initial conditions were chosen randomly by
quantum mechanics. Einstein said, “God does not
play dice with the Universe” when he criticized the
probabilistic aspect of quantum mechanics. Indeed,
which galaxies form in what places in the Universe
was determined by rolling dice!

"Missing/link” between micro- and
macroscopic worlds

But, the quantum fluctuation operates only
in a microscopic world. How come it became a
seed for an enormous structure like a galaxy?
What is the missing link between microscopic and
astronomical length scales? The most promising idea,
which constitutes a pillar of the Standard Model
of cosmology, is “cosmic inflation”. The Universe
underwent a period of rapid, exponential expansion
right after its birth, and a short wavelength of the
quantum fluctuation was stretched exponentially to
become an astronomical length. In a typical model
of inflation, the Universe expanded by at least 26
orders of magnitude within a trillionth of a trillionth
of a trillionth (107°) of a second. That is to say, the
size of an atomic nucleus became the size of Solar
System within a tiny fraction of a second. Who would
believe this? Despite tremendousness of the idea, the
statistical properties of cosmic structures predicted
by inflation are consistent with all the data we have
collected so far. As | describe later, | have spent most
of my career testing the predictions of inflation with
the cosmic microwave background data. Every time
| confirm the prediction with better precision | say
to myself, “Geez, | am such an ordinary researcher!
Those who came up with this crazy idea (Sato, Guth,
Starobinsky...)—the idea that might actually be
correct—are too extraordinary.”

Didn’t we have to return energy to the vacuum
immediately? Something strange happens when the
wavelength of the quantum fluctuation is stretched
by inflation to a macroscopic scale: it starts to behave
as if it were a classical fluctuation despite that it
is still quantum. If we had to use the analogy with
a bank again, it would be like “we do not have to
return the money due to inflation (in economics),”
which makes no sense. A better metaphor would
be like this: Space between you and a person of the
bank counter expands exponentially as soon as you
borrow one million dollars, and the distance becomes
so large that the communication between them is no
longer possible.

Researchers have been wondering about a physical
mechanism by which the quantum fluctuation
became classical during inflation. Just because the
wavelength was stretched does not mean that the
fluctuation became classical. It just means that the
fluctuation became nearly indistinguishable from a
classical fluctuation. | always get a question about
this “classicalization” of the quantum fluctuation
during inflation whenever | give a talk on inflation
in front of physicists. | reply by saying, “we do
not yet understand the physical mechanism of
classicalization, so perhaps it is a good topic for a
Ph.D. thesis.” However, at the conference on “General
Relativity and Gravitation: A Centennial Perspective”
held at Penn State University in June 2015, Abhay
Ashtekar, a leading researcher on quantum gravity,
said to me, “Eiichiro, the fluctuation never became
classical. This world is still fully quantum!” I was like,
“haha, that is funny.” But he was serious. Indeed, as it
is nearly indistinguishable from a classical fluctuation,
perhaps we do not have to be adamant that the
fluctuation had to become truly classical. The
conversation with him made me realize again that
| am an ordinary researcher with little imagination.
| was glad that | could broaden my view on this
profound issue of inflation.

We need a new energy component to accelerate
the Universe, as the known components such as
matter and radiation must always decelerate it. The A
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of the “ACDM” denotes Dark Energy that accelerates
the Universe today, and we need something similar
in the early Universe too. The technical term for this
energy component in the early Universe is an “inflaton
field”. Researchers working on inflation were
encouraged very much when the Higgs particle was
discovered, as the basic property of the Higgs field is
similar to that of an inflaton field. However, the Higgs
field in the Standard Model of elementary particles
and fields cannot be an inflaton field for a technical
reason that the Higgs potential is too steep. Therefore,
we need a field that is similar to the Higgs but has a
flat potential. Alternatively, we may introduce a new
element to the Standard Model called a “non-minimal
coupling of the Higgs field to gravity”.

To summarize: According to an inflationary
scenario, the Universe underwent a period of
accelerated expansion at the rate at which the size
of an atomic nucleus could become the size of Solar
System in a tiny fraction of a second. A microscopic
wavelength of the quantum fluctuation was
stretched enormously to a macroscopic wavelength,
seeding all the structures we see today in the
Universe. Astronomers often say, “we are stardust,”
referring to the fact that the elements that make up
our bodies originate from nucleosynthesis in stars.
Cosmologists would say, on the other hand, “we
originate from the quantum fluctuation.”

When | say something like this at public lectures,
the audience would not believe it. Their reaction is
completely normal. | worry more about astrophysics
graduate students believing in this so easily. In my
opinion, the public tends to take the cosmology
research as a kind of a fairy tale. While they enjoy
hearing about it, they seem to think, “This is a very
interesting story, but most of it is a speculation of
astronomers.” This could be because researchers
giving a public lecture do not always make a
clear distinction between the solid facts based on
observational data and more speculative results. In
any case, we must have convincing observational
evidence to claim that we originate from the
quantum fluctuation.

Observational evidence

The observational evidence came from
measurements of the cosmic microwave background
(CMB). Fluctuations in the photon energy density
obey a certain probability distribution, which depends
on physics of the creation of quantum fluctuations.
One important question is as to which field's
quantum fluctuation was mainly responsible for the
seeds of cosmic structure formation. In the simplest
picture, the quantum fluctuation of the inflaton field,
the field that drove inflationary expansion, became
the seeds. For technical reasons, the inflaton field
has a flat potential, which implies that the interaction
of the inflaton field must be weak. The probability
distribution of quantum vacuum fluctuations of a
free, non-interacting field is a Gaussian distribution;
thus, the CMB temperature fluctuations are also
expected to obey a Gaussian distribution.

| joined the science team of NASA's Wilkinson
Microwave Anisotropy Probe (WMAP) mission
shortly after the launch in 2001 and worked mainly
on the analysis and cosmological interpretation of
the WMAP data until the final data release in 2012.
Testing inflation has been one of my main focus
topics. We have found that the distribution of the
temperature fluctuations (Figure 1) is consistent with
a Gaussian distribution. In the final data release on
December 21, 2012, we obtained a stringent 95%
upper limit of 0.2% on a deviation from a Gaussian
distribution. The science team of ESA’s Planck mission
used our method to improve the upper limit to
0.04%. This is the most precise Gaussian distribution
| have ever seen for the data on the Universe (except
instrumental noise). Not only are these results
consistent with the quantum mechanical origin of
CMB temperature fluctuations, but also with the
prediction of “single-field inflation models” in which
the quantum fluctuation originates from the inflaton
field while contributions from other fields are
unimportant.

The quantum fluctuation kept being generated,
and its wavelength kept being stretched throughout
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Figure 1: Full-sky map of the CMB temperature fluctuation in the Mollweide projection, obtained from 9-year
observations of the WMAP. The distribution of the temperature fluctuation is consistent with a Gaussian distribution.

(Credit: WMAP Science Team)

inflation. The earlier the fluctuation was generated
during inflation, the longer its wavelength has
become because it had more time to be stretched
until the end of inflation. In the CMB data, the
fluctuation generated earlier during inflation would
appear on large angular scales. The amplitude of
the quantum fluctuation we can borrow from the
vacuum is inversely proportional to the time we
borrow. The convenient quantity is the “Hubble
expansion rate”, which is the number of e-folds of
expansion per unit time. The expansion rate is thus in
units of [time]™', and we can show that the amplitude
of the quantum vacuum fluctuation in the inflaton
field is proportional to the Hubble expansion rate.
As inflation has to end, the Hubble expansion rate
decreases over time; thus, the earlier the fluctuation
was generated during inflation, the stronger its
amplitude would become. In the CMB data, the
amplitude of the temperature fluctuation on large
angular scales would be stronger than that on
small angular scales. In practice, a perturbation to a
photon fluid of the CMB creates sound waves, and
the amplitude of the CMB temperature fluctuation
oscillates as a function of angular scales. This
oscillation must be modeled before extracting

information on the primordial fluctuations with “the
amplitude on large angular scales being stronger
than that on small angular scales”. This modeling is
not difficult because the physics of sound waves is
well understood.

Mukhanov and Chibisov predicted this effect in
1981. Finding it has been the dream of researchers
working on inflation. If we write that the amplitude
of the primordial fluctuation is proportional to the
wavelength to the power of 1 — n,, the Mukhanov-
Chibisov prediction is ns < 1. We want to measure
this. In December 2012, we used the WMAP 9-year
data in combination with the other ground-based
CMB data and the galaxy survey data from the Sloan
Digital Sky Survey to measure ns = 0.958 =0.008
with the 68% confidence level. We were able to
finally discover ns < 1 with more than 5 standard
deviations. Three months later, the Planck team
combined the Planck and WMAP data to measure
ns = 0.960 = 0.007. This is an important confirmation
of our result because it is based on the CMB data
only. These results provide the strongest ever support
for inflation and the quantum origin of the cosmic
structures.
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WMAP could have found primordial
gravitational waves

Carl Sagan said, “Extraordinary claim requires
extraordinary evidence.” In the pursuit of definitive
evidence for inflation, CMB researchers are working
hard to discover “primordial gravitational waves”
generated during inflation. LIGO detects gravitational
waves from collisions of binary black holes, whose
wavelength is a few thousand kilometers. On
the other hand, the wavelength of the primordial
gravitational waves has been stretched by inflation to
billions of light years! As astrophysical bodies cannot
generate gravitational waves with such extreme
wavelengths, their discovery would provide definitive
evidence for inflation.

As gravitational waves stretch and contract space,
they also stretch and contract the wavelength of the
CMB light, generating temperature fluctuations. The
WMAP could have measured this effect.

Back then, a monomial potential of the inflaton
field ¢ was thought to be among the most plausible.
A quartic potential (¢*) was considered natural
in particular. | certainly learned this view from my
former thesis advisor at Tohoku University, Toshifumi
Futamase, and the fact that the potential of the
Higgs field is quartic for a large field value ¢ made
this potential attractive. The quartic potential yields
the amplitude of gravitational waves large enough
for WMAP to detect. In the meantime, Keiichi Maeda
at Waseda University and Toshifumi showed that
the quartic potential model would become even
more attractive when we include the so-called “non-
minimal coupling of ¢ to gravity”, as it would allow
the Higgs field to drive inflation. (This coupling
does not exist in the Standard Model of elementary
particles and fields.) Inspired by their idea, | calculated
the expected amplitude of gravitational waves from
this model. To my surprise, the model prediction for
ns hardly changed, but the amplitude of gravitational
waves became 100 times smaller! | thus concluded
in January 1999 that the non-minimal coupling to
gravity would be required if no gravitational wave

was found despite ns< 1.

In 2006, we ended up ruling out the minimal ¢’
model by the WMAP data. | trembled. | certainly did
not expect this to happen, though this result was
foreseen in my 1999 paper. At the time of writing
(April 2018), no primordial gravitational wave has
been found. The ¢* model with non-minimal coupling
to gravity is called “Higgs inflation” nowadays and
remains one of the best-fitting models to the CMB
data (Figure 2).

Next frontier: Polarization of the CMB

The amplitude of the gravitational waves from
Higgs inflation is too small to be detected in the
temperature data of WMAP and Planck. Therefore,
the CMB researchers have turned their attention to
the polarization of the CMB. CMB becomes polarized
when electrons scatter the CMB temperature
fluctuation generated by gravitational waves. The
CMB researchers around the world are competing
to find this polarization signal. | am a part of the
international team led by Masashi Hazumi at KEK and
Kavli IPMU, working with JAXA to develop the next-
generation CMB satellite mission called “LiteBIRD”
(Kavli IPMU News No. 36). While the LiteBIRD has
not been selected for flight yet (we are in the middle
of Phase A1), we are expecting to hear the result of
JAXA’s selection by the end of this Japanese fiscal
year. Fingers crossed. We really want to fly LiteBIRD
to measure primordial gravitational waves.

In 2014, a group of researchers at American
institutions reported a discovery of CMB polarization
from primordial gravitational waves. This turned out
to be a false alarm because they mistook polarization
from thermal dust emission within our Galaxy for
the CMB. While they are responsible for the false
alarm, the news media also made two mistakes.

First, they ignored cautionary remarks from CMB
experts who were not involved in the discovery
and sensationalized the news. (There were also
researchers who actively contributed to the hype.)
Second, they jumped to a conclusion that this

8 Kavli IPMU News No.41 March 2018



Figure 2: Constraints on inflation models. The vertical and horizontal axes show the amplitude of
gravitational waves and ns, respectively. The red contours show the 68% and 95% confidence
levels of the WMAP final data release in December 2012, while the blue contours show those of
the Planck data release in March 2013. The black circles in the top show the range of predictions
from the minimal ¢* model, whereas the dark grey circles in the bottom show those from the ¢*
model with non-minimal coupling to gravity. Adopted from Komatsu et al., PTEP, 06B102 (2014).

discovery is the evidence for quantum gravity. Let me
comment on the latter.

The reason for this claim is the following.
Gravitational waves are ripples of spacetime, and
thus their quantum fluctuation would be a quantized
deformation of spacetime; hence quantized gravity.
While this claim is correct in principle, to make this
profound claim we must show that the statistical
property of the detected gravitational waves is
consistent with that of the quantum fluctuation. That
is to say, we must make sure that the distribution of
CMB polarization is consistent with a Gaussian. This
test has never been done, even today.

Do primordial gravitational waves
originate from the quantum fluctuation
In spacetime?

Frustrated by this situation, | started a campaign
with my collaborators in our recent research articles
and presentations at conferences. It is natural to
expect that there were other matter fields as well as
the inflaton field during inflation. The energy density

of the other fields must be much smaller than that
of the inflaton field because the CMB temperature
fluctuation is close to a Gaussian. Nonetheless, their
energy density can be large enough to produce
detectable amplitudes of gravitational waves in the
CMB polarization. The probability distribution of
gravitational waves from the matter fields can be
strongly non-Gaussian. The CMB polarization data
would then be a superposition of contributions
from the quantum fluctuation in spacetime and the
matter fields. We do not know which contribution
dominates until we analyze the data.

It is essential to test Gaussianity of the probability
distribution of primordial gravitational waves. If it
is consistent with a Gaussian, and the wavelength
dependence of the gravitational wave amplitude
agrees with the expectation, we may declare
discovery of evidence for the quantum fluctuation in
spacetime. What if it is not a Gaussian? It would be
the beginning of a new era in which particle physics
of inflation makes a big leap!
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Research Report

Subaru Prime Focus Spectrograph

Masahiro Takada

Kavli IPMU Principal Investigator

Naoyuki Tamura

Kavli IPMU Associate Professor

Kiyoto Yabe

Kavli IPMU Postdoctoral Fellow

Yuki Moritani

Kavli IPMU Postdoctoral Fellow

1. Introduction

“How did the Universe start?” “Will the Universe
end at some point?” “How did we come to exist?”
These have been fundamental questions about the
Universe since the dawn of humankind. Surprisingly,
the Universe is found to be largely made of “dark
matter,” which has never been detected directly, and
“dark energy,” which is a much more mysterious
negative pressure accelerating the expansion of
the Universe. However, we do not understand
either constituent physically. Likewise, the standard
picture of galaxy evolution based on the hierarchical
assembly of dark matter is insufficient to explain
what we see from observation, such as the mass
growth of galaxies, the diversity of present-day

morphologies, and the distribution of dwarf galaxies
around our home, the Milky Way.

The Subaru Prime Focus Spectrograph (PFS,
http:/pfs.ipmu.jp/; http://pfs.ipmu.jp/blog/) project
squarely aims at addressing these long-standing
guestions. This innovative instrument under
development enables us to take spectroscopic
observations of 2394 astronomical objects
simultaneously on a large patch of sky several times
larger than the size of the full moon. The lights from
each star and/or galaxy observed are dispersed
and recorded as spectra simultaneously covering
a wide range of wavelengths from the near-
ultraviolet, through the visible, and up to the near
infrared regime (380 — 1260 nm). Table 1 compare
the major parameters of the PFS instrument with
those of the other competing instruments that

Table 1: Comparison of PFS specifications with other competing spectroscopy projects that are on a similar timeline to PFS

PFS DESI WEAVE MOONS
Telescope Subaru (8.2m) Kitt Peak Mayall (4m) | WHT (4.2m) VLT (8.2m)
Field-of-View 1.2 sq. deg. 7 sq. deg. ~35q. deg. 0.14 sq. deg.
Multiplex 2394 5000 800 1024
Resolving power ~2000-4000 3000-5000 5000, 20000 ~5000, 9000, 20000
Science operation | 2021 2019 2019 2020

Kavli IPMU News No.41 March 2018



Figure 1: A group photo at the PFS collaboration meeting held at Kavli IPMU in November 2017.

are under development and will come online in

a similar timeline to PFS. The table clearly shows
that PFS is quite unique and powerful. This exciting
PFS project is being promoted under the initiative
of the Kavli IPMU, involving international partners
across the world—the National Astronomical
Observatory of Japan, the Academia Sinica, Institute
of Astronomy and Astrophysics in Taiwan (ASIAA),
California Institute of Technology (Caltech), NASA
Jet Propulsion Laboratory (JPL), Johns Hopkins
University, and Princeton University in the US,
Laboratoire d'Astrophysique de Marseille (LAM) in
France, the Brazilian Consortium, Max Planck Institut
fur Astrophysik (MPA) and Max Planck Institut fur
Extraterrestrische Physik (MPE) in Germany, and

the Chinese Consortium. Figure 1 is a group photo
taken at the PFS collaboration meeting held at Kavli
IPMU in November 2017. We had more than 130
participants, and the photo clearly shows that the
PFS collaboration is a truly international project.

The Principal Investigator (PI) is Kavli IPMU Director,
Hitoshi Murayama, the Project Manager (PM) is
Naoyuki Tamura, and the Project Scientist (PS) is
Masahiro Takada. Kiyoto Yabe and Yuki Moritani
are among the most active members on this
project. These members at Kavli IPMU have been
working to hold the collaboration of the different
institutes together and drive the project to progress
efficiently.

2. The Instrument

Research
Report

The PFS project takes the full advantage of the
unique capabilities of the 8.2 m Subaru telescope,
its light-collecting power, wide field of view at the
prime focus, and superb image quality. The PFS
instrument is composed of four subsystems, whose
distribution on the telescope is illustrated in Figure
2. The lights from astronomical objects and the

sky are fed to the fibers configured at the Subaru



Figure 2: A schematic view of the configuration of PFS instruments. An overall sketch of the Subaru Telescope is
presented in the middle with the PFS fiber cable routed from the prime focus to the spectrograph system. On the right,
a solid model of PFI (top), a schematic view of the focal plane (middle), and a photo of the Cobra engineering model
fiber positioners module are presented. On the left, a solid model of one spectrograph module (top) and a ray-trace

view of it (bottom) are shown.

prime focus and transmitted via the fiber cables to
the spectrograph system in the telescope enclosure
building, and then the spectral images of them

are delivered on the spectrograph detectors. PFS
shares the Wide Field Corrector and the mechanical
housing of a prime focus instrument called POpt2

equipped with an Instrument Rotator and Hexapod,

all of which have already been constructed for

the Subaru Hyper Suprime-Cam (HSC), the prime-
focus ultra wide-field imager for which Kavli IPMU
also played a major role in the construction and
project promotion/management. The focal plane
will be equipped with 2394 reconfigurable fibers
distributed in the 1.3-degree wide hexagonal field
of view. “Cobra,” the actuator, is comprised of two
motors and is used for moving each fiber to the

position of an astronomical object of interest on
the focal plane. The “patrol area,” where each fiber
attached to Cobra can move around, is a 9.5-mm
diameter circle. Forty-two “Cobra modules,” each
of which consists of 57 Cobras mounted at 8-mm
intervals, will be used for the observation. The
spectrograph has been designed to cover a wide
range of wavelengths simultaneously from 380 nm
to 1260 nm in one exposure. The Metrology Camera
System takes images of backlit fibers on the primary
focal plane and measures their current positions, so
it will work as the encoder in the fiber positioning
process. The HSC and PFS enable deep imaging and
spectroscopic surveys of the same region of sky
using the same 8.2 m telescope, allowing a good
understanding of various systematics in the data.
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Figure 3: An illustration of the PFS cosmology survey. PFS maps out the three-dimensional (3D) distribution of galaxies
by measuring distances to the galaxies from their spectroscopic observation. The upper-right panel shows a simulated
distribution of galaxies in the Universe at redshift z~1.5; the yellow dots are galaxies and the blue-color map shows the
underlying dark matter distribution. Lower-right panel shows the similar simulation, but if a 4m-class telescope instead
of the 8.2m Subaru telescope is used. The left panel shows the number density of PFS galaxies at each redshift slice.
The higher value in the y-axis value means a higher number density of galaxies in the 3D map. These can be compared
to other competing surveys: 4m US-led DESI project and the ESA satellite mission, Euclid.

3. Scientific Objectives

The combination of the large aperture, wide field-
of-view, and massively-multiplexed spectroscopic
capability of PFS/Subaru promises to enable a
broad range of scientific topics in cosmology and
astrophysics. The PFS team is planning to carry
out a coherent, large-scale spectroscopic program
with PFS, spending about 300 Subaru nights over
5 years. The scientific objectives consist of three
pillars, namely, the Cosmology, Galaxy Evolution and
Galactic Archaeology programs.

First, the PFS Cosmology program aims at
mapping out the Universe over the wide range
of redshifts, 0.6 < z < 2.4, and over the wide

solid angle on the sky, 1,400 square degrees,

by measuring redshifts of more than 4 million
emission-line galaxies. This redshift range includes
eras of the Universe changing from decelerating
expansion to accelerating expansion. By measuring
the scale of baryon acoustic oscillations imprinted
onto the galaxy distribution in the PFS galaxy map,
we can measure the cosmological distance and the
expansion rate at each redshift, and then use the
information to explore the nature of dark energy
causing the accelerated expansion. Furthermore,
by measuring the clustering statistics of galaxies,
which quantifies the inhomogeneous distribution
of galaxies on the galaxy map as a function of
length scale and redshift, we can measure the time
evolution of cosmic structure formation and then

Research
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Figure 4: (Top panel): The three-dimensional map of galaxies at 1 < z < 1.5 that are observed by the
PFS Galaxy Evolution program. The blue, green, and red galaxies correspond to galaxies residing

in low-, intermediate-, and high-density environments. The black lines denote filaments in the

cosmic web structure. The lower figure represents all the galaxies in the same redshift slice, and the
comparison shows that the PFS survey samples about 70% of all the galaxies in these structure.
(Bottom panel): An illustration of “intergalactic medium (IGM) tomography” that the PFS survey

will carry out. By using star-forming bright galaxies as a backlight, we can reconstruct the three-
dimensional distribution of neutral hydrogen in the Universe by measuring absorption features in the

PFS spectra of each galaxy.

use the information to explore the nature of dark
matter, which plays a major role in the structure
formation. Figure 3 shows how PFS can map out
the three-dimensional distribution of galaxies as a
function of redshift. The right panel shows that PFS
provides us with a high-density map of galaxies,

thanks to the power of the large-aperture Subaru
telescope, compared to a map done with a 4m-class
telescope, and the galaxy map can be used to
accurately infer the three-dimensional dark matter
distribution in the Universe.

The second program is the PFS Galaxy Evolution
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survey, which carries out detailed deep spectroscopic
observations for hundreds of thousands of galaxies
over several target fields of about 15 square
degrees in total, which represents a cosmological
volume. The program aims at charting the evolution
of galaxies over cosmic epochs during which most
of stellar masses in galaxies are assembled in the
context of hierarchical structure formation scenario.
Here the detailed spectroscopic data of individual
galaxies for the sample enable us to investigate star
formation activities, stellar and gas kinematics, and
the role of feedback driven by star formation or
central black hole accretion as a function of galaxy
mass (size) and its surrounding environment. In
addition, the new Kavli IPMU member, Khee-Gan
Lee, has led the team to propose a new, exciting
science case that can be done within the PFS
Galaxy Evolution program. By taking spectra of star-
forming, bright galaxies at high redshifts,z ~ 3 as a
“backlight” and then measuring absorption systems
due to neutral hydrogen in their spectra, we can
also map out the three-dimensional distribution

of neutral hydrogen that exists in intergalactic
space. This is called “intergalactic medium (IGM)
tomography.” With this method, we can unveil

the distribution of IGM hydrogen, which cannot
otherwise be observed as it does not emit light, and
then study the interplay between IGM and galaxies.
Figure 4 illustrates that the PFS Galaxy Evolution
program will make a detailed map of galaxies and
intergalactic medium in the same cosmic web of
the Universe at high redshifts z > 1. These data will
be complementary to the PFS Cosmology program,
because the Galaxy Evolution survey will give a
much more detailed understanding of the nature of
emission-line galaxies that are targeted by the PFS
Cosmology program.

The third program is the PFS Galactic Archaeology
program. We plan to use PFS to measure the radial
velocities and chemical abundances of numerous
stars in the Milky Way, Andromeda Galaxy, and
dwarf galaxies to infer the past assembly histories
of these galaxies as well as their dark matter

distribution. In particular, dwarf galaxies are a

dark matter-dominated system in their kinematic
properties, but an accurate knowledge of the dark
matter distribution is still lacking. By measuring

the radial velocities of member stars over an

entire region of some dwarf galaxies with PFS, we
can unveil the distribution of dark matter. When
combined with gamma-ray observations from the
Fermi satellite, we can further explore a possible
gamma-ray signal from the dwarf galaxies via
annihilation or decay of dark matter particles in
more detail. Even if we cannot find such a signal,
we can improve the constraints on properties of
dark matter such as the cross section or decaying
time scale. This research goal lies in interdisciplinary
fields between particle physics, astrophysics and
cosmology. Figure 5 illustrates the power of the PFS
Galactic Archaeology program. Thanks to the large-
aperture Subaru telescope, PFS enables to measure
the radial velocities and chemical abundances of
stars out to a much larger distance up to ~30 kpc,
which covers the entire region of the Milky Way
Galaxy. This program would not be practical with a
4m-class telescope.

4. Current Status

The construction of PFS instrument is well
underway. The subsystems are being developed
at the international partner institutes of the PFS
collaboration. For example, the PFS consists of
4 spectrograph modules. The first one is being
assembled and is under various tests such as image
quality and thermal performance in the integration
hall at LAM. The team at Caltech-JPL are integrating
Cobra modules. The first Cobra module has already
been integrated and tested, and shipped to ASIAA
in Taiwan. Also the integration of next modules has
been ongoing. We aim at completing the integration
and test of all the 44 Cobra modules (including
2 spare modules) this year. The Prime Focus
Instrument is being integrated at ASIAA in Taiwan
and will be ready soon to have the Cobra modules
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PFS Galactic Archaeology

PFS (8.2m)
V=21|.5mag

PFS (8.2m
V=22mag up to

Figure 5: An illustration of the PFS Galactic Archaeology program, explaining how PFS is powerful for measuring the radial
velocities and chemical abundances of numerous stars out to ~30 kpc from the Earth in the Milky Way Galaxy. The PFS
survey is complementary to the ongoing survey by the ESA satellite GAIA that measures stars up to 10 kpc as well as

to upcoming surveys that can be done with a 4m-class telescope that aims at carrying out more detailed (high spectral
resolution) spectroscopic studies of stars up to ~10 kpc. (Background image credit: ESA.)

integrated and tested. The Metrology Camera
System has been shipped in April from ASIAA to
Hawaii. Then we plan to carry out various tests, first
with the Metrology Camera System as stand-alone
and then with it installed onto the Subaru telescope
in the summer. All these integrations, developments,
and scheduling of the subsystems are being led
under the strong management of Project Manager
Naoyuki Tamura and the PFS Project Office centered
at Kavli IPMU.

Obviously the PFS is a complicated instrument,
and it is of critical importance to succeed in
various on-site tests of the performance and on-

sky commissioning observations at the summit

of Maunakea with PFS installed on the Subaru
telescope. Yuki Moritani is leading the detailed
planning of the commissioning observations,
having discussions for optimization with other
members in the PFS team and also the staff at the
Subaru Observatory. The current plan is to start
the commissioning observations in 2019, and to
complete the major performance testing of the PFS
instruments within about one year from the start.
After this, in parallel with the efforts of stabilizing
the instrument performance and operation, the PFS
team envisions to start the large-scale observational
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program of the aforementioned PFS science by the
end of 2021.

The three main science programs of PFS,
Cosmology, Galaxy Evolution and Galactic
Archaeology will make spectroscopic observations
of different astronomical objects (stars and galaxies)
in different fields in the sky, and the requirements
on the quality of their taken spectra (exposure time
and physical quantities we want to measure) are
different in between the three programs. Hence,
in order to make full use of observational nights
at the Subaru telescope, it is very important to
explore an optimal survey design of the PFS survey
project by combining different observations of
the three PFS science projects. In parallel to the
instrumentation, the team being led by Kiyoto Yabe
is developing an “Exposure Time Calculator (ETC)”
that allows the simulation of an expected spectrum
of an astronomical object for an assumed exposure
time under the expected Maunakea observational
conditions, where the expected performance of
PFS instruments is taken into account. Using the
ETC and the fiber assignment software, the team is
exploring an optimal survey strategy by carrying out
a simulation of the PFS survey program assuming
target fields and target astronomical objects that
the PFS Science teams are currently considering for
300 nights.

5. Future Prospects

As is obvious from what we have so far described,

the Subaru PFS is a very powerful instrument. The
6.5m effective-aperture Large Synoptic Survey
Telescope (LSST) is a US-led project starting around
2020 and is currently under construction, and will
make possible the ultimate dedicated imaging
survey of the Universe. However, a spectroscopic
follow-up observation of LSST objects is not yet
being planned. The extremely large-aperture
telescope such as the Thirty-Meter Telescope

in which astronomers in Japan are involved, is
being planned to start its operation after 2025,

but has a small field-of-view, and is more suitable
to make a detailed spectroscopic observation of
interesting, rare astronomical objects. The TMT is
complementary to PFS in light of their roles. Thus
PFS will make the Subaru telescope a world-leading
astronomical facility in the decade of the 2020s.

In fact, astronomers in Japan and US are starting
discussions toward a collaboration combining both
data from the NASA-led satellite mission WFIRST
(its launch will be around 2025 at the earliest) and
the PFS-led Subaru telescope. The PFS project is
an extremely exciting project, and astronomers
and physicists in Japan should not miss this great
opportunity to advance our understanding of the
physics of the Universe.

Finally, we acknowledge the support from MEXT
Grant-in-Aid for Scientific Research on Innovative
Area “Why does the Universe accelerate? —
Exhaustive study and challenge for the future” (Nos.
15H05887, 15H05893, 15K21733, and 15H05892)
for this HSC collaboration.
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Research Report

Forty new studies published from the first
data of world’s biggest map of the Universe

Masahiro Takada

Kavli IPMU Principal Investigator

The first two years of data from an international
team mapping the Universe has moved research
forward in several areas of astronomy and physics,
including the search for new objects in the solar
system, studies about both nearby and highest-
redshift galaxies, galaxy clusters, dark matter, and
the expansion of the Universe. The 40 papers based
on the HSC data have been reported in the latest
special issue of Publications of the Astronomical
Society of Japan (PASJ).

An international team including National
Astronomical Observatory of Japan (NAQOJ), Kavli
Institute for the Physics and Mathematics of the
Universe (Kavli IPMU) at the University of Tokyo,
other institutes in Japan, Academia Sinica Institute
for Astronomy and Astrophysics (ASIAA, Taiwan),
and Princeton University, has been conducting a
large-scale astronomical survey using the Hyper
Suprime-Cam (HSC), an ultra-wide-field camera
installed at the prime focus of the Subaru telescope
in Hawaii since 2014.

This large-scale survey, HSC-SSP (Hyper Suprime-
Cam Subaru Strategic Program, http://hsc.mtk.nao.
ac.jp/ssp/), takes advantage of the HSC’s ability to
capture a large area of the sky, equivalent to nine
times the area of a full moon, and will attempt to
take high-resolution images of the Universe over
more than 1,000 square degrees (the equivalent
of more than 5,000 full moons). The international
team will use the HSC image to address the mystery
of the accelerating expansion of the Universe by

mapping the global distribution of dark matter with
unprecedented resolution. The survey is expected to
continue until 2019.

One of the major results so far is the creation
of a two-dimensional and three-dimensional dark
matter map over an unprecedented area with
an unprecedented resolution, which was led by
University of Tokyo School of Science Assistant

Figure 1: Publications of the Astronomical Society of Japan
(Volume 70, Special Issue 1, 2018). (Credit: The Astronomical
Society of Japan.)
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Professor and Kavli IPMU Associate Scientist
Masamune Oguri. It is based on the HSC data
accumulated by April 2016 (16 per cent of the
overall data size planned). The team first measured
the weak gravitational lensing effects of galaxy
images in the HSC data. Each galaxy in the HSC
data has been taken with 5 color filters, each

of which is transparent for a particular range of
optical wavelengths. Combining these 5 colors for
each galaxy, astronomers can infer a distance to
each galaxy because a more distant galaxy color
appears to be redder due to the “redshift” effect
of wavelength caused by the expansion of the

Universe. By performing gravitational lensing analysis

of each galaxies as a function of distances to the
galaxies, the team succeeded in reconstructing the

three-dimensional map of dark matter distribution,

like Computerized Tomography (CT) images in the
medical field.

Figure 2 shows the dark matter distribution over
an area of about one billion light years, times 250
million light years, and over a depth of eight billion
light years. This is the first time a three-dimensional
map over such a large volume has been built,
which was made possible thanks to the high light-
collecting power of the Subaru telescope.

The team expects to understand the fate of the
Universe, evolution of the structure in the Universe
over time, and time variation of the amount of dark
energy, using the three-dimensional map of dark
matter and analyzing more HSC-SSP data in the
future.

Finally, we acknowledge the support from MEXT
Grant-in-Aid for Scientific Research on Innovative
Area “Why does the Universe accelerate? —
Exhaustive study and challenge for the future” (Nos.
15H05887, 15H05893, 15K21733, and 15H05892)
for this HSC collaboration.

Figure 2: 3D dark matter distribution map reconstructed from measurements of gravitational weak lensing effects of galaxy
images in the HSC data. Darker colors indicate higher density regions of the dark matter distribution. “RA." and “Decl.” are right
ascension and declination of the celestial coordinates of the sky, and another third dimension denotes depth (redshift direction or

line-of-sight direction).



Tadayuki Takahashi

Kavli IPMU Professor*

| study various aspects of high-energy phenomena
in the Universe, seen in X-rays and gamma rays. |
have performed systematic studies of high-energy
emission from black hole jets and supernova
remnants, which are thought to be huge particle
accelerators in the Universe, by using satellites
and rockets. Observations in space require highly
advanced detector technologies due to the severe
conditions during the launch and in orbit, and also
due to the very limited resources available. Through
a series of satellite and rocket experiments, we have
established cutting-edge technologies to make
highly sensitive hard X-ray and gamma-ray detectors.
Recently, it is becoming clear that these technologies
also meet the long-standing demands from other
fields such as (1) finding hot spots in gamma rays, (2)
imaging of muon X-rays from muonic atoms, and (3)
in-vivo 3D imaging of small animals to study cancer
stem cells. New requirements from these applications
are expected to further advance the performance of
the detectors and enable us to design future hard

Research Field: Experimental Physics

X-ray and gamma-ray missions with much higher
sensitivities than the present ones. | would like to
organize interdisciplinary activities at the Kavli IPMU
to develop advanced detectors to address urgent
research topics, particularly in nuclear medicine.

In parallel with these experimental activities, | am
continuing my research in high-energy astrophysics.
One of the main topics will be the study of particle
accelerators in the Universe. Understanding the
connection between the process of magnetic
reconnection and particle acceleration in a wide
range of astronomical objects, from the Sun to black
holes and clusters of galaxies will also be a subject.

*Kavli IPMU Principal Investigator from April 1, 2018.
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Khee'Gan Lee Research Field: Astronomy

Kavli IPMU Assistant Professor

Khee-Gan Lee, commonly known to his colleagues
as “K.G., is an observational cosmologist originally
from Malaysia. His primary research interest is on
studying the large-scale distribution of gas and
galaxies in the distant Universe. Since this “cosmic
web” reflects initial inhomogeneities that were laid
down immediately after the Big Bang, his research
helps constrain the fundamental physical parameters
of the Universe. In particular, his speciality is in
tomographic 3D mapping of hydrogen absorption

during the “Cosmic Noon” period 10 billion years surveys using the Prime Focus Spectrograph on the
ago. He is an experienced observer with the Keck Subaru Telescope. His shoe size is 26.5cm and his
telescopes, and is helping plan future spectroscopic favorite color is blue.

Ta d dsS h | O rlta Research Field: Experimental Physics

Kavli IPMU Assistant Professor

| have been engaged in the field of radiation
measurement, including in applications for
environmental radiation monitoring, especially for
Cs-137, and medical applications such as positron
emission tomography and single photon emission
CT. In those applications, | have focused especially on
developing three-dimensional image reconstruction
algorithms and electronics such as integrated circuits
for high-speed and low-noise readout. By developing our e
advanced measurement technologies that have
realized heavy demands for physics experiments, |
aim to further develop not only physics experiments, can achieve high sensitivity and high resolution for
but also a three-dimensional imaging system which cancer stem cell research.
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AtSUShI Yag|5h|ta Research Field: Experimental Physics, Medical Science

Kavli IPMU Assistant Professor

| have years of experience as a medical doctor and
in clinical research. Inspired by this experience, | now
work in chemical biology, where several fluorescent
probes were synthesized. These fluorescent probes
can detect stem cells (cells like “QUEEN BEE")

including cancer stem cells in vitro. In Kavli IPMU, it possible to visualize the microstructures of living
the probes will be converted into radioactive probes animal tissues using the radioactive probes and a
aiming for in-vivo imaging. Thus far, the microstructure newly developed detecting device in which a hard
of the internal body of living animals and humans X-ray/gamma-ray detector, which was developed for
cannot be visualized. However, our team will make use in space observation, is incorporated.

Seyed Morteza HOSS€INi  research i Theoretical Physics

Postdoc

My research focuses on understanding the
nonperturbative aspects of gauge and string theories.
To this end, the most powerful tools are gauge/
gravity duality and localization. The localization
principle allows the path integral of a theory to be
reduced into a matrix integral, and some exact results gravity duality. | utilize the combination of these ideas
in strongly coupled field theories to be computed. in order to understand the microscopic origin of the
It thus gives very precise predictions for the gauge/ black hole entropy.

Yu kO Ikkata| Research Field: Science Communication, Psychology

Postdoc

| study various topics in science communication.
My current main research theme is why the
proportion of female students pursuing physics is low
in Japan. It is known that the proportion of females
majoring in physics is less than that in biology.

This might be related to the social background of guantitative approaches. | am also interested in the
Japan; however, it has not been fully explored. | new movements of “open science,” which includes
would like to explore the topic using qualitative and crowdfunding.

22 Kavli IPMU News No.41 March 2018



Workshop Report

Kavli IPMU-Berkeley Symposium “Statistics,

Physics and Astronomy”

Toshitake Kohno

Kavli IPMU Principal Investigator

This symposium was held on January 11 and
12, 2018 Within the framework of the strategic
partnership project UC Berkeley/UTokyo, and was
a part of the program Berkeley Week at UTokyo. It
was an interdisciplinary meeting focusing on various
aspects of data science in mathematics, physics
and astronomy. It is an important challenge at
Kavli IPMU to interpret big data from astronomical
observations using information statistics; therefore,
the role of data science at Kavli IPMU will be
increasingly important. The purpose of the
symposium was to develop common interests in
data science from the point of view of mathematics,
physics, and astronomy.

The lecturers of the symposium were Wahid
Bhimji (LBNL Berkeley), Shiro lkeda (The Institute
of Statistical Mathematics), Ippei Obayashi (AIMR,
Tohoku University), Masanao Ozawa (Nagoya
University), Alessandro Sonnenfeld (Kavli IPMU) and
Philip B. Stark (Department of Statistics, University of
California, Berkeley).

Shiro lkeda explained recent developments
in data science such as sparsity-based methods
aiming for applications to EHT (Event Horizon
Telescope). Masanao Ozawa described his quantum
measurement theory and how it was related to
showing the superiority of the interferometer type to

the resonator type as a gravitational wave detector.
Philip B. Stark talked about quantifying uncertainty
in inferences in physics and astronomy. Alessandro
Sonnenfeld described applications of Bayesian
hierarchical inference methods in a broad range

of astronomical studies. Ippei Obayashi gave an
introduction to topological data analysis, specifically,
persistent homology. He also showed us data analysis
software of persistent homology called Homcloud
developed by his research group. Finally, Wahid
Bhimji explained developments of deep learning for
high-energy physics and cosmology. The lectures of
the symposium were held in the afternoon.

On January 10 and in the morning on January 11
and 12, there was an event, Berkeley Week@IPMU,
organized by Yasunori Nomura. This event was also
a part of the program, Berkeley Week at UTokyo. For
Berkeley Week@IPMU we invited five postdoctoral
researchers and two graduate students from the
University of California, Berkeley. There were also
talks by five young researchers of Kavli IPMU. The
participants of Berkeley Week@IPMU also attended
the symposium “Statistics, Physics and Astronomy.”
In this way we were able to share our common
interests. The symposium and Berkeley Week@IPMU
were extremely lively and there were many
stimulating discussions.
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Workshop Report

Lectures on Higher Structures and Quantisation

Andrew Macpherson

Kavli IPMU Postdoctoral Fellow

From the 20th until the 22nd March 2018,
students and researchers with interests at the
interface between homotopy theory and geometry
gathered at the Kavli IPMU for a series of lectures
“on higher structures and quantisation” delivered by
derived algebraic geometry veterans B. Toén and G.
Vezzosi from Europe and “homotopical terrorist” (this

term is due to A. Bondal) A. Mazel-Gee from the USA.

The format, in which each was allowed two talks of
90 minutes, gave the speakers a chance to get
in-depth about their chosen topics. Our international
visitors were supported by local contributions from

. lwanari of Tohoku university and Kavli IPMU’s own
M. Kapranov.

Rather than attempting to fix topics for the
conference ahead of time, the interpretation of the
deliberately broad title of the meeting was left to the
speakers; that way, common themes could emerge

naturally throughout the course of the week. Happily,

this turned out to be the case—for instance, the
theme of ‘formal glueing featured prominently in
all of the lectures by our international guests.
When the participants arrived on the first day,
we encountered a problem of the kind that every
conference organiser hopes for: despite our initial
worries about lack of publicity for this event, the

lectures turned out to be oversubscribed to the point
that there was not enough space in the room we had
booked. Fortunately, the Kavli IPMU staff—especially
Rie Kohama, who at all times was instrumental in
ensuring that the meeting ran smoothly—were able
to locate us a larger room in the campus library to
accommodate the enlarged audience. Remarkably,
the number of attendees remained stable on the
second and third days, despite the vernal equinox
which would have normally earned our local
participants a day off.

The success of this conference is attested by the
interactivity of the audience with the lecturers in each
talk and by the positive feedback | received at the
end. I even heard the lectures mentioned a number
of times at each of the major conferences taking
place on Tokyo University’s Komaba campus in March,
between which our conference was sandwiched. To
the best of my knowledge, this meeting is the only
one with this focus to have taken place recently
in Japan. | hope that we will be able to repeat this
experience and thereby create a new medium and
international meeting spot for interaction between
homotopy theory and geometry here at the Kavli
IPMU.
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MEXT Director General Keisuke
Isogai Visits Kavli IPMU

On February 28,2018, MEXT

(Ministry of Education, Culture, Sports,

Science and Technology) Director
General Dr. Keisuke Isogai of the
Research Promotion Bureau visited
the Kavli IPMU accompanied by four
MEXT officers. They listened to Kavli
IPMU Director Hitoshi Murayama'’s
presentation of an overview of the
research activities at the Kavli IPMU.
Subsequently, the guests joined a tea
held in Piazza Fujiwara and enjoyed
interacting with young researchers
from many countries. In particular,
Dr. Isogai enjoyed lively conversations

with a number of young astronomers,

physicists, and mathematicians.

MEXT Director General Isogai (right) enjoying
conversation with a Kavli IPMU researcher. Also see
photo on page 3.

“Kavli IPMU-JAXA Joint Research
Program on Hard X-Ray and
Gamma-Ray Imaging” Launched
In October of last year, the Kavli
IPMU and the Institute of Space
and Astronautical Science, Japan
Aerospace Exploration Agency

(ISAS/JAXA) agreed to start a new
collaboration to apply their work in
artificial satellite projects, particularly
in developing hard x-ray and gamma-
ray detectors, with the base of
collaborative research activities to be
located at the Kavli IPMU. Researchers
will work together with the Keio
University School of Medicine and the
University of Tokyo Graduate School
of Pharmaceutical Sciences to transfer
their technology to nuclear medicine.
In particular, they will work toward
seeing the location of cancer stem
cells with very high resolution and
precise quantification, and, it is hoped,
advance research in cancer treatment.
The leading members of the
collaboration have arrived or are
about to arrive at their posts at the
Kavli IPMU. Accordingly, on March 26,
2018, the Kavli IPMU and ISAS/JAXA
held a joint press conference at the Ito
International Research Center on the
University of Tokyo’s Hongo campus
to announce the launch of the Kavli
IPMU-JAXA Joint Research Program
on Hard X-Ray and Gamma-Ray
Imaging. After the addresses of Kavli
IPMU Director Hitoshi Murayama and
ISAS Director General Saku Tsuneta,
Keio University School of Medicine
Professor and Keio University Hospital
Vice Director Hideyuki Saya explained
the main target of the collaborative
research, cancer stem cells. University
of Tokyo Executive Director and Vice
President and Kavli IPMU Principal
Investigator Hiroaki Aihara, who
coordinates the collaborative research,

presented an overview of the research.

A Q&A session, photo session, and
on-the-spot interview by reporters
followed. There were many reporters
eagerly posing questions to the four
presenters. (See, photo on page 3).

The 3rd Kavli IPMU / ELSI Joint
Public Lecture “A Question of
Origins”

On January 21, 2018, the 3rd public
lecture, “A Question of Origins” co-
sponsored by the Kavli IPMU and
Tokyo Institute of Technology’s Earth-
Life Science Institute (ELSI) was held
at the Tokyo Institute of Technology’s
Kuramae Hall. The purpose of the
Kavli IPMU is to pursue the origin
of the Universe and the purpose of
the ELSI is to pursue the origin of
the Earth and life. For these two WPI
institutes, this series of public lectures
is an opportunity to convey the latest
findings of their research in an easy-
to-understand way as well as to offer,
together with those in different fields
from those studied at Kavli IPMU and
ELSI, a diversity of perspectives to the
audience under the common theme
of “A Question of Origins,” which is
fundamental to humankind. For each
of the last two times, a philosopher
was invited, while this time, a
researcher in the science of art was
invited as one of three lecturers. There
was an audience of about 300 people.

After an opening address by WPI
Program Director Akira Ukawa,
Nagoya University Graduate School
of Science Dean and Kavli IPMU
Principal Investigator Naoshi Sugiyama
talked on “Towards Elucidating the
Origin of the Universe,” ELSI Vice
Director Shigeru Ida gave a talk on
“Extraterrestrial Life: Liberation from
Earth-Centricity — Exoplanets, Icy
Moons,” and the Tokyo Institute of
Technology's Institute for Liberal Arts
Associate Professor Asa Ito spoke
about “When Shape Is Formed:
Rhythm and Body from the Viewpoint
of the Science of Art.” After the
lectures, the three speakers took part
in a roundtable discussion entitled
“What Does It Mean to Question
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Origins?” Finally, there was a
discussion between the lecturers and
the audience, and the event ended on
a high note.

Naoshi Sugiyama giving a lecture.

Naoshi Sugiyama giving a lecture.

6th Annual WPI Science
Symposium “Unfolding Future”
On February 11, 2018, the 6th
Annual WPI Science Symposium
“Unfolding Future” was held at
the Miraikan in Odaiba, Tokyo,
and attracted about 800 people.
Previously, it was called the WPI Joint
Symposium, which had been held
every year to convey leading-edge
scientific research activities and their
attractive features, in particular, to
high-school students who will lead
the next generation. As of Fiscal Year
2017, it has been renamed the WPI
Science Symposium. This year, Tsukuba
University’s International Institute
for Integrative Sleep Medicine (llIS)
hosted the Symposium, and as its
venue was the Miraikan, it was open
not only to high-school students but
also to a wider audience including
families. Because of this, the program
was enriched by the inclusion of, in
addition to conversations and lectures
by scientists, a panel discussion
in which the future of science in
Japan was discussed by panelists
comprised of those from venture
business and the science magazine
Nature in addition to scientists, and
a comedy live show presented by a
science communicator certified by
the National Museum of Nature and
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Naoki Yoshida (second from the right) and Kei Hirose
(rightmost).

