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Abstract: Six dimensional (1, 0) supergravity theories have received recent attention due to the fact that the strong constraints comin
anomalies severely restrict the theory. These constraints are restrictive enough that it is possible to get a rather good handle on the space c
that do not exhibit any (known) inconsistencies. Many useful observations can be made by studying this space of theories. In particular, the
of comparing these theories with six-dimensional string vacua turns out to be fruitful in many aspects. | will be presenting the lessons learne
research in this direction.

Pirsa: 11060057 Page 1/156



irsa: 11060057

Lessons on Quantum Supergravity from
the Six-Dimensional Landscape
Based on work with V. Kumar and W. Taylor

Daniel S. Park

Center for Theoretical Physics
Massachussetts Institute of Technology

Holographic Cosmology 2.0
at Perimeter Institute for Theoretical Physics

Page 2/156



Outline

@ Motivation -Why Six Dimensions?

irsa: 11060057 Page 3/156




Outline

@ Motivation -Why Six Dimensions?

e An QOverview of the Nonabelian 6D Landscape
@ Introduction to 6D N = (1.0) Theories
@ Global Structure of Nonabelian Theories
@ Questions

© Inclusion of Abelian Gauge Symmetry
@ Global Structure of Theories
@ Questions

irsa: 11060057

Page 4/156



Outline

@ Motivation -Why Six Dimensions?

e An Overview of the Nonabelian 6D Landscape
@ Introduction to 6D A/ = (1.0) Theories
@ Global Structure of Nonabelian Theories
@ Questions

© Inclusion of Abelian Gauge Symmetry
@ Global Structure of Theories
@ Questions

o Summary and Speculation

irsa: 11060057

Page 5/156



Quantum Gravity is HARD

Formulating a quantum theory of gravity is a hard problem.
Just to list some of the problems....
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Quantum Gravity is HARD

Formulating a quantum theory of gravity is a hard problem.
Just to list some of the problems....

@ Hard to define observables.

@ Perturbative treatment "not easy.”
@ EXxistence of black holes

@ "and soon..."
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Progress

One framework in which we know how to think about
guantum gravity is String Theory. (Strominger @ MIT, 2010)
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Progress

One framework in which we know how to think about
guantum gravity is String Theory. (Strominger @ MIT. 2010)

@ "UV complete" theory
with quantum gravity.
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Progress

One framework in which we know how to think about
qguantum gravity is String Theory. (Strominger @ MIT, 2010)

@ "UV complete” theory
with quantum gravity.

@ Can take various
perturbative limits and
compute "physical
observables.”
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Progress
One framework in which we know how to think about
guantum gravity is String Theory. (Strominger @ MIT, 2010)
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Progress
One framework in which we know how to think about
quantum gravity is String Theory. (Strominger @ MIT, 2010)
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Progress
One framework in which we know how to think about
guantum gravity is String Theory. (Strominger @ MIT, 2010)
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Progress
One framework in which we know how to think about
guantum gravity is String Theory. (Strominger @ MIT, 2010)
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Progress

More recently. our understanding of gravity has been revolutionized.
We believe that we know how to think about gravity in asymptotically
AdS backgrounds through "AdS/CFT correspondence [Maldacena.,
Gubser/Klebanov/Polyakov, Witten],” or rather "QG/QFT

Correspondence."’
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Progress

There also are many exciting attempts to understand gravity beyond
AdS—many of which are being presented here—under way.
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Progress

There also are many exciting attempts to understand gravity beyond
AdS—many of which are being presented here—under way.

| will not attempt to talk about these efforts. as | will not be able to do
justice to them.
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Question

In this talk, we will be interested in questions of different nature.
Rather than seeking for new ways to understand gravity. we will be
utilizing known constraints on quantum gravity to gain insight into its
nature.
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The General Picture

In this analysis. it is guite useful to have string theory as a reference
point. Here's a useful picture to keep in mind:

/ Afyar&cfjv Conssstent Theories

Co :S'feﬂfi' Tkwf{-&j
o

Known S‘h'?g_ lé.wa
S ‘h‘f% Vacug

Pirsa: 11060057




"Landscape Analysis”
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The "Intermediate Regime”

It is In this sense that the value of this analysis lies in the questions it
raises. It identifies a space of theories we do not know how to
understand with present knowledge.
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These are either...
@ New string vacua
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The "Intermediate Regime”

It is In this sense that the value of this analysis lies in the questions it
raises. It identifies a space of theories we do not know how to

understand with present knowledge.

These are either...
@ New string vacua
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The "Intermediate Regime”

It is In this sense that the value of this analysis lies in the questions it
raises. It identifies a space of theories we do not know how to

understand with present knowledge.

These are either...
@ New string vacua

@ New "gravity theories"
@ Secretly inconsistent theories = New constraints
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History
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History

This approach has been proven to be a fruitful one historically.
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History

This approach has been proven to be a fruitful one historically.

The prime example is given by the "first superstring revolution” in the
mid-80's fueled by the work of Alvarez-Gaumé/Witten. Green/Schwarz.
and Gross/Harvey/Martinec/Rohm.
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10D Supergravity w/ Minimal SUSY

[Alvarez-Gaume/Witten. Green/Schwarz]
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10D Supergravity w/ Minimal SUSY

|Gross/Harvey/Martinec/Rohm]
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10D Supergravity w/ Minimal SUSY

[Adams/deWolfe/Taylor]
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History
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History

A similar analysis has been done on the space of six-dimensional
supergravity theories with (2. 0) supersymmetry [Seiberg].

There is a unigue massless spectrum allowed. which precisely agrees
with that of type [IB compactified on a K3 manifold.
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Why 6D Theories with Minimal SUSY?

Apporently Gsstