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Front Local” to Global”

Kavli IPMU Principal InvestigatorC TOShiyU kl KObayaShl

Research Areal Mathematics

— Beyond the Riemannian Geometry-

Front Local” to' Global”

“ Cannot see the forest for the trees.” This is
a proverb that we will miss the whole picture if
focusing only on details. But, is that true? If we
observe trees (local properties) in a very clever way
(like a detective!) then we might be able to see
“ something” about the forest (global properties).

In classical mathematics, mainly people studied
local phenomena or those objects that are described
by local coordinates. In modern mathematics,
people’s interests have expanded to global objects,
and to understand such objects, various ideas and
methods have been introduced. Nevertheless, it is in
general dif [cdlt to understand global properties.

In the study of geometry, the question,

“ How does local geometric structure affect the
global shape?” is a prototype of the following motif:

local structure « global nature.

This motif has been a main stream especially in
Riemannian geometry since the twentieth century.
On the other hand, surprisingly, very little was
known about the local-global theory in geometry
beyond the Riemannian setting.

Although we just say* local to global,”
approaches may dramatically change to the

types of the local properties. For example! locally
homogeneous” properties are closely related to the
theory of Lie groups and number theory. In the case
discrete algebraic structure called discontinuous
groups plays a primary role to control the global
structure. In Riemannian geometry, by epoch-
making works of Selberg, Weil, Borel, Mostow,
Margulis," among others, the study of discrete
groups, which ranges from the theory of Lie groups
and number theory to differential geometry and
topology, developed extensively.

From around the mid-1980s, | began to
envisage the possibility of creating the theory of
discontinuous groups in the world of pseudo-
Riemannian manifolds. Since there is nd" natural
distance” in such geometries, one has to invent new
methods themselves. Although the starting point
was solitary, whatever | did was a new development.
Since 1990s, a number of mathematicians with
different backgrounds have gotten into this theme,
and this has brought us to unexpected interactions
to other [elts of mathematics, such as the (non-
commutative) ergodic theory, theory of unitary
representations, and differential geometry. In the
World Mathematical Year 2000, there was an

1

A. Selberg was awarded the Fields Medal in 1950, A. Weil was awarded the
Kyoto Prize in 1994, A. Borel was awarded the Balzan Prize in 1992,

G. Mostow was awarded the Wolf Prize in 2013, and G. Margulis was
awarded the Fields Medal and the Wolf Prize in 1978 and 2005, respectively.
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occasion that the themé' locally homogeneous
spaces (for non-Riemannian geometry)” was
highlighted as one of the new challenging problems
in mathematics for the twenty- [rst century ([1]). The
study keeps on [alirishing even further.
In this article, | would like to deliver the

“ [ador” of the study of global geometry of locally
homogeneous spaces beyond the Riemannian
setting and the study of the spectral analysis (global
analysis) that we have recently initiated. To do so
| try to minimize mathematical terminologies as
much as possible; the price to pay is that | may loose
certain accuracy of statements.

Differential Geometry with Inde [nite
Signature

Pseudo-Riemannian geometry is a generalization
of Riemannian geometry and Lorentzian geometry,
which describes the spacetime of the theory of
general relativity. On the p+q dimensional Euclidean
space, the region de [néd by the inequality

2 2 2
|X1 + ... +Xp _Xp+1_

- X§+q |< r’
is called a pseudosphere. The [giires on the
top of the right column illustrate a sphere ((p,q) =
(2,0)) of the Euclidean space and a pseudosphere
((p,a) = (1,1)) of the Minkowski space for the two-
dimensional case. For more general situations, by
using a non-degenerate quadratic form Q(x) with
signature (p,q), we call the region de [néd by the
inequality | Q(X) | < r’a pseudosphere.

In pseudo-Riemannian geometry we deal with
the spaces (pseudo-Riemannian manifolds),

Euclidean space R? Minkowski space &

£ N

3 3 5 v
[x* =y < r

x- +_1|': = -
which take pseudospheres as scales at local
coordinates (more precisely, at in [nikesimal level for
each point). When g =0 and g = 1, these spaces are
called Riemanninan manifolds and Lorentzian
manifolds, respectively.

To general pseudo-Riemannian manifolds, one
can de [né certain concepts such as the gradient
(grad), divergence (div), Laplacian (A =div o grad),
and curvature. Moreover, in the case of Riemannian
manifolds, that is when q = 0, since the quadratic
form Q(x) is positive-de [nike, one can also de [né
the distance between two points by integrating
(in [nikesimal) scales. On the other hand,
in the case of pseudo-Riemannian manifolds with
inde [nike signature p,q > 1, there is no reasonable
way to de [né the distance: the' intrinsic distance”
does not exist.

Is a Wayfarer Coming Back?

The Earth is round. A wayfarer traveling towards
the west would eventually come back from the
east. By the way, if the wayfarer does not know any
global facts on the Earth, such as the shape or size,
then is there any way for them to know whether
they will come back to the starting point?

In mathematics we describe by the quantity
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called curvature how spaces are curved at the
in [niktesimal level. The concept of curvature traces
back to Carl Friedrich Gauss in the nineteenth
century, who also contributed to geodesy during
his long profession as the director of Gottingen
Observatory. For two-dimensional curved surfaces
there are the following visible relationship between
the curvature and local shapes:

positive curvature

< locally concave up or concave down,
negative curvature
<> locally saddle-shaped.

In higher dimensional spaces there are three
kinds of curvature, namely, sectional curvature, Ricci
curvature, and scalar curvature, where sectional
(resp. scalar) curvature contains the most (resp. least)
information.

How does curvature (local geometric structure)
affect the global shape? The classical Myers
theorem states! If the Ricci curvature is greater than
1 then the distance between any two points is less
than = (for any dimension).” This is a local-global
theory. So, from the curvature of the surface of the

Earth (local information), one can obtain global
information, namely, the diameter of the Earth. The
claim of the theorem; If a surface is locally convex
everywhere then as a whole space it is closed like
a sphere,” agrees with our experience in our daily
life. However, when the curvature is negative or in
pseudo-Riemannian geometry, can a wayfarer who
is going forward in a uniformly curved space come
back to the starting point? From the next section
we shall enter some strange world that cannot be
understood by our daily life.”

Uniformly Curved Geometry

Pseudo-Riemannian manifolds of constant
curvature are called space forms, and play
an important role in differential geometry. The
constant-curvature property is one of the special
examples of local homogeneity. Due to their high
symmetry, space forms are interacted with various
[eltls of mathematics.

In Riemannian geometry, the sphere, Euclidean
space, and hyperbolic space are the space forms of
positive, zero, and negative curvature, respectively.
The hyperbolic space is also known as to have
played a historical role in the early nineteenth
century on a discovery of geometry that does not
hold the parallel postulate on Euclidean geometry. In
the three-dimensional case the theory of hyperbolic
manifolds, which are Riemannian manifolds of
sectional curvature -1, is in fact equivalent to that of
the Kleinian group. Hyperbolic geometry is an active
research [eltl.

In Lorentzian geometry, which is the simplest
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geometry beyond the Riemannian setting, the

de Sitter manifold, Minkowski space, and anti-
de Sitter manifold are space forms of positive,
zero, and negative curvature, respectively.

Is thet Universe” Closed?

Does there exist any space that curves locally the
same everywhere and also that is closed globally?”
In space forms of positive curvature, which
generalizes the concept of being concave up,” the
following theorem holds.

Theorem 1. Space forms of positive curvature are
(1) always closed (Riemannian geometry).
(2) never closed (Lorentzian geometry).

Theorem 1 (2) is called the Calabi—-Markus
phenomenon, named after the two
mathematicians E. Calabi and L. Markus, who
discovered this surprising fact ([2]).

On the other hand, the standard model of space
forms of negative curvature expands in [nikely and
so it is never closed. For next, in order to [nd a
closed universe” having the same local geometric
structure, | would like to illustrate an idea td* fold”
the opert universe” by one-dimensional and two-
dimensional Euclidean spaces as elementary as
possible.

The real line is obviously not closed, while a clock
dial, on which the long hand goes around in every
sixty minute (period), is closed. No matter which

? In mathematics, it is stated as: Does there exist a compact pseudo-
Riemannian manifold of constant curvature?”

ones we use, we record the same time locally. As
in this example, it is possible that two spaces are
locally the same but different globally.

Loa oo laalaaleslsil

D 15 30 45 60

—

real ling clock dial

Let us observe a similar process for the two-
dimensional Euclidean space R’. If there is a period
both in the vertical direction and in the horizontal
direction then one can tile the plane by rectangles,
which represent the period. Moreover, if identifying
the edges of the rectangles with one period then,
by gluing the edges, one can obtain a closed shape
called a torus (a surface of a doughnut).

ol | B

. = -~ &

torus

The important principles behind these elementary
examples may be formalised as

A. the algebraic structure that represent the
period (discontinuous group Z(]
B. tiling (by rectangles).

Once [ndling the principles like A or B, with
keeping local structures, one may expect to produce
spaces of different global shapes; nontheless, it is in
general far more dif [cdlt than the above examples,
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Does there exist a space form with signature (p, ¢) and of sectional curvature = —17

Case of dimension 3

C

Signature : (0, 3)
Model space : sphere

Case of dimension 4

(1,2)
de Sitter space anti-de Sitter space hyperbolic space

® ®

(2,1) (3,0)

O Pas
Signature : (0,4) (1,3)

Model space : sphere  de Sitter space

Case of dimension 15

Calabi-Markus, Wolf (1962)

©c—x

T T

sphere de Sitter space

Cases that the existence of
closed space forms is proved

as some non-commutative structure emerges.