WPI Booth jointly run by WPI centers.

Science, Tokyo.

From the Kavli IPMU, Principal
Investigator Naoki Yoshida presented
a special talk with Tokyo Institute
of Technology’s Earth-Life Science
Institute (ELSI) Director Kei Hirose to
introduce attractive features of the
Universe and the Earth. In addition,
the Kavli IPMU jointly ran a booth with
other 10 WPI centers, and participated
a one-minute presentation to
introduce each WPI center to the
audience.

AAAS 2018 Annual Meeting in
Austin, Texas

The American Association for the
Advancement of Science (AAAS)
2018 annual meeting was held at the
Austin Convention Center in Austin,
Texas from February 15 through
19, 2018. At this AAAS annual
meeting, the Japanese Ministry of
Education, Culture, Sports, Science
and Technology (MEXT), the Japan
Society for the Promotion of Science
(JSPS), and the WPI centers including
the Kavli IPMU jointly hosted the WPI
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booth for three days starting February
16 for the purpose of increasing
global visibility of the WPI program,
and making the WPI centers better
known by overseas researchers so
that they recognize the WPI centers
as their own place of research. During
the three days, the WPI booth was
visited by about 400 people, including
researchers, journalists, students, and
families. At this AAAS annual meeting,
WPI Program Director Akira Ukawa
and WPI Academy Director Toshio
Kuroki participated along with the
purpose of observing various events
held at the meeting.
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A group photo of staff joined from MEXT, JSPS, and
WPI institutes, taken at the WPI booth. Photo: courtesy
of JSPS.

1st Kavli IPMU Artist-In-Residence
Program Artist Exhibition

The Kavli IPMU held an exhibition
“Re"-Encounter between Science and
Art 2018" from March 9 through 25
at the warehouse space KAMATA _
SOKO in Ota Ward, Tokyo. Since 2015,
the Kavli IPMU has been hosting the
Artist in Residence (AIR) program
where artists stay in the institute for
about a month, during which time
they interact with scientists regularly
inside a world-leading research
institute and work on their new
work. To date, the Kavli IPMU’s AIR
program has welcomed three artists
— painter Yasuo Nomura in 2015,
media artist Norimichi Hirakawa in
2016, and sculptor Kentaro Haruyama
in 2018. The aim of this exhibition



is to showcase the outcome of the
Kavli IPMU’s AIR to the general public
including specialists in various fields,
and at the same time to create a
new culture through interactions
between science and art as well as to
generate publicity for the Kavli IPMU.
The program included the exhibition
of new pieces of art created by the
three artists, Nomura, Hirakawa, and
Haruyama, an exhibition to introduce
the Kavli IPMU, and various related
events including a symposium,
workshop, and seminars, where
specialists in various fields were invited
and discussed the AIR program at the
Kavli IPMU, as well as science café
talks by Kavli IPMU mathematicians.
Listed below is a part of the program
for these related events, in which Kavli
IPMU researchers participated.

eScience café on March 17, “What
do you do in mathematics? — Let's
ask! A dialog with a mathematician”
by Tomoyuki Abe (Kavli IPMU
Associate Professor); eScience café
on March 18, “Amazing McKay
correspondence” by Yukari Ito (Kavli
IPMU Professor and Nagoya University
Graduate School of Mathematics
Associate Professor); eScience café
on March 21, “Soap bubbles and
spacetime” by Will Donovan (Kavli
IPMU Postdoctoral Fellow);
eSymposium on March 10, “From
the viewpoint of science and society,
and the theory of art practice” where
Akishi Ikeda (Kavli IPMU Postdoctoral
Fellow, mathematics), and Akemi
Sunayama (Kavli IPMU Postdoctoral
Fellow, astronomy) participated
together with three artists who
experienced AIR at the Kavli IPMU, as
well as specialists in other areas.

In addition, on March 11, the
workshop “Uncovering the basis of
science and art through Truth, Good,
and Beauty” was held at Tamarokuto

Science Center in Nishi-Tokyo City,
where Kavli IPMU Associate Professor
Masahito Yamazaki participated

with three artists and specialists

in mathematical philosophy and
aesthetics. They discussed the AIR
program at the Kavli IPMU, and shared
opinions with the audience.
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Left to right, media artist Norimichi Hirakawa, painter
Yasuo Nomura, and sculptor Kentaro Haruyama.
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Some of the work on display at Kavli IPMU Artist-In-
Residence Program Artist Exhibition.

Kavli IPMU Komaba Seminar

1. “Various applications of
supersymmetry in statistical physics”
Speaker: Edouard Brezin (LPTENS,
Paris)

Date: Nov 9, 2017

Kavli IPMU Seminars

1. “How to break electroweak
symmetry naturally?”
Speaker: Jing Shu (Inst Theoretical
Physics, Chinese Academy of
Sciences)
Date: Oct 20, 2017

2. “Algebraic properties of the
monopole formula”

Speaker: Marcus Sperling (U
Vienna)
Date: Oct 24, 2017

3. “Ajourney through loop braid
groups”
Speaker: Celeste Damiani (Osaka
City U)
Date: Oct 24, 2017

4. “Inflation from High-Scale SUSY
Breaking”
Speaker: Kai Schmitz (MPIK)
Date: Oct 25, 2017

5. “Towards birational boundedness
of elliptic Calabi-Yau varieties”
Speaker: Roberto Svaldi (U
Cambridge)
Date: Oct 31, 2017

6. “Higgs Exempt No-Scale
Supersymetry”
Speaker: Jason Evans (Kavli IPMU)
Date: Nov 01, 2017

7. “The Leptonic Dirac CP Phase from
Residual Symmetry and Muon
Decay at Rest Experiment”
Speaker: Shao-Feng Ge (Kavli
IPMU)
Date: Nov 01, 2017

8. "Homology of gl(ee)”
Speaker: Keniji lohara (U Lyon)
Date: Nov 07, 2017

9. “Classical Conformal Blocks
and Quasinormal Modes from
Isomonodromic Deformations"
Speaker: Fabio Novaes (/IP-UFRN)
Date: Nov 07, 2017

10. “Gravitational interactions of a
degenerate quantum scalar field”
Speaker: Pierre Sikivie (U Florida)
Date: Nov 08, 2017

11.“Constraints on the chemical
enrichment history in clusters of
galaxies from X-ray spectroscopy”
Speaker: Aurora Simionescu (ISAS)
Date: Nov 08, 2017

12.“Topics in Axion Cosmology”
Speaker: Andrew J Long (U Chicago)
Date: Nov 10, 2017

13.“Probabilistic Enumerative
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15.

16.

17.

18.

19.

20.

21.

22.

23.

28

Geometry”
Speaker: Antonio Lerario (SISSA)
Date: Nov 14, 2017
. “GW170817: Electromagnetic
Wave Observations”
Speaker: Masaomi Tanaka (NAOJ)
Date: Nov 16, 2017
“Computing a categorical
Gromov-Witten invariant”
Speaker: Andrei Caldararu (U
Wisconsin)
Date: Nov 21, 2017
“Discriminants and Brane
Monodromy”
Speaker: Edward Segal (U College
London)
Date: Nov 21, 2017
“Ringel duality as an instance of
Koszul duality”
Speaker: Agnieszka Bodzenta (U
Edinburgh)
Date: Nov 22, 2017
“Categorifying Donaldson-Thomas
invariants”
Speaker: Sven Meinhardt (U
Sheffield)
Date: Nov 28, 2017
“Moonshine and Arithmetic”
Speaker: John Duncan (Emory U)
Date: Nov 28, 2017
“MApping the Most Massive
Overdensity Through Hydrogen
(MAMMOTH)"
Speaker: Zheng Cai (UCSC)
Date: Dec 05, 2017
“Kramers-Wannier and
electromagnetic duality in lattice
field theory”
Speaker: Constantin Teleman (U
Oxford / UC Berkeley)
Date: Dec 05, 2017
“Deformations of Calabi-Yau
categories”
Speaker: Christopher Brav (HSE,
Moscow)
Date: Dec 05, 2017
“Deep Learning of Quasar
Spectra”

24.

