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https://en.wikipedia.org/wiki/Purple

Ooguri san has been very supportive
from the very early days of my career.

In 2005, the penultimate year of my PhD study,

(and when Ooguri san was at my age now),

he was instrumental in arranging my five-month visit

to the KITP program Mathematical Structures in String Theory
as a graduate fellow.

(For a while I hesitated. Ookouchi san encouraged me to go.)

That kickstarted my career, allowing me to interact with
many notable string theorists, to find collaborators ...

He also invited me to Caltech during my stay.
He even brought me to the Norton Simon Museum.
(Shigemori san was there at the time and took care of my visit.)
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https://www.on.kitp.ucsb.edu/online/strings05/
https://www.kitp.ucsb.edu/apply/fellowships/graduate-fellowship-program/graduate-fellows-date

Unfortunately I didn’t find my photo with Ooguri san from those days.

Let me instead show me having fun in California,
which was enabled by Ooguri san:

Ryu and Takayanagi were in KITP at that time too as postdocs,
working on their famous paper!
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In May 2011, there was a conference Three String Generations at IHES.

Nathan BERKOVITS, Robbert DIJKGRAAF, Michael DOUGLAS, Igor KLEBANOYV, Gregory MOORE
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It was a joint 50th-ish anniversary meeting for ten string theorists,
where some of their mentors and students were also invited.

Since | gave a talk there, ten years have already passed,
and we're now celebrating Ooguri-san’s 60th anniversary.

Time flies.
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Concerning these 0 mod 10-years old anniversaries,
there is the following saying of Confucius/fL+~:

BHALMETE, =iz,
PUHAR, T HimArEK b,
ANTTENE, Aok, AR

(Analects 2:4)

Let me give a tentative English translation,
based on the Japanese translation by Shigeki Kaizuka,
a famous Chinese classicist and a brother of Hideki Yukawa.
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https://ctext.org/analects/wei-zheng/zh#n1121
https://www.amazon.co.jp/dp/4122000181

T A& TE

When | was fifteen, | set my mind on learning.
=iz

When | was thirty, | stood on my own.
PuF-MiAs =&

When | was forty, | stopped vacillating.

AR fi

When | was fifty, | understood what heaven wants from me.
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AT EE,
When | was sixty, my ears became obedient.

(That is, he learned to calmly accept inconvenient truths spoken to him.)

BHMELATER, AR

When | was seventy, even when | acted as | wished,
I did not transgress any norm.
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HA ALK fir

When | was fifty, | understood what heaven wants from me.

Soon after the conference Three String Generations at IHES was over,
| realized | should have used this quote and

asked Hirosi and other 50-ish participants

if they understood what heaven wanted from them.

| have regretted this missed opportunity ever since.
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So | won’t miss today’s chance to ask Hirosi
if he has attained the level of Confucius at sixty:

aguiif=y

When | was sixty, my ears became obedient

= | became able to accept inconvenient truths told.

Let us see how it goes.
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He has a popular introduction to String Theory in Japanese

-
[

which sold 10* ~ 10° copies.
This book is perfect.
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He has a popular introduction to String Theory in Japanese

which sold 10* ~ 10° copies.
This book is perfect.

Well, almost perfect.

Here are a couple of comments | wanted to make for some time ...

10/ 46



. PR Y Ao LR
e WEK CERR AR )
ﬂ#(ﬁﬂ.ot&ﬁ?%ﬁamtﬁii?o

D AONEEN ROV Y SV K
» ORI PO ROBR 0

In p.73, he compared open string worldsheets to tagliatelle,

and closed string worldsheets to penne.
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Tagliatelle are good

but not very common in Japan.

(photo taken from https://en.wikipedia.org/wiki/Tagliatelle)
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https://en.wikipedia.org/wiki/Tagliatelle
https://en.wikipedia.org/wiki/Tagliatelle

He should have used & L & A (kishimen) instead!

(photo taken from https://www.flickr.com/photos/tamaiyuya/8314125524)
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https://ja.wikipedia.org/wiki/%E3%81%8D%E3%81%97%E3%82%81%E3%82%93
https://www.flickr.com/photos/tamaiyuya/8314125524

Another is in p.178, where he likened

the First Superstring Revolution (from 1984)
with the American Wild West,

in particular the Land Run (around 1890),
where the settlers could occupy the land

as much as they wanted ...