On the existence problem of closed space forms
of negative curvature, it is known that the following

theorem holds.

Theorem 2. Closed space forms of negative

curvature exist

(1) for all dimensions (Riemannian geometry).

(2) only for odd dimensions (Lorentzian
geometry).

A proof for Theorem 2 is in fact given by the
algebraic idea of A to use matrices with integral
entries (arithmetic lattice). Moreover, in the case
of Theorem 2 (1), Mostow, Vinberg, Gromoyv,

° poS O)
(2.2) (3,1) (4,0)

anti-de Sitter space hyperbolic space

M XXX &+ @& @& @

(0,15) (1,14) (2,13) (3,12) (4,11) (5,10) (6,9) (7,8)

Kobayashi (1994) Kulkarni (1985) Siegel, Borel
+ e N 4
87  (9,6) (10,5 (11,4) (12,3) (13,2) (14,1) (15,0)

e T

anti-de Sitter space hyperbolic space

x Cases that the non-existence @ Cases that at present (2014) neither
of closed space forms is proved

the existence nor non-existence is proved

and Piateski-Shapiro gave another construction
method by a use of the geometric idea of B (non-
arithmetic lattice) for space forms of negative
curvature (hyperbolic manifolds). On the other hand,
in Lorentzian geometry, as Theorem 2 (2) exhibits,
there is a difference between the odd dimensional
case and even dimensional case. This difference can
be explained by a topological method, with which
one can give a mathematical proof for the theorem,

“ There always exists the whorl of hair on our head.”

Theorems 1 and 2 both claim that there exists

a signi Lcdnt difference between Riemannian
geometry and Lorentzian geometry on the motif,

“ local structure « global nature.” What about
pseudo-Riemannian geometry with more general
signature (p.g) (p>q>2)? In the case of positive

8 Kavli IPMU NewsO No. 2500 March] 2014



curvature it is known that closed space forms do
not exist (a generalization of the Calabi—-Markus
phenomenon). On the other hand, in the case of
negative curvature, the existence problem, namely,
for which integers p,q closed space forms exist, has
not been completely solved. As partial results, it has
been proved that there exists a closed space form of
negative curvature in the case of dimension 7 with
signature (4,3) and dimension 15 with signature
(8,7), for instance.

The table in the previous page illustrates the
current states of the arts on the existence problem
of closed space forms, by taking dimensions to be 3,
4, and 15 as examples ([4]).

Rigidity and Deformation

A rigidity theorem represents a property that
the same type of local geometric structure can
be equipped uniquely in a given global geometric
structure. Conversely, if there is some freedom for
the local structure to be equipped then the freedom
itself will become a subject of study (deformation
theory).

In Riemannian geometry rigidity theorem
has been found in various formulations. As an
exceptional example, it is known that there are
continuously many distinct hyperbolic structures
(Riemannian structures of curvature —1) on a closed
two-dimensional surface. The parameter space (up
to certain equivalence) is called the Teichmuller
space, which is connected with different disciplines
of mathematics from complex analysis and
hyperbolic geometry to string theory in theoretical

physics. In the two-dimensional hyperbolic geometry
since the discontinuous groups that control the
global shapes are discrete subgroups of SL(2,R)
(Fuchsian groups), the Teichmller space can

be thought of as the deformation space of the
Fuchsian groups.

In pseudo-Riemannian geometry with inde [nite
signature, we [nd that the geometric structure
tends to be less rigid and more' [exdible.” | believe
that the deformation theory of discontinuous
groups in the pseudo-Riemannian setting has a
good potential to yield fruitful theories in future

([1D).

Shorter Strings Produce a Higher Pitch
than Longer Strings
— Spectral Geometry-

One of outstanding perspectives in modern
mathematics is that the study of geometry“( shapes”)
is equivalent to studying the functions‘{ residents”)
on the geometry. This point of view has brought
us a great success in algebraic geometry and some
other [elds of mathematics.

As we mentioned above, there are some strange
geometries, which are locally the same but which
may be globally different. Now let us apply the
above perspective to the strange geometries and
consider the' residents” on them in the pseudo-
Riemannian setting.

For a string with constant tension, the longer
the string becomes, the lower the pitch the string
makes is. As an elementary model, we consider
the eigenfunctions for the Laplacian with period
L on the real line. We then see that the larger the
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period becomes, the smaller the eigenvalues are. For
example, trigonometric function f(x) = sin (2rx/L)
has period L and satis [ed the differential equation

d? _ 47
e f(x) = 1 f(x).
Therefore, if the period L is getting larger then the
eigenvalue 4n°/L’ is becoming smaller.

In Riemannian geometry a similar phenomenon
holds. Suppose that we list all the eigenvalues
for the Laplacian on a two-dimensional closed
hyperbolic surface in increasing order:

0= R <M <A< ...

In this case it is known that if we continuously
deform the Riemannian metric with keeping the
hyperbolic structure, then all the eigenvalues
M (k=1,2,...) will vary ([5]). In other words, when
eigenvalues are regarded as functions on the
Teichmdiller space, they cannot be constant.

Functions on the closed hyperbolic surface are
identi Led with periodic functions on the upper-half
plane, where the period is given by the Fuchsian
group (disconnected group). Therefore the above
example illustrates how eigenvalues vary according
to the deformation of the Fuchsian group.

Universal:Sounds Exist
for Music Instruments” in the
Anti-de Sitter Universe

Beyond Riemannian geometry, the global analysis
on locally homogeneous spaces is still veiled in
mystery and is an unexplored area. It is the study

of residents” on geometries. As a [rst step of its
exploration, we have discovered the following a bit
surprising phenomenon.

Theorem 3. On any three-dimensional closed anti-
de Sitter manifold, there exist in [nikely many stable
eigenvalues for the Laplacian.

This theorem captures the phenomenon
which contradicts our common sense” for music
instruments® The longer the string becomes, the
lower the pitch the string makes is.” On the other
hand, as in the two-dimensional closed hyperbolic
surface described in the previous section, there still
exist in [nitely many eigenvalues of the Laplacian
which vary according to the period in the' standard”
three-dimensional closed anti-de Sitter manifold.

If we consider anti-de Sitter manifolds as music
instruments then they will be such instruments
which have in [nitely many universal sounds”;
no matter how long or short the strings become,
their pitch do not vary. At the same time the music
instruments also have in [nikely many sounds that
DO vary (as usual)!

The new phenomenon that was discovered by
Theorem 3 occurs in higher dimensional cases and
also in some locally symmetric spaces with inde [nite
Kahler metric. The proof of the general theory is
given in our recent article of 140 pages ([6]). The
main tools are

O partial differential equations,
O integral geometry,
00 non-commutative harmonic analysis, and
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O quantitative estimates of proper actions.

In a subsequent paper we plan to make a bridge
between in [nite-dimensional representation theory
and the global analysis of locally homogeneous
spaces, by applying to

0 the theory of branching laws for breaking
symmetries of in [nite dimensional spaces.

Over the half-century the global analysis on
the locally homogeneous space I'\ G / H has been
deeply developed as an important branch of
mathematics in the following special cases.

O The case that H is compact (G/H is a
Riemannian symmetric space): the theory of
automorphic forms in number theory (T
is an arithmetic subgroup.)

O The case that I' is a [nike group consisting
only of the identity element:
non-commutative harmonic analysis,
developed by |.M. Gelfand, Harish-Chandra, and
T. Oshima, among others.

In contrast to the cases given above, the geometry
of pseudo-Riemannian locally homogeneous
spaces that we have discussed in this article is
more general, i.e. the local geometric structure is
no more Riemannian (that is, H is not compact) and
global geometric structure is given by an in [nike
discontinuous group T'. This generalization has
opened the door of a new area of geometry beyond

the Riemannian setting. What mysteries are in the
spectral analysis for such a geometry, which studies
the' residents” in the strange universe? | believe
that there is an interesting future of the study,
which we seem to start glimpsing in distance.
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Interview

with Lisa Randall

Interviewer: Shinji Mukohyama

Writing a Book Hoping
People Change Their Way
of Thinking about Science
Mukohyama: Thank you very
much for making time for us.
Let me start by congratulating
you on the publication of the
Japanese translation of your
second book." | really enjoyed
helping in the translation of
your book.

Randall: Thank you for doing
that, it's really important,
because, as you know, it's a
dif Ccdlt thing. They try very
hard, and so it's really good to
have a physicist look at it.
Mukohyama: Yeah. | noticed
that translating this book took
a long time and lot of work.
Writing the book really took
much more effort.

Randall: Yeah, that's true.
Mukohyama: So how did you
[nd time to do this?