25.

26.

27.

28.

29.

30.

31.

32.

Speaker: J. Xavier Prochaska (UC
Santa Cruz)

Date: Dec 06, 2017

“Motivic realizations of dg-
categories, matrix factorizations
and vanishing cycles”

Speaker: Anthony Blanc (SISSA)
Date: Dec 07,2017

“Yields and Routes of p-process
Nuclei in Cosmic Rays and
Supernovae”

Speaker: Motohiko Kusakabe
(Beihang U)

Date: Dec 07,2017

“Calabi-Yau moduli space metric
for hypersurfaces in weighted
projective spaces”

Speaker: Konstantin Aleshkin
(SISSA /1TP)

Date: Dec 07, 2017

“On the dlassification of algebraic
varieties”

Speaker: Shigefumi Mori (RIMS,
Kyoto)

Date: Dec 11,2017

“Which Galactic dust map should
I use? Insights from extragalactic
tomography”

Speaker: Yi-Kuan Chiang (JHU)
Date: Dec 12,2017

“On ADE link homology”
Speaker: Dmitrii M Galakhov (UC
Berkeley)

Date: Dec 12,2017

“Symmetry enhancement

and closing of knots in 3d/3d
correspondence”

Speaker: Dongmin Gang (SNU)
Date: Dec 12,2017
“Constraining Cosmology and
Galaxy Formation with Lyman-
alpha absorption”

Speaker: Daniele Sorini (MPIA)
Date: Dec 13,2017

“Beyond the limits of visual
insight”

Speaker: Brice Menard (JHU)
Date: Dec 15,2017
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33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

“Holographic Screens in Flat
Spacetime”

Speaker: Yun-Long Zhang (APCTP)
Date: Dec 18, 2017

“Teichmuller TQFT vs Chern-
Simons Theory”

Speaker: Victor Mikhaylov (Simons
Center for Geometry and Physics)
Date: Dec 19, 2017

“On compactifications of 6d
N=(1,0) to 4d N=1"

Speaker: Shlomo Razamat
(Technion)

Date: Dec 19, 2017

“EFT for new physics in multi-Higgs
final states in hadron colliders”
Speaker: Sichun Sun (National
Taiwan U)

Date: Dec 20, 2017

“Exploring the Universe with the
Cosmic Microwave Background”
Speaker: Aritoki Suzuki (LBNL)
Date: Dec 21, 2017

“New Frontiers of hard X-ray and
gamma-ray imaging — Transferring
advanced space technology to
ground applications —"

Speaker: Tadayuki Takahashi (ISAS/
JAXA)

Date: Dec 21, 2017

“Natural and Unnatural SUSY in
light of Proton Decay and Gauge
Unification”

Speaker: Kazuki Sakurai (Warsaw U)
Date: Dec 22, 2017

“Cosmological hints of axionic
blue isocurvature”

Speaker: Amol Upadhye (U New
South Wales)

Date: Dec 22,2017

“Observation of supernova
neutrinos”

Speaker: Masayuki Nakahata (ICRR)
Date: Dec 27, 2017

“Cacti groups, an operadic point
of view”

Speaker: Anton Khoroshkin (HSE
Moscow)



43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Date: Jan 09, 2018
“Landau-Ginzburg / Calabi-Yau
correspondence in one dimension”
Speaker: Yefeng Shen (U Oregon)
Date: Jan 09, 2018
“Higgs-Anomaly Mediation: a
simple setup with interesting
phenomena and flavor safety”
Speaker: Wen Yin (IHEP)

Date: Jan 10, 2018

“Thermal Evolution of Neutron
Stars”

Speaker: Madeline Kelly (Montana
State U)

Date: Jan 10, 2018

“On sheaf quantization of
Lagrangian submanifolds”
Speaker: Tatsuki Kuwagaki (Kavli
IPMU)

Date: Jan 11,2018

“Some results toward the
geometry of double-affine flag
varieties”

Speaker: Dinakar Muthiah (U Mass)
Date: Jan 16, 2018

“Recent Results on GeV Neutrino
Interactions”

Speaker: Kevin McFarland (U
Rochester)

Date: Jan 16, 2018

“Revitalizing the Galaxy 3-Point
Correlation Function to Probe
Dark Energy”

Speaker: Zack Slepian (UC
Berkeley)

Date: Jan 17,2018

“Orbital degeneracy loci”
Speaker: Fabio Tanturri (Universite
Lille 1)

Date: Jan 17,2018

“Machine learning for SUSY
exploration”

Speaker: JinMin Yang (ITP)

Date: Jan 19,2018

“Probing the origins of astroparticles
in the multi-messenger era”
Speaker: Ke Fang (U Maryland)
Date: Jan 19, 2018

53. “Introduction to exact WKB

analysis and Borel summability of
WKB solutions”

Speaker: Tatsuya Koike (Kobe U)
Date: Jan 23,2018

54. “P-functors and cyclic covers”

Speaker: Timothy Logvinenko
(Cardiff U)
Date: Jan 23,2018

55. “Detecting Dark Blobs”

Speaker: Dorota M Grabowska
(UC Berkeley)
Date: Jan 24,2018

56. “Inflation, Primordial Black holes

and Gravitational Waves —Dawn of
Gravitational Wave Astronomy —"

Scientist on April 1,2018. At the
IPMU/Kavli IPMU, he served as
Principal Investigator from the launch
of IPMU on October 1, 2007 to March
31,2012, and as Professor from April
1,2012.

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 Feng
Luo [November 1, 2015 —March 15,
2018] moved to Sun Yat-sen University
in China as an Associate Professor.

Speaker: Misao Sasaki (Kyoto U)
Date: Jan 24,2018

57. “Constructing a (conformally
organised) basis of operators in
QFT”
Speaker: Tom Melia (Kavli IPMU)
Date: Jan 25,2018

58. “An llliad and Odyssey of 5d
SCFTs”
Speaker: Martin Fluder (Caltech)
Date: Jan 30, 2018

Personnel Changes

Promotion

Masahito Yamazaki,
who was Kavli IPMU
Assistant Professor,
became Kavli IPMU
Associate Professor on
February 1,2018

Surhud More,
who was Kavli IPMU
Assistant Professor,
became Kavli IPMU
Associate Professor on
March 1, 2018

Surhud More

Retirement

Kavli IPMU Professor Masataka
Fukugita retired on March 31, 2018,
and became Kavli IPMU Senior

Masahito Yamazaki

Kavli IPMU Postdoctoral Fellow
Kazuya Yonekura [August 1, 2015 —
March 31, 2018] moved to Faculty o

f

Arts and Science, Kyushu University as

an Assistant Professor.
JSPS Overseas Researcher Hirary

Child [September 2, 2017 — February
27,2018] returned to the Department

of Astronomy and Astrophysics, the
University of Chicago.

JSPS Postdoctoral Fellow Kyohei
Mukaida [April 1, 2015 —March
31,2018] moved to DESY as a
Postdoctoral Fellow.

JSPS Postdoctoral Fellow Genki
Oouchi [April 1,2017 —March 31,
2018] moved to Riken as a Special
Postdoctoral Researcher.

Also, Kavli IPMU Postdoctoral Fellow

Sho Saito resigned the Kavli IPMU at
the expiration of his term, from April
1, 2015 to March 31, 2018.

Erratum to the Printed Version of the
Kavli IPMU News No. 40

On page 20, left column, line 9,
“2017" should be “2007". (This
erratum does not apply to the web
version of the Kavli IPMU News No.
40).
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Geometric Engineering

Taizan Watari

Kavli IPMU Associate Professor

When a Type IIA string propagates on a geometry with singularity, its quantized
spectrum may contain a gauge field of a non-Abelian group. The more
complicated the singularity a geometry contains, the more complicated the
gauge theory that can be obtained from string theory. The idea that one can
design geometry to realize the gauge theory one desires is called geometric
engineering. This observation has also made it possible to deal with both gravity
and gauge theory (as in the real world) by simply referring to geometry.
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