*
4
il
%
< i
»
H
D
2
7
3
¥
U
=
7

SRR EEEITAL | 8). capeRs

14 /46


https://en.wikipedia.org/wiki/Wild_West
https://en.wikipedia.org/wiki/Land_run

... which I do not think was a particularly good idea.

The free lands were there because the US government
took them from Native Americans.

The phenomenon of American Wild West was contemporary with,
and part of, the global colonization process,
including that of Korea and parts of China by Japan, about a decade later.

So | didn’t think that American Wild West was a particularly apt analogy.

| thought a small dose of criticism is the
best possible birthday present to an adult (like a vaccine!)

That's why | chose this topic for this occasion.
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Happy 60th anniversary, Ooguri san!
Many happy returns!

16/46



For the scientific part, let me talk about something

I've been thinking for a couple of years,

mainly with K. Yonekura,

with occasional helps from Y. Lee, K. Ohmori, and V. Saxena.

Recently we've been greatly helped by M. Yamashita on the math side.
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On a certain
non-supersymmetric
heterotic 6-brane
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Consistent quantum gravity should/would have
dynamical objects with all possible charges.

There are refinements of this statement,
such as the cobordism conjecture of [McNamara-Vafa, 1909.10355].

Ooguri san has played a crucial role
in the development of this subject in general.

Today I'd like to consider the case of a certain Zy charge.
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http://arxiv.org/abs/1909.10355

Consider heterotic so(32) theory = Type | theory.

It has dynamical particles in the adjoint and in the spinor,
but not in vector and in the conjugate spinor.

The gauge group is then Spin(32)/Zz which is not SO(32).

You can consider a background of Spin(32) /Z2
which does not allow objects in the vector representation of s0(32).
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Witten called them backgrounds without vector structure.
[hep-th/9712028]

It is measured by an obstruction class vo € H?(spacetime, Zz)

such that
/ vo =0o0r1
C

depending on whether the Spin(32)/Zx configuration
restricted on the 2-cycle C lifts to Spin(32) or not.

So it is a Zz charge.

Is there a dynamic object which has this charge?
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http://arxiv.org/abs/hep-th/9712028

It should be a 6-brane of the form
R%! x Ryo x S?

where

/ vo =1 mod 2.
SZ

It is not supersymmetric.

A brane breaks translation, and therefore breaks some SUSY.
But the minimal SUSY in 7d has the same # of supercharges
as the 10d bulk theory itself.
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It is a Z,-torsion brane.
This is because its conserved charge is / va, which is mod 2.
S2

There are Za-torsion non-BPS D-branes in type | s0(32) superstring.
[Witten, hep-th/9810188]

Is it one of those non-BPS D-branes? No.
Type | Za-torsion branes are D8, D7 and DO, D-1.

More fundamentally, all type | D-branes come from
0O(32) gauge fields on the 9-branes.

And our brane is characterized exactly by the condition
that it is not an O(32) gauge field.
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http://arxiv.org/abs/hep-th/9810188

Does it really exist? If it does, what properties does it have?

A simple 50(32) configuration on S without vector structure is
obtained as follows.

Consider U(16) C SO(32),
and put a charge-1/2 monopole in the U(1) part of U(16).

This kills 16 of U(16),
and therefore also kills 32 of SO(32). So it is without vector structure.

Adjoints and spinors of s0(32) becomes A®"186,
the even-indexed antisymmetric tensors, of U(16). So they are fine.
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Let us take the S-wave approximation to analyze

R%1 x Ry x S2.

By performing a KK reduction along S2, one finds that
3 an 8d chiral spinor in A%16 of s1(16) on

R%1 x Rygq.

How can a chiral spinor be put on a half-space?
There seems no boundary condition you can write.

It is similar to the Callan-Rubakov problem, but in higher dimensions.
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The anomaly polynomial I of an 8d chiral spinor
in A%16 of su(16) has the factorized form

p1(R) | ca(F)
4 T 2

Io = —( )es(F)

and is canceled by the Green-Schwarz mechanism with the B-field.

So the total anomaly vanishes, and there is no fundamental obstruction
to write a boundary condition to the combined system,
although no weakly-coupled one can be written (as far as | know).