Lisa Randall is Frank B. Baird, Jr.
Professor of Science at Harvard
University. She received her Ph.D.
from Harvard University in 1987. She
became Assistant Professor in 1991
and Associate Professor in 1995 at
MIT. She held professorships at MIT
(1998-2001) and Princeton University
(1998-2000) before returning to
Harvard University in 2001. She is a
member of the National Academy
of Sciences (since 2008), European
Academy of Sciences and Arts (since
2012), and many other renowned
institutes and societies. She was on
the list of Time Magazine’s 100
Most In [uéntial People” of 2007,
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Randall: It is really quite a lot
of time. It means giving up
other things. | think | don’t
do all other things as much
as I'd like to do. | am often
writing when | am traveling
— certainly at every available
opportunity. Even | remember,
| was sitting at the National
Academy of Science’s
meeting, which is a big deal,
and Bruno Zumino looked at
me and said; Are you writing
your book?” | guess | was just
shocked that | was. Basically |
try to do whenever | can, but
still it ends up taking quite a
bit of time, and then | have
this chunk of time and you
have to do this. Some of it is
very enjoyable, but some of it
is like a big purpose. To write
a book with one idea is not
so hard. | think for me it is not
that interesting, so | try to put
many ideas into the book, and
then integrating them into a
way that it all makes sense.
That becomes challenging.
Each chapter was quite a bit,
and then [guiring out how to

*Knocking on Heaven's Door: How
Physics and Scienti [cThinking
[lluminate the Universe and the
Modern World, ECCO Press at
HarperCollins, September 2011
Random House, September 2011
Japanese translation: 0 0 [ [
00000, NHK Publishing, Inc
November 2013



put all the stories together. So,
yes, it took quite some time.
Mukohyama: Did you start
writing the second book soon
after [Mikhing the [7st one?”
Randall: No. In fact, | didn’t
think | would write a book for
a while. | think the original
motivation was more about
sort of the frustration with the
way science was presented,
more than just about the
physics, which of course | was
excited about too; the Large
Hadron Collider, Higgs Boson,
and all of that. After reading
the newspaper, and following
the debates, and traveling

a bit, it wasn't always clear
that even people interested in
science understood really how
science worked. And | was
asked a lot of questions after
my [rst book. So, | realized
this could be a very nice book,
and then | started writing. But,
it was some years later- it
was few years at least.
Mukohyama: So do you think
the second book changed

the way people think about
science?

?Warped Passages: Unraveling the
Mysteries of the Universe’s Hidden
Dimensions, Allen Lane at Penguin,
June 2005; ECCO Press at Harper
Collins, September 2005. Japanese
translation: O O O O — 501
000000 0— NHK Publishing
Inc., June 2007

Randall: | think some people
get it. | think a lot of people
are very stubborn, and so they
have their way of thinking.

If you don't say what you

are thinking, they don’t pay
attention or they think they
know it all. | tried very hard

to speak to the middle, so
people could talk to each
other. Some people appreciate
that. But, | think we have a
long way to go. | think just in
the terms the way things have
come out, people in America
just like that argument much
more, they don't like to [nd
this middle ground as much.
But, | pursued it anyway,
because | think it's
important. | think it

will be a little while
before things change.
But, maybe, it's changing a
little bit. | think there was a
little bit more attention to
thinking scienti[cdlly in recent
years than there had been
before. Maybe it's helping.
Mukohyama: Yeah. We need
patience.

Randall: Yeah, | don’t know,

Shinji Mukohyama is Associate
Professor at the Kavli IPMU. He
studies theoretical physics and
cosmology. He stayed at Harvard
University from 2001 to 2004. He
supervised the translation of Lisa
Randall's [rst book® and the second
book® into Japanese

Interview



we don't have time. There are
too many things that have to
be done properly.
Mukohyama: Right. But

| hope that the Japanese
version of your book and your
TV program and so on will
change the way people think
about science and get more
people interested in science.
That's what | hope.

Randall: Oh, that would be
nice. Thank you. | hope so too.

Excited with the Idea of the
Warped Extra Dimension

Mukohyama: Now, let us talk
about science. Your theory of
the brane world scenario and
warped extra dimension’

is now very famous and is
considered as one of the most
promising scenarios beyond
the standard model. But, |
wonder what you thought
when you [rst proposed this
model with Raman Sundrum.
Were you con [dént that this
model would get a lot of
attention?

Randall: | am never con [dént
about that. | thought it was

a good idea. We wanted to

14

make sure, because in some

sense we were really like,

“ Why didn’t anyone see this
before?” But, | think we were
pretty excited. | don't know
what we thought in terms
of who pays attention. In
fact, in the beginning | don’t
think people paid as much
attention.

Mukohyama: Oh really?
Randall: People made it seem
like it was just another extra
dimension modeling. We really
had to make that clear. Raman
gave a bunch of talks in the
beginning. Then | started to
give talks, and then | think
people started learning. Also,

| think right then Mark Wise
called it Randall-Sundrum” in
his paper. It was very good for
us, because it made it clear it
was a different kind of model.
Yeah, | think people didn’t
always appreciate right away
that it was- some people
did, but | am not sure it was
immediately known.
Mukohyama: | see.

Randall: But | think we knew
that it was different, and we
were quite excited.

Mukohyama: | see. But for
other people it was too new
probably?

Randall: Yeah, I'm not sure.

| don't know. | think maybe
also because of duality,
people thought maybe it's
just something that's already
known. | think it took a

little while before people
appreciated that we had really
done something different. |
could be wrong, but that was
maybe the sense | had. But,
we were certainly enthusiastic.
It was also a funny thing
though, because we were
[nikhing up our paper on
anomaly mediation and
sequestering.”

Mukohyama: Right.

Randall: So, we actually
delayed these papers until we
were done with that.
Mukohyama: Oh, really?
Randall: We were excited, but
we wanted to [nish the other
things. We also wanted to
make sure we understood all
aspects, and we also had the
in [nike extra dimension. So
we had three papers that we
were thinking about at the
same time. They were all very
interesting.

Mukohyama: | agree. So, you
actually have three different
models based on the similar
setup. How did you come up
with different ideas from the
similar setup at almost the
same time? It's amazing.
Randall: Well, in some sense
the math came up with

the ideas, because we were
working out the model for
the sequestered scenario

and for this metric; because
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there are subtleties, as you
know, about how it gets
communicated and’ Does the
modulus® carry information?”
in the anomaly mediation
scenario; because we really
wanted to have a scenario
where it really worked, where
you didn’t have the leading
order terms. It was a tricky
thing. We realized you had to
have supersymmetry working
on the other brane. But in
the process we were working
out the geometry, we saw
this exponential, which is
remarkable for people like us
who have thought about the
hierarchy problem for years.
Of course you think about
that. But then, | was starting
at the metric and | was
confused, because it looked
like you could remove one of
the branes, which was a very
surprising thing.
Mukohyama: Yeah, it's very
surprising.

Randall: Certainly, when |
told people this, they thought
it has to be wrong, because
we are not allowed to have
an in [nite extra dimension
and because of theoretical

®Brane world is a physical setup in
which matter and forces are con [néd
to a surface called brane. Warped
spacetime geometry is a spacetime
that would be [aflexcept for an
overall scaling that varies with the
position in a direction. Warped extra
dimension is an extra dimension
along which the higher-dimensional
spacetime geometry is warped.

* Anomary mediation is
communication of supersymmetry
breaking by quantum effects
Sequestering is the physical
separation of different elementary
particle types in extra dimensions

® A modulus is a scalar [eltl whose
potential energy function has
continuous families of minima.



reasons, which it avoids in a
very subtle way.
Mukohyama: Right. It was
almost like a theorem before
your work.

Randall: Exactly. People
thought it was a theorem,

in fact. You're right. It's very
subtle the way it avoids it,
and so there were a lot of
subtleties there that we
wanted to make sure we
weren’'t missing something.
Mukohyama: Yeah.

Randall: But it really worked
— because the equations
gave us the hierarchy, and
then equations also pointed
out that you could remove

a brane. But then it became
subtle to [guire out what it
meant. It wasn't like we set
out to do this, but because
we were thinking about these
big problems, it became clear
after a while.

Mukohyama: | see.

Randall: As you know, when
you solve for Mpj, it's
independent of the position
of the second brane, roughly
speaking. This is an incredibly
surprising thing if you've
thought about an extra
dimension. So, understanding
that was what took us to the
third paper.

Mukohyama: Yeah, | see.
Now people think that

your scenario, the Randall-
Sundrum scenario can be
realized in string theory. |
think that the KKLT® is kind of
the string theory realization of
this warped extra dimension.
But at some point it was not
clear whether this kind of
warped extra dimension could

be realized in string theory.
Actually, | think if | remember
correctly, there was a kind of
no-go theorem. At that time
what was your feeling?
Randall: Well, | think | have
said this for a while. Although,
there is a lot of interesting
work that comes out of string
theory, | think there is the
tendency to think that you
are going to be able to [gure
it all out from [rst principles.
One of the reasons | think
model building is important
— in addition to matching
experiment- is because it
forces people to really think
harder.

Mukohyama: Right.

Randall: Is it really true that
they've [guired everything out
already, or could it be that
there are some interesting
things they're missing? |
wasn't very worried, because
| thought the likelihood

that they had [guired out
everything that’s possible in
string theory was kind of low.
Also it wasn’t the point to
derive in string theory. It was
a model and we wanted to
see. But, | guess | do think that
there were many things that
could happen en-route from
the Planck scale to the TeV
scale, and it was unlikely that
everyone had worked out all
of them.