Therefore, the 6-brane at the boundary in the infrared limit would
realize a strongly-coupled non-supersymmetric scale-invariant theory
if it really exists.
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Does such a 6-brane really exist?

Let’s start with the black brane solution in heterotic s0(32) theory
[Gibbons-Maeda 1988], [Garfinkle-Horowitz-Strominger 1991]:

F = Q652,
e 2 =1—7r_/r,
1— o
ds? = LT/ g L i
(A—r_/r)
d 2
+ . + 120,

(L —ry/r)(L—r_/r)

where
Qxryr_, Mxry+r_.

For 7+ > £, this is a perfectly nice supergravity black hole solution
at nonzero temperature. Let it evaporate ...
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https://doi.org/10.1016/0550-3213(88)90006-5
https://doi.org/10.1016/0550-3213(88)90006-5

We get to a very simple, extremal, zero-temperature solution
with an infinitely-long throat region:

F = Qﬁsz,
e 20 — ey/”’,

ds? = dxtdx, + dy? + T%dﬂ%z

where
9 X Qfs.

The only new part is
the particular choice of u(1) C u(16) C so(32).
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Comments

® Tension ~ gh_et2 in heterotic, as in heterotic NS5-brane,

but ~ gt;s’e/f in type I, in between NS5-brane and D-brane.
® Heterotic coupling diverges at the core,

while Type | coupling goes to zero.
® Throat infinite in the heterotic frame

but finite in length in the Type | frame. The origin singular.

® 52 s of stringy size. Classical solution not reliable with Q = 1.
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Let us have a more detailed look at the S part.
Luckily, the heterotic worldsheet theory can be analyzed exactly.

The worldsheet theory has the structure

(’¢f,...,16? 15%,...,16) < 8%+ (TR, TR
———

monopole flux=1/2 monopole flux=2

It happens that
VL. 100 P1, 16 ~ (SU(16)/Za)1 + (25, ¥F)
up to a finite gauging, so that the original theory is basically

(SU(16)/Z4)1 + (¥L,¥L) & 8% & (UE OR)
S—— S——

monopole flux=2 monopole flux=2
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This is
(SU(16)/Z4)1 + (N'=(2, 2) S? sigma model)
but the second term becomes gapped in the infrared, leaving just

(SU(16)/Z4)1,

a purely holomorphic spin-CFT of ¢, = 15.
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So, the extremal limit of our black 6-brane has
an exact heterotic worldsheet CFT description with

R%! 4+ (linear dilaton) 4 (SU(16)/Z4)1

which is very similar to that of an NS5-brane.

NB. This is the same solution as the stable background to the 10d
tachyonic heterotic su(16) theory found in [Kaidi 2010.10521].
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http://arxiv.org/abs/2010.10521

Nature of the Z, charge

We started by saying that we consider / v,
2-cycle
measuring the absence of the vector structure for s0(32) on the 2-cycle.

But this statement is only applicable
for geometric heterotic compactifications.

We saw that
50(32) S2 without vector structure —= (SU(16)/Z4)1.

Therefore, an abstract internal CFT (SU(16)/Z4)1 should
equally have this Zz charge.

What is this Z, charge, in the worldsheet CFT language?
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We want a Zg-valued invariant for worldsheet N'=(0, 1) SQFTs
with 2(cr — cr) = —30, suitable for a compactification to 8d.

The best-known invariant of 2d SQFTs is
the elliptic genus = superconformal index,
taking values in modular forms with integer g-expansion coefficients.

It is nonzero only for 2(cg — c¢r) = 0 or 4 mod 8.

This is due to KO;(pt) = Z only for « = 0 or 4 mod 8.
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Corresponding to KO;(pt) = Z3 for i = 1,2 mod 8,
we can consider mod-2 elliptic genera of N'=(0, 1) SQFTs
when 2(CR — CL) =1, 2 mod 8.

We have 2(cr, — cr) = —30 = 2 mod 8, so this might be it,
we thought.

Surprisingly, there’s no paper on the hep-th side,

and just two papers on the math side [Ochanine 1991], [Liu 1992].

Kazuya and | developed the theory of mod-2 elliptic genera
from hep-th point of view (unpublished).