Mukohyama: | see.

Randall: | mean they would
also say that a positive
cosmological constant is
impossible in string theory
before.

Mukohyama: Oh, yes.
Randall: There are many

things that I've said to people,

but then you have to think

harder to see if they can work.

In some sense, models are

an incentive to push a little
harder and se¢' Are there
different ways?” | used to
draw this picture with people
working from the bottom,
doing model building, and
people working from the top,
and you're trying to [ndl a
common ground.

What's Next?

Mukohyama: | see. That's
great. After having proposed
a possible solution to the
hierarchy problem, which

is really one of the biggest
problems in theoretical
physics, what is your next aim
in your research? What do
you want to solve?

Randall: Right. We don't
know if that's right and

there were many aspects
that we worked out, as you
know. But, right now, | am
thinking about dark matter,
because | think that the
combination of cosmological,

astrophysical, and particle
physics measurements- you
certainly need to think about
all of them to really pin down
what dark matter is. As I'll talk
about today, we have a new
model of dark matter. | think
there were just a lot of ideas
in dark matter that have yet
to be explored and can make
a difference for how people
study it. That's one of the
things. | also think whether
we have one solution to the
hierarchy problem. | don’t
know if it's right. So there
are still issues to think about
there.

What do you think about
these days?
Mukohyama: | am still
interested in the cosmological
constant problem.
Randall: Yeah.
Mukohyama: We worked
together on the cosmological
constant problem. We have
some model and it addresses
some important aspects, but..
Randall: It's not a perfect..

®S. Kachru, R. Kallosh, A Linde, and P
Trivedi, Physical Review D 68 (2003)
046005

Interview



Mukohyama: It's not the real
solution.

Randall: Right.

Mukohyama: | want to pursue
this direction, but at the same
time...

Randall: What other directions
do you have?

Mukohyama: | am not sure

at this moment; it's kind of

a longstanding purpose of

my research to attack the
problem of the cosmological
constant. At this moment | am
now interested in dark energy.
Randall: Which is similar, yeah.
Mukohyama: Right. They

are related to each other. In
the end, we have to solve

the cosmological constant
problem, and then attack the
dark energy problem.

Randall: Maybe.

Mukohyama: That's my gut
feeling, but it's still too dif [cult
to attack the cosmological
constant problem at this
moment. My attitude now is
to think about dark energy
for a while.

Randall: Okay.

Mukohyama: Now, back to
the LHC- it found the Higgs
Boson, so people are looking
for new physics beyond the
Standard Model. What is the
most exciting scenario from
your point of view?

Randall: Well, of course |
would love them to [nd this
kind of gravitons. | do worry
that the machine might have
too low energy and eventually
we want to have much higher
energy machine, because

just statistically it's not that
likely that the new physics
would be in the next machine,
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because we don't have that
much room. We've already
gone to 8 TeV and now we're
only going to 13 or 14.
Mukohyama: Right.

Randall: It's a concern. But,
of course it would be very
exciting if something is in this
machine and tells us what's
going on, whatever it is. |
mean, of course we hope that
they'll [ndl something.

Message to Young People in
Japan

Mukohyama: Okay. | think
this is your third or fourth visit
to Japan, and your [rst visit to
Kavli IPMU.

Randall: Yes.

Mukohyama: What is your
impression about science in
Japan?

Randall: There are some quite
good people here. There are
some quite good people who
come to the States, even
temporarily like you did. |
hope to see it stays strong. In
terms of my books, it’s very
nice that people were really
interested at least in my [rst
book, with the second one,
not yet in the stores, just
coming out; it was one of the
most scienti [cdlly interested
audiences, so | think that's
very good.

Mukohyama: Scienti [cally I'm
enjoying being here, especially
at the Kavli IPMU. Here,
people in different [eltls can
communicate.

Randall: Is this the only Kavli
IPMU building?

Mukohyama: Actually, we
have the second building, a
building shared with other

institutes.

Randall: What are these other
institutes?

Mukohyama: The next
building is for the Institute for
Cosmic Ray Research (ICRR),
and the other building is for
the Institute for Solid State
Physics (ISSP).

Randall: Do you have any
interactions with them?
Mukohyama: Sometimes
some members attend
seminars over there, and
people also come here from
there. Some people at ICRR
are af[idted with Kavli

IPMU. Also, we have some
interactions with Physics
Department which is located
on the down town campus of
the University of Tokyo.
Randall: Is it a bit far?
Mukohyama: Yes, a bit far,
but | usually attend a seminar
there on every Monday.
Sometimes people come
here, and sometimes we also
have joint seminars among
different institutes in the
greater Tokyo area. | think
there was something similar
in Boston.

Randall: Yeah, there was.

Not much any more. | think
they are busy. There are so
many seminars here. Do you
hear seminars from Japanese
people or foreigners?
Mukohyama: | think half and
half. Maybe more people from
abroad. And all seminars are
given in English.

Randall: OK, very good.
Mukohyama: | remember at
Harvard the every-day
atmosphere was very
stimulating, and we had a lot
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of seminars and so on.
Randall: Yeah, it's still lively.
And here is it very interactive?
Mukohyama: Yeah.

Randall: Very good.
Mukohyama: Do you have
any message for young
people in Japan?

Randall: Just to be excited
about science, to be happy
about thinking for themselves,
and of course not to the
exclusion of understanding
what other people are doing,
but to get inspired by the
amazing things that are
happening. Also | hope things
go well in Japan in the future.
Mukohyama: Thank you very
much.

Randall: Okay, great. Thank
you.



Teppe| Okumu raD Research Area: Theoretical Physics

Postdoc

My focus is on large-scale structures of the
Universe to understand the properties of dark
energy, which occupies approximately 70% of
the total energy of the Universe and drives the
cosmic acceleration. Recently, | have been working

on developing a theoretical model to extract the Spectroscopic Survey (BOSS), which is currently
information of dark energy precisely from the the largest three-dimensional survey of galaxies,
observed gravitational clustering of galaxies. Here considering its possible extensions to the SuUMIRe
at Kavli IPMU, | intend to work on the analysis survey at the Subaru Telescope, which involves Kavli
of the galaxy data from the Baryon Oscillation IPMU.

Wiphu Rujopakarn resarcn area Astronomy

Postdoc

My research focused on the evolution of galaxies:
How galaxies formed stars and were assembled. The
progress towards a coherent picture of this evolution
is being driven rapidly by the emergence of new
radio and millimeter-wave facilities that can peer
through the thick dust prevalent in young galaxies at
the peak of their assembly, redshifts 1 to 4, to reveal
the interplay of star formation and supermassive with Kavli IPMU researchers to synergize these
black hole accretion. | look forward to join force wavelengths with ongoing Projects at the Kavli IPMU.

Our Team
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Workshop Report

International Workshop on Next Generation
Nucleon Decay and Neutrino Detectors

(NNN13)

Masashi Yokoyama

Associate Professor of Graduate School of Science, The University of Tokyo

and Kavli IPMU Scientist

Neutrino oscillation, discovered by
the Super-Kamiokande collaboration
in 1998, is the [rst evidence of the
physics beyond the standard model
of particle physics. Over more than
a decade since then, the studies of
neutrino oscillations have grown to
be one of the central topics in particle
physics. As yet, we have not reached
full understanding of what neutrinos
are telling us.

During 2011 - 2012, the discoveries
of the electron neutrino appearance
by the T2K experiment, to which the
Kavli IPMU participates, and anti-
neutrino disappearance by the three
reactor experiments opened the door
to the next stage. The determination
of the last mixing angle 6,; with those
experiments made it possible to
approach the major goals of neutrino
physics, search for CP asymmetry in
neutrino sector, and determination of
the mass hierarchy, in the near future.

Because of the tiny interaction
probability, the instruments to detect
and study neutrinos tend to be huge,
like the Super-Kamiokande detector

that uses 50,000 tons of pure water. In

order to further advance the study of
neutrino properties, next generation
detectors with larger target mass
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and better performance have been
intensively studied all over the world.
In Japan, the Hyper-Kamiokande, a 1
megaton water Cherenkov detector,
is proposed as the successor of
Super-Kamiokande. Such detectors,
if realized, will also have sensitivity
to nucleon decays that are predicted
in the Grand Uni [ed Theories. In
addition, they will give opportunities
for research in broader [elt of science
such as neutrino astrophysics and
geophysics.

The workshop series; International
Workshop on Next Generation
Nucleon Decay and Neutrino
Detectors (NNN),” started back in
1999, has been providing a forum for
researchers to discuss next generation
nucleon decay and neutrino detectors
towards their realization. The 14th
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NNN was held from November 11 to
13, 2013 at the Kavli IPMU with about
120 participants from 14 countries.
There were 35 oral and more than
30 poster presentations covering
all aspects of related research, from
theoretical development to the
results and prospects with current
and future experiments, and R&D
on detector technology, accelerator,
and neutrino beams. Through intense
and exciting discussion during three
days of workshop, neutrino physicists
exchanged ideas to develop the new
generation of experiments.

We would like to thank the
administrative staff members of the

Kavli IPMU for their service. We are
especially grateful to Ms. Rie Ujita for
her support, which was indispensable
to make this workshop possible.




Workshop Report

SUSY: Model-Building and Phenomenology

Shigeki Matsumoto

Kavli IPMU Associate Professor

The workshog SUSY: Model-
Building and Phenomenology” was
successfully conducted at the Kavli
IPMU during December 2 - 4, 2013.
Having a workshop dedicated to
current situations and future prospects
of supersymmetry (SUSY) model-
buildings and their phenomenological
studies was the most important and
timely idea because of the following
reasons. First, the recent discovery
of a new boson and subsequent
measurements of its properties at
the CERN Large Hadron Collider
experiment (LHC) indicates that the
boson seems strongly to be the Higgs
boson predicted by the standard
model (SM). Next, no new physics
signals, on the other hand, have been
discovered at LHC, which provide
very stringent constraints on SUSY
models. Finally, no robust new physics
signals have been detected at dark

matter detection and [aJor-related
experiments, either. Because of the
reasons, many SUSY models proposed
before LHC were ruled out and
people were required to build new
SUSY models which are consistent
with the new experimental results
with taking care of the naturalness
problem concerning the electroweak
scale.

All of these issues were covered
in great depth in the workshop,
which included twelve plenary
talks and seven contributed (short)
talks. The workshop was launched
by an opening talk by Kavli IPMU
Director Hitoshi Murayama, where
he gave a broad overview of the
physics concerning new physics
(SUSY) models. This was followed up
with subsequent thorough talks by
Graham Ross on several known SUSY
models with focusing carefully on

the [né-tuning problem, by Norimi
Yokozaki on the focus-point scenario,
by Philipp Kant on three-loop Higgs
mass calculation in MSSM, by Joshua
Ruderman on high-scale SUSY model,
by Tomer Volansky on R-parity
violating scenario, by Fuminobu
Takahashi on SUSY cosmology, and
by Masahiro Ibe on the pure gravity
mediation model. There were also
two experimental (ATLAS) talks

by Shimpei Yamamoto and Naoko
Kanaya discussing the current status
and future prospects on SUSY
searches at LHC. In addition, attractive
non-SUSY scenarios were presented
by Pyungwon Ko and Mikhail
Shaposhnikov. Through the talks,
participants could clearly understand
the situation of SUSY (and non-SUSY)
model-buildings and obtain a clue of
promising future directions on this
subject.

This workshop was originally
planned to be a small one, but the
number of participants was actually
much more than we expected.

This fact means that the topic of

the workshop is now regarded

as the most important one by
almost all researchers in particle
phenomenology, and having a similar
workshop at the Kavli IPMU in the
near future will be very important.

Workshop
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Workshop Report

Workshop on “Primitive Forms and Related

Subjects’

Kyoji Saito

Kavli IPMU Principal Investigator

A workshop on Primitive Forms
and Related Subjects was held at the
Kavli IPMU from February 10 to 14,
2014 (organized by K. Hori, C. Li, S. Li,
and K. Saito).

Let us give a brief historical
overview on the subjects.

Modeled on the classical theory
of elliptic integrals on a family of
elliptic curves, the theory of period
integrals of primitive forms over
vanishing cycles of a function with
isolated critical points was introduced
in a work of K. Saito 1983. Here, a
primitive form is defined to be a class
of relative top degree differential
forms on an open complex manifolds
equipped with a deformation family
of a function F having only isolated
critical points, where the relative
de Rham cohomology class of the
primitive form should satisfy some
infinite system of bilinear equations
of higher residue pairings defined on
a semi-infinite Hodge structure.

Primitive forms have been one
of the subjects of the Math-String
seminar and Topological Strings
seminar at Kavli IPMU for the
reason that the theory of primitive
forms is relevant for the complex
geometric aspect (“B-model”)
of the Landau-Ginzburg model
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whose superpotential is given by
the function F. According to a
postulate, called mirror symmetry in
topological string theory, the theory
should correspond to the symplectic
geometric aspect (“A-model”) of
another theory, such as the Gromov-
Witten theory of a compact Kéhler
manifold or the Fan-Jarvis-Ruan-
Witten theory (2007, 2013) of a
Landau-Ginzburg orbifold.

As a consequence of the theory,
a primitive form induces the flat
structure on the deformation
parameter space (i.e., a flat metric
together with a ring structure on the
tangent bundle of the parameter
space satisfying some integrability
conditions. The structure was later
axiomatized as the Frobenius manifold
structure by B. Dubrovin 1990).
Then that structure defines a potential
function called the prepotential on the
parameter space. One mathematically
rigorous formulation of the mirror
symmetry conjecture asks that the
prepotential function obtained
from a primitive form should
coincides with that of the
mirror side (i.e., of Gromov-Witten
theory or of FIRW theory) after a
suitable identification called
the mirror map, of parameter
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spaces equipped with the flat

coordinates.

However, the verification of this
mirror symmetry conjecture was
not achieved until recently, since
even though primitive forms are
theoretically known to exist, their
explicit expression was not known
except for two cases: universal
unfoldings of simple singularities
and simple elliptic singularities (1983
K. Saito). Mirror symmetry for these
two cases has been confirmed rather
recently (simple singularity case,
Fan-Jarvis-Ruan 2007, simple elliptic
singularity case, Krawitz-Shen 2011,
Milanov-Shen 2012).

In the last year, there has been
new progresses:

1) Towards a construction of primitive
forms over Novikov rings for toric
cases (Fukaya-Oh-Ohta-Ono),

2) Unified approach to primitive
forms and to BCOV-theory via
polyvector fields (Li-Li-Saito),

3) Perturbative construction of
primitive forms (Li-Li-Saito).

In particular, as an application of 3),

we obtain

4) Verification of mirror symmetry
for wide classes of singularities
including cases with central
charge being larger than 1, using



the perturbative formula of
prepotentials (Li-Li-Saito-Shen).

The workshop was inspired by
these recent developments, and
consisted of

(A) three basic courses

e Lecture | (given by K. Ono, H. Ohta,
and K. Fukaya) : Frobenius manifold
structure and Lagrangean Foer theory
for toric manifolds

e Lecture Il (given by T. Jarvis) :
Introduction to FJRW-theory and

a mathematical approach to the
Gauged Linear Sigma Model

e Lecture Il (given by Si Li) : LG-model
via Kodaira-Spencer gauge theory

(B) 10 research talks

e S. Barannikov: On the
noncommutative Batalin-Vilkovisky
formalism and EA matrix integrals

e A Takahashi: From Calabi-Yau dg
categories to Frobenius manifolds via

primitive forms

e K. Hori, M. Romo: The parameter
delta

e H. Fan: Analytic construction of
guantum invariant of singularity

e Y. Zhang: On the genus two free
energies for semi simple Frobenius
manifolds

e A Losev: K. Saito theory of primitive
form, generalized harmonic theory
and mirror symmetry

e H. Iritani: Gamma Conjecture for
Fano manifolds

e Y. Shen: Mirror symmetry for
exceptional unimodular singularities
e T. Milanov: The phase form in
singularity theory

e D. Pomerleano: Deformation theory
of affine symplectic manifolds

(C) 7 short communications

e Y. Shiraishi: On Weyl group and
Artin group associated to orbifold
projective lines

¢ N. Priddis: A Landau-Ginzburg/
Calabi-Yau correspondence for the
mirror quintic

¢ M.R. Rahmati: Hodge theory of
isolated hypersurface singularities

e B. Bychkov: On the number of
coverings of the sphere ramified over
given points

e M. van Garrel: Integrality of relative
BPS state counts of toric Del Pezzo
surfaces

e S. Sugiyama: On the Fukaya-Seidel
categories of surface Lefschetz
fibrations

e A. Bondal and I. Zhdanovskiy: Critical
points of a functional and orthogonal
pairs of Cartan subalgebras.

There were over 80 participants
from all over the world, including
Asia, Russia, Europa and America, and
the workshop was quite active and
successful by showing the current
status of the research and inspiring
further study of primitive forms
including 1) geometric understanding
of mirror symmetry and 2) towards
a categorical construction primitive
forms.
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Yukinobu TODA Wins the 2014
MSJ Spring Prize
Kavli IPMU

Associate Professor
Yukinobu Toda has
won the 2014 MSJ
(The Mathematical
Society of Japan)
Spring Prize for his
outstanding contributions to the
study of derived categories of
algebraic varieties. The MSJ Spring
Prize was established in 1988 as the
successor of the lyanaga Prize which
had been established in 1973. It is
awarded to its members under the
age of 40 to recognize outstanding
mathematical achievement. The
awards ceremony was held on March
16, 2014 at the MSJ Spring Meeting
2014 at Gakushuin University.

Yukinobu Toda

J-PARC Neutrino Beam Group
Awarded the 2013 Suwa Prize

The J-PARC
Neutrino Beam
Group (Professor
Takashi Kobayashi
of KEK as a .
representative) has o L-_
been awarded Mark Hartz
the 2013 Suwa Prize by the FAS
(Foundation for High Energy
Accelerator Science) for their
contribution to the discovery of
electron neutrino appearance in
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the T2K Experiment by creating

and operating the highest intensity
neutrino beam facility. Kavli IPMU
Assistant Professor Mark Hartz is
among the prize winners. The Suwa
Prize was established by the FAS and
is given to researchers, engineers,
and research groups recognizing
exceptional performance, such

as long-term contributions, for

the development of high-energy
accelerators and their application in
science. The awards ceremony was
held on February 17, 2014 at Arcadia
Ichigaya in Tokyo.