Unfortunately, they turned out to be zero for (SU(16)/Z4)1.

So our efforts are wasted.
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https://doi.org/10.1007/BF02571343
https://doi.org/10.1007/BF02096624

What is this Z, charge, then?
Well, the Stolz-Teichner conjecture says that:

{ 2d N'=(0, 1) supersymmetric theory }
withn = 2(cr — cr)

TMF,(pt) = , :
continuous deformation
where TMF,, (pt) is the n
Our case is n = —30, for which mathematicians have found
TMF_30(pt) == Zz EB Zz [J]

has zero has nonzero
mod-2 elliptic genus mod-2 elliptic genus
So, our Zg charge measuring the absence of vector structure is
a good candidate for this Z, part.

And indeed it is the case;
Mayuko Yamashita kindly confirmed it by a heroic computation.
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Let me reiterate:

The absence of vector structure on a geometric 2-cycle,
when stated abstractly in terms of heterotic worldsheet theory,
is a subtle TMF charge.

But the 8d spacetime is still geometric:
10d = 8d + 2d

geometric + abstract SCFT

Is there an 8d interpretation to this charge?
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Is there an 8d interpretation to this charge?

Mod-2 elliptic genus counts the number mod-2 of R-ground states.
R-ground states of the worldsheet theory give massless fermions.

So, mod-2 elliptic genus of the worldsheet theory
= the number mod-2 of massless spacetime fermions.

Are there other natural Zz-valued quantities in 8d?
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In 2d U(INV) gauge theory, we can consider the continuous theta angle

F;
w/trU(N)
27

where 8 ~ 6 4 27. When the gauge group is SO(IN), we have the
discrete theta angle

ie/wz(SO(N))
where & = 0 or 7, instead.

When the topological class is Z valued, the theta angle is continuous.

When the topological class is Z3 valued, the theta angle is discrete.
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In 8d with gravity and B-field with the condition dH o tr R?,
available topological classes are [Giambalvo 1971]

Q" (pt) = Z B Z

where Z part is

o tr R*
8d

so a continuous theta angle is possible:

X 17 0tr R*.
8d
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https://doi.org/10.1215/ijm/1256052508

This continuous theta angle is actually present in heterotic strings.
Indeed, in 10d, we have

o 1 B AtrR*
10d

required from the Green-Schwarz cancellation.

Its 8d compactification with

0:=
2d

gives

ocz'/ 0tr R*.
8d

where € is dynamical, as it should/would be in a quantum gravity theory.
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How about the Z5 part in
Q" (pt) = Zo DL 7

This is known to be generated by

the exotic 8-sphere ~ the group manifold SU(3) with a unit H flux.

Is there a discrete theta angle for it in heterotic strings?

Yes, exactly when the 2d internal space is without vector structure.
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More abstractly, a heterotic internal worldsheet theory
giving the element in the Z5 part in TMF _3¢(pt)
leads to this nontrivial discrete Z, theta angle in 8d, detecting

the exotic 8-sphere ~ the group manifold SU(3) with a unit H flux:

internal 2d ‘space’: TMF _go(pt) = Zo @ Z[J]
(represented by abstract SCFT) i

8d spacetime: QS (pt) = Zo O Z

There should be a physics derivation of this fact.

At present, we only have a very abstract method
using the Anderson self-duality of Tmf,
again thankfully provided by M. Yamashita.
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Summary of the physics part

We described some properties of heterotic 6-brane
carrying the without-vector-structure Zo charge.

It is non-supersymmetric, but has a very simple worldsheet description

R%! + (linear dilaton) + (SU(16)/Z4)1.

It gives a mysterious strongly-coupled boundary condition
for an 8d chiral fermion whose anomaly is canceled
via Green-Schwarz mechanism.

It strongly suggests that it provides us a strongly coupled
non-supersymmetric theory in 7d.
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Summary of the math part

This without-vector-structure Zq charge,

when stated abstractly in terms of heterotic worldsheet theory,
is the Zy part of

TMF_30(pt) = Z2 ) Zz [J]

In 8d spacetime language, it is a Z2 theta angle for the Zy part of

Q5" (pt) = 22 @ Z

measuring the exotic 8-sphere
~ the group manifold SU(3) with a unit H flux.
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