Lisa Randall Gave a Public Lecture

“ Knocking on Heaven’s Door”

On January 25, 2014, Kavli IPMU
hosted a public lecture Knocking
on Heaven's Door,” delivered by a
theoretical physicist Lisa Randall,
Professor at Harvard University, at
the Koshiba Hall on the University of
Tokyo’s Hongo campus. She talked
about the experiments at the CERN’s
Large Hadron Collider (LHC) and
the Higgs boson discovery in these
experiments, from the viewpoint
of a theoretical physicist. She also
discussed from the vast Universe to
its building blocks, the elementary
particles, and their relations
taking note of their very different
scales. Professor Randall’s talk was
interpreted by Kavli IPMU Director
Hitoshi Murayama in Japanese at
short intervals with explication. This
style of lecture was well received by
the audience as easy to understand.
As Professor Randall is popular for
her books for general audiences,
which are translated into Japanese,
the venue was near capacity and
there were a number of people who
listened to the lecture while taking
notes.

You can also [nd an interview with
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Professor Randall on pages 12-16 in
this issue of the Kavli IPMU News, by
Kavli IPMU Associate Professor Shinji
Mukohyama.

After the lecture, Professor Randall is answering
questions. The person on the right is Kavli IPMU
Director Murayama.

WPI Institutes Jointly Participated
in AAAS 2014 in Chicago

The 2014 AAAS (American
Association for the Advancement of
Science) Annual Meeting was held
for [vd days, February 13 — 17, 2014,
at Hyatt Regency Chicago as a main
venue with a theme of Meeting
Global Challenges: Discovery and
Innovation.” The 9 WPI institutes
jointly participated following the
AAAS 2013 in Boston and AAAS
2012 in Vancouver (in 2012 and
2013, 6 WPI institutes participated).

The AAAS Annual Meeting has
been held since 1848 when the
AAAS, a nonpro [T professional society
dedicated to the advancement of
scienti [c_hnd technological excellence
across all disciplines, and to the
public’s understanding of science and
technology, was founded. The AAAS
is also known as the publisher of the
famous science journal, Science. The
AAAS Annual Meeting is a widely
recognized global science gathering,
bringing thousands of scientists,
engineers, policymakers, educators,
science journalists, and general
public together to discuss the most
recent developments in science and
technology in a variety of programs.



The 9 WPI institutes jointly hosted
the WPI booth for three days, February
14-16, as part of the Japan pavilion
organized by the Japan Science and
Technology Agency (JST), and held a
one-hour workshop entitled’ Build a
Career in Japan!” jointly with RIKEN. In
this workshop, a MEXT of [car Hideki
Iwabuchi (Director, WPI/Of [cd for the
Promotion of Basic Research, Basic
Research Promotion Division, Research
Promotion Bureau) introduced the
WPI program, and Petros Sofroni,
Director of the International Institute
for Carbon-Neutral Energy Research
(CNER) explained advanced and
global research activities at the WPI
institutes.

WPI booth at the Japan Pavilion.

Murayama Project SuMIRe”
Participated in FIRST EXPO 2014

On February 28 and March 1,
2014, FIRST EXPO 2014 was held at
Bellesalle Shinjuku Grand in Tokyo
to present the outcomes of the
FIRST (Funding Program for World-
Leading Innovative R&D on Science
and Technology) to the general
public at the end of the last year of
the program. Led by the Council for
Science and Technology Policy (CSTP)
in the Cabinet Of [cd, Government
of Japan, the FIRST program was
inaugurated in FY2009 to advance
world-leading research that will
strengthen Japan'’s international
competitiveness while contributing
to society and public welfare through
the application of its results. The

CSTP selected the top 30 researchers
with highest potential from various
[elts. The total budget for the FIRST
Program was ¥100 billion over a
period of [vd years. Kavli IPMU
Director Hitoshi Murayama’s SuMIRe
(Subaru Measurement of Images and
Redshifts) project is one of the 30
selected projects. It aims at revealing
the nature of Dark Matter and Dark
Energy and uncovering the Origin
and Future of the Universe through
the most advanced astronomical
observations with ultra-wide [eld of
view imaging as well as spectroscopy
using the Subaru Telescope.

At FIRST EXPO 2014, the outline
and the results of the selected
30 projects were presented by
researchers of the respective projects.
There were also exhibition booths
and many other events. From the
SuMIRe project, a full-scale replica
of an aspherical lens used for Hyper
Suprime-Cam (HSC), an ultra-wide
[eld digital camera, was displayed.
The SuMIRe project has been
involved with production of the
HSC's aspherical lenses. Mounted on
the Subaru Telescope, HSC has been
made available for observations this
year. In addition, Kavli IPMU Professor
Masahiro Takada, who is one of
the core members of the project,
talked on the present status and the
expected outcomes of the SuMIRe
project on February 28.

LE

Professor Takada, giving a lecture.

A Program to Encourage Female
Students to Study Science’ Come
Over to Learn the Universe!”

On March 15, 2014, a Program to
Encourage Female Students to Study
Science; Come Over to Learn the
Universe!” was held at Kavli IPMU,
jointly hosted by Kavli IPMU and the
Institute for Cosmic Ray Research
(ICRR), the University of Tokyo, and
35 high school and junior high
school female students participated.
This is part of an attempt which the
University of Tokyo has planned,
supported by the Japan Science
and Technology Agency (JST), to
encourage female students in
studying science as their future
path by inspiring their interests in
the [eltls of science. The students
listened to lectures given by two
female researchers, Miho Ishigaki
(JSPS postdoctoral fellow at Kavli
IPMU) and Rieko Momaose (project
researcher at ICRR), about their
respective researches, and practiced,
under the guidance of graduate-
student teaching assistants, laser
interferometry which is applied to a
gravitational wave telescope. Then,
the students had friendly talks with
postdocs and graduate students at
the Kavli IPMU's Interaction Area. The
participating students expressed their
impressions such as; It was nice to
hear the life of university students,”
and; | got interested in the Universe
much more than before.”

)

Friendly conversations at the Kavli IPMU's Interaction
Area.
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Kavli IPMU Seminars

1. “ Naturalness, Conformal
Symmetry and Duality”
Speaker: Yoshiharu Kawamura
(Shinshu V)
Date: Nov 06, 2013

2. “ Triple Intersection Formulas for
Isotropic Grassmannians”
Speaker: Vijay Ravikumar (TIFR)
Date: Nov 06, 2013

3. “ Linear canonical relations and
their quantization”
Speaker: Alan Weinstein (UC
Berkeley)
Date: Nov 06, 2013

4. “ Minicourse on the Madsen-
Weiss Theorem [Part 3]”
Speaker: Charles Siegel (Kavli IPMU)
Date: Nov 07, 2013

5. “ Some foundations of extended
guantization”
Speaker: James Michael
Wallbridge (Kavli IPMU)
Date: Nov 07, 2013

6. “ Minicourse on the Madsen-
Weiss Theorem [Part 4]”
Speaker. Charles Siegel (Kavli IPMU)
Date: Nov 08, 2013

7. “ The Moduli and Gravitino (non)-
Problems in Models with Strongly
Stabilized Moduli”
Speaker: Jason Evans (U
Minnesota)
Date: Nov 08, 2013

8. “ Higher derived categories of
relative exact categories and non-
connective K-theory”
Speaker: Satoshi Mochizuki (Chuo U)
Date: Nov 12, 2013

9. “ Entanglement Renormalization
and Black Holes in AdS/CFT”
Speaker: Tadashi Takayanagi
(YITP)
Date: Nov 12, 2013

10" Conformal Blocks and the Ising
Model”
Speaker: Simon Wood (Kavli
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IPMU)
Date: Nov 12, 2013

11" The Search for sub-GeV Dark
Matter”
Speaker: Rouven Essig (Stony
Brook U)
Date: Nov 15, 2013

12" Spherical DG-functors”
Speaker: Timothy Logvinenko
(Cardiff U)
Date: Nov 18, 2013

13Y DW theory using cohomology
with coef[ciénts in Picard
groupoids”
Speaker: Alexander Voronov (U
Minnesota)
Date: Nov 19, 2013

14* Exact results for boundaries
and domain walls in 2d
supersymmetric theories”
Speaker: Takuya Okuda (U Tokyo)
Date: Nov 19, 2013

15" Loop Groups and Conformal
Blocks”
Speaker: Jesse Wolfson
(Northwestern U)
Date: Nov 19, 2013

16" Challenges and
accomplishments of the ATLAS
experiment at the Large Hadron
Collider”
Speaker: Fabiola Gianotti (CERN)
Date: Nov 20, 2013

17" The bounded denominator
conjecture for vector-valued
modular forms”
Speaker: Christopher Marks (U.
Alberta)
Date: Nov 21, 2013

18" WISH: Wide- [eld Imaging
Surveyor for High-redshift”
Speaker: Toru Yamada (Tohoku U)
Date: Nov 21, 2013

19¢ The chemical abundance patterns
of the most metal-poor stars”
Speaker: Norbert Christlieb
(Heidelberg U)
Date: Nov 22, 2013
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20" Finding the most metal-poor stars
with SkyMapper and [Tst results,
including a [Fe/H] < -7 star”
Speaker: Anna Frebel (MIT)

Date: Nov 22, 2013

21" Non-existence of semi-
orthogonal decompositions and
sections of the canonical bundle”
Speaker: Shinnosuke Okawa
(Osaka U)

Date: Nov 25, 2013

22! Deformed supersymmetric
gauge theories from string- and
M-theory (Part I): Introduction to
the [xtrap background”
Speaker: Susanne Reffert (CERN)
Date: Nov 26, 2013

23" Deformed supersymmetric
gauge theories from string- and
M-theory (Part Il): Applications”
Speaker: Domenico Orlando
(Ecole Normale Supérieure )
Date: Nov 26, 2013

24! Future high-energy gamma-ray
observatory: Cherenkov Telescope
Array (CTA)”

Speaker: Masaaki Hayashida (ICRR)
Date: Nov 27, 2013

25* New Insights into the Formation
and Evolution of the Most
Massive Galaxies”

Speaker: Danilo Marchesini (Tufts U)
Date: Nov 27, 2013

26" Primitive forms via polyvector
[elts”

Speaker: Changzheng Li (Kavli
IPMU)
Date: Nov 28, 2013

27" Re-interpreting kinematic
variables in the LHC searches”
Speaker: Myeonghun Park (Kavli
IPMU)

Date: Nov 29, 2013

28! Exact Partition Functions on RP2
and Orientifolds”

Speaker: Heeyeon Kim (KIAS)
Date: Dec 03, 2013
29" Asymptotic safety of the



Standard Model and the Higgs
boson mass”
Speaker: Mikhail Shaposhnikov
(EPFL)
Date: Dec 04, 2013

30" Re [edtion relations and
fermionic basis”
Speaker: Fedor Smirnov (LPTHE)
Date: Dec 05, 2013

31" The Dark Past and Bright Future
of Radio Detection of UHECRS”
Speaker: Konstantin Belov (UCLA)
Date: Dec 05, 2013

32" Etale cohomology, I-adic sheaves
and Deligne-Lusztig theory”
Speaker: Tanmay Deshpande
(Kavli IPMU)
Date: Dec 05, 2013

33" An Algorithmic Approach to
Heterotic String Phenomenology”
Speaker: Seung-Joo Lee (KIAS)
Date: Dec 06, 2013

34" Eqilibrating the Quark-Gluon
Plasma: Flow, Fluctuations and
Thermalization”
Speaker: Berndt Mueller (Duke U)
Date: Dec 09, 2013

35" Phase transitions in high density
Yang-Mills matter”
Speaker: Giorgio Torrieri
(Columbia U)
Date: Dec 09, 2013

36" Cosmology with the South Pole
Telescope”
Speaker: Nils Halverson (U
Colorado)
Date: Dec 11, 2013

37" Searching for Dark Matter
through Radio Observations:
Present and Future”
Speaker: Aravind Natarajan (U of
Pittsburgh)
Date: Dec 12, 2013

38! Some uses of entropy in
birational geometry”
Speaker: llya Karzhemanov (Kavli
IPMU)
Date: Dec 12, 2013

39" Holographic topological
insulators and superconductors”
Speaker: Moshe Rozali (U. British
Columbia)

Date: Dec 12, 2013

40" The Little Bang Standard Model”
Speaker: Ulrich Heinz (Ohio State U)
Date: Dec 13, 2013

41" Testing Strong Gravity with
X-Ray Spectroscopy of AGN”
Speaker: Sachiko Tsuruta
(Montana State U)

Date: Dec 13, 2013

42" Why is the generalized second
law true?”

Speaker: Aron Wall (UCSB)
Date: Dec 17, 2013

43¢ Representations on the
cohomology of hypersurfaces and
mirror symmetry”

Speaker: Alan Stapledon (U of
Sydney)
Date: Dec 18, 2013

44 WH expansion applied for the
Non-linear Dark Matter Power
Spectrum and its Applications”
Speaker: Toshifumi Futamase
(Tohoku U)

Date: Dec 19, 2013

45! Scale Invariant Extension of the
Standard Model with QCD-like
hidden sector and composite
Dark Matter”

Speaker: Jisuke Kubo (Kanazawa U)
Date: Dec 20, 2013

46" Classi [cation of 6D SCFTs”
Speaker: David Morrison (UCSB)
Date: Jan 14, 2014

47" Modular family of 3D higher-
spin theory”

Speaker: Wei Li (AEI)
Date: Jan 14, 2014

48" Quantum Liouville’s Theory and
Modular Double of Uq(sl(2,R))"
Speaker: lvan Ip (Kavli IPMU)
Date: Jan 14, 2014

49" Formation of First Stars”
Speaker: Takashi Hosokawa (U

Tokyo)
Date: Jan 15, 2014

50! The weak lensing and clustering
of SDSS Il galaxies: from
astrophysics to cosmology”
Speaker: Surhud More (Kavli
IPMU)
Date: Jan 16, 2014

51" Crystalline companion of I-adic
sheaves”
Speaker: Tomoyuki Abe (Kavli IPMU)
Date: Jan 16, 2014

52! Stabilization of Linear Higher
Derivative Gravity with Constraints”
Speaker: Tai-jun Chen (Cambridge)
Date: Jan 17, 2014

53" Dirac graphs”
Speaker: Corneliu Sochichiu (GIST)
Date: Jan 21, 2014

54! Recurrence (and resummation)
of conformal blocks”
Speaker: Cornelius Schmidt (Kavli
IPMU)
Date: Jan 21, 2014

55! Double Disk Dark Matter”
Speaker: Lisa Randall (Harvard U)
Date: Jan 24, 2014

56 Local quantum cohomology and
mixed Frobenius Structure”
Speaker: Yukiko Konishi (Kyoto U)
Date: Jan 27, 2014

57" Mirror symmetry for minuscule
Schubert complete intersections”
Speaker: Makoto Miura (U Tokyo)
Date: Jan 28, 2014

58" Observations of Star Forming
Galaxies in the Heart of the
Reionization Era”
Speaker: Richard Ellis (Caltech)
Date: Jan 28, 2014

59! CohFT and conformal blocks, or,
how | learned to stop worrying and
compute all the Chern classes”
Speaker: Charles Siegel (Kavli IPMU)
Date: Jan 28, 2014

60" SUSY, Seesaw, CMB”
Speaker: Shinsuke Kawai
(Sungkyunkwan U)
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Date: Jan 29, 2014

61 Non-Hydrogen Supernovae
within Extended Envelopes: Light
Curve Modeling and Parameter
Dependences”
Speaker: Elena Sorokina
(Lomonosov Moscow State U)
Date: Jan 30, 2014

62 Flops and S-duality conjecture”
Speaker: Yukinobu Toda (Kavli
IPMU)
Date: Jan 30, 2014

63" Stringy Differential Geometry
and N=2 D=10 Supersymmetric
Double Field Theory”
Speaker: Jeong-Hyuck Park
(Sogang U)
Date: Feb 04, 2014

64" Naturally in [afing on
steep potentials through
electromagnetic dissipation”
Speaker: Lorenzo Sorbo (U
Massachusetts, Amherst)
Date: Feb 05, 2014

65 How many is different? Answer
from the ideal Bose gas”
Speaker: Jeong-Hyuck Park
(Sogang U)
Date: Feb 06, 2014

66! Subaru Telescope Adaptive
Optics Observations of the SDSS
Gravitationally Lensed Quasars”
Speaker: Rusu Cristian Eduard (U
Tokyo / NAQJ)
Date: Feb 06, 2014

67" Review of Dark Matter Search
with Liquid Xe Detector and
Recent Results from XMASS”
Speaker: Hiroyuki Sekiya (ICRR)
Date: Feb 07, 2014

68" Stuckelberg Portal into Dark
Sectors”
Speaker: Gary Shiu (UW Madison/
HKUST)
Date: Feb 12, 2014

69" Nonlinear velocity statistics
and redshift-space distortions in
peculiar velocity surveys”
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Speaker: Teppei Okumura (Kavli
IPMU)
Date: Feb 13, 2014

70¢ Interplay between Randers
metrics and the causal geometry
of stationary spacetimes. Almost
isometries.”
Speaker: Miguel Angel Javaloyes
(U Murcia, Spain)
Date: Feb 14, 2014

71* New physics searches with
boosted tops”
Speaker: Takeuchi Michihisa
(King's College London)
Date: Feb 19, 2014

72" Supernova SN 2012dn: A
spectroscopic clone to SN 2006gz”
Speaker: Devendra Sahu (Indian
Institute of Astrophysics,
Bangalore)
Date: Feb 19, 2014

73" High-Energy Neutrinos as New
Cosmic Messengers”
Speaker: Kohta Murase (IAS)
Date: Feb 21, 2014

74* How Large is a Neutron Star?”
Speaker: Jim Lattimer (Stony
Brook U)
Date: Feb 24, 2014

75! Higgs branch localization of 3d
N=2 theories”
Speaker. Masazumi Honda (Harish-
Chandra Research Institute)
Date: Feb 25, 2014

76" Planck cosmology, Galaxy
Clusters, and Neutrino Masses:
the View from the Optical”
Speaker: Eduardo Rozo (SLAC)
Date: Feb 25, 2014

77" Justice for supersymmetric
hybrid in [afion”
Speaker: Valerie Domcke (SISSA)
Date: Feb 26, 2014

78! Young diagrams and intersection
numbers for toric manifolds
associated with Weyl chambers”
Speaker: Hiraku Abe (Waseda U)
Date: Feb 27, 2014
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79! Evolution of the star formation
and gas content in galaxies
through cosmic time”

Speaker: Emanuele Daddi (CEA-
Saclay)
Date: Feb 27, 2014

80" The Gauged Linear Sigma Model
and GIT”

Speaker: Richard Driessnack Eager
(Kavli IPMU)
Date: Feb 27,2014

81" Hypercharged dark matter and a
new approach to halo-independent
direct detection analysis”

Speaker: Brian Feldstein (Oxford)
Date: Feb 28, 2014

82! Lagrangian embedding of cubic
4-folds containing a plane”
Speaker: Genki Oouchi (Kavli IPMU)
Date: Mar 03, 2014

83" A Landscape in Boundary String
Field Theory”

Speaker: Koji Hashimoto (Osaka
U / Riken)
Date: Mar 04, 2014

84! Cosmology with new
gravitational degrees of freedom”
Speaker: Baojiu Li (Durham U)
Date: Mar 05, 2014

85! Derived categories,
noncommutative motives and
commutative theorems”

Speaker: Marcello Bernardara
(Institut de Mathématiques de
Toulouse)

Date: Mar 10, 2014

86" The Fluid Gravity
Correspondence”

Speaker: Shiraz Minwalla (Tata
Institute)
Date: Mar 10, 2014

87! Scattering in Large N Matter
Chern Simons theories”

Speaker: Shiraz Minwalla (Tata
Institute)
Date: Mar 11, 2014

88! The latest results from the T2K

experiment”



Speaker: Yoshinari Hayato (ICRR)
Date: Mar 11, 2014

89" Predictions for the Dirac CP
Violation in the Lepton Sector”
Speaker: Serguey Petcov (SISSA/
INFN, Kavli IPMU)
Date: Mar 12, 2014

90" A large number of fast
cosmological simulations for
the revised WiggleZ BAO
measurement”
Speaker: Jun Koda (Swinburne U
of Technology)
Date: Mar 14, 2014

91" A Holographic Model of the
Kondo Effect”
Speaker: Jackson Wu (NCTS
Hsinchu, Taiwan)
Date: Mar 18, 2014

92" Implications of 98 GeV and
125 GeV Higgs scenario in non-
decoupling SUSY”
Speaker: Dilip Kumar Ghosh
(Indian Association for the
Cultivation of Science)
Date: Mar 19, 2014

93" In[afion driven by the SM Higgs
[elt after BICEP result”
Speaker: Kohei Kamada (EPFL)
Date: Mar 24, 2014

94! Pfaflan sum formula for the
symplectic Grassmannians”
Speaker: Takeshi Ikeda (Okayama
U of Science)
Date: Mar 24, 2014

95! The Leptonic CP Phase from
T2(H)K and oscillations from p*
Decay at Rest”
Speaker: Jarah Evslin (IHEP/Beijing,
IMP/Lanzhou)
Date: Mar 25, 2014

96" FQH/CFT and g-CFT”
Speaker: Taro Kimura (CEA Saclay/
RIKEN)
Date: Mar 25, 2014

97" Supersymmetric Renyi Entropy”
Speaker: Tatsuma Nishioka (IAS
Princeton)

Date: Mar 26, 2014

98" The Type la supernovae rate
with Subaru/XMM-Newton Deep
Survey”
Speaker: Jun Okumura (Kyoto U)
Date: Mar 27, 2014

99" Q&A Session with Professor
Peter Goddard”
Speaker: Peter Goddard (IAS,
Princeton)
Date: Mar 27, 2014

Kavli IPMU Komaba Seminars

1! Exact Results In Two-Dimensional
(2,2) Supersymmetric Gauge
Theories with Boundary”

Speaker: Mauricio Romo (Kavli
IPMU)
Date: Nov 18, 2013

2! Characteristic classes from 2d
renormalized sigma-models”
Speaker: Hans Jockers (U Bonn)
Date: Jan 30, 2014

Personnel Changes

Promotion

Surhud More,
previously Kavli
IPMU postdoctoral
fellow, was
appointed as a Kavli —
IPMU Assistant -
Professor on March
1,2014.

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 Professor Shigeki
Sugimoto [April 1, 2008 — March
31, 2014] moved to the Yukawa
Institute for Theoretical Physics, Kyoto
University as a Professor.

Kavli IPMU Professor Hiroshi Karoji

[April 1, 20100 May 31, 2010 as

a Project Researcher, and June 1,
2014 - March 31, 2014 as a Project
Professor] moved to the National
Institutes of Natural Sciences (NINS)
as a specially appointed Professor.

Kavli IPMU postdoctoral fellow
Katsuyuki Naoi [April 1, 20120
February 28, 2014] moved to
Division of Mathematical Science,
the Graduate School of Engineering,
Tokyo University of Agriculture and
Technology as a Lecturer.

Kavli IPMU postdoctoral fellow
Takaya Nozawa [September 1, 2008
O March 31, 2014] moved to the
National Astronomical Observatory of
Japan (NAQ)J) as a specially appointed
Assistant Professor.

Kavli IPMU postdoctoral fellow
Tomoki Saito [May 1, 20100 March
31, 2014] moved to the Institute for
Cosmic Ray Research, the University
of Tokyo as a postdoctoral researcher.

JSPS postdoctoral fellow
Mitsutoshi Fujita [April 1, 20130
March 31, 2014] moved to the
Yukawa Institute for Theoretical
Physics, Kyoto University as a JSPS
postdoctoral fellow, accompanying
his host researcher, Professor Shigeki
Sugimoto.00 O

JSPS postdoctoral fellow Kunio
Kaneta [April 1, 20130 March 31,
2014] moved to the Institute for
Cosmic Ray Research, the University
of Tokyo as a project researcher.

JSPS postdoctoral fellow Shunsuke
Tsuchioka [April 1, 20110 March
31, 2014] moved to the' Leading
Graduate Course for Frontiers of
Mathematical Sciences and Physics”
(FMSP), the Graduate School of
Mathematical Sciences, the University
of Tokyo as a Project Assistant
Professor.
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Gravitational Wave

Seiji Kawamura

Professor, Institute for Cosmic Ray Research, the University of Tokyo,
and Kavli IPMU Senior Scientist

Gravitational wave, which was derived from general theory of relativity, is ripple in
spacetime propagating at a speed of light. Gravitational waves are emitted from
accelerating objects, and have not yet been directly detected, since the distortion of
spacetime caused by gravitational waves is extremely small. If gravitational waves are
detected, we could reveal a new aspect of the Universe such as coalescences of black
holes and the beginning of the Universe, which we have not been able to observe so
far. Currently large-scale laser interferometric gravitational wave detectors, such as
LIGO (US), Virgo (Europe), and KAGRA (Japan) are being constructed. We expect that
in several years gravitational waves will be detected for the first time, and gravitational
wave astronomy will be established.
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Workshop Report

International Workshop on Next Generation
Nucleon Decay and Neutrino Detectors
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Workshop Report

SUSY: Model-Building and Phenomenology
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e Lecture | (given by K. Ono, H. Ohta,
and K. Fukaya): Frobenius manifold
structure and Lagrangean Floer theory
for toric manifolds

e Lecture Il (given by T. Jarvis):
Introduction to FJRW-theory and a
mathematical approach to the Gauged
Linear Sigma Model

e Lecture Ill (given by S. Li): LG-model
via Kodaira-Spencer gauge theory

B. 10D #HE

e S. Barannikov: On the non-
commutative Batalin-Vilkovisky
formalism and EA matrix integrals

e A. Takahashi: From Calabi-Yau dg
categories to Frobenius manifolds via
primitive forms

e K. Hori and M. Romo: The parameter
delta

e H. Fan: Analytic construction of

guantum invariant of singularity

¢ Y. Zhang: On the genus two free
energies for semisimple Frobenius
manifolds

e A Losev: K. Saito theory of primitive
form, generalized harmonic theory
and mirror symmetry

e H. Iritani: Gamma Conjecture for
Fano manifolds

e Y. Shen: Mirror symmetry for
exceptional unimodular singularities

e T. Milanov: The phase form in
singularity theory

¢ D. Pomerleano: Deformation theory
of affine symplectic manifolds

C 70¥3a—bdJ2a=F—>3v
e Y. Shiraishi: On Weyl group and
Artin group associated to orbifold
projective lines

e N. Priddis: A Landau-Ginzburg/
Calabi-Yau correspondence for the

mirror quintic
e M.R. Rahmati: Hodge theory of

isolated hypersurface singularities

e B. Bychkov: On the number of
coverings of the sphere ramified over
given points

e M. van Garrel: Integrality of relative
BPS state counts of toric Del Pezzo
surfaces

e S. Sugiyama: On the Fukaya-Seidel
categories of surface Lefschetz
fibrations

e A.Bondal and I. Zhdanovskiy: Critical
points of a functional and orthogonal
pairs of Cartan subalgebras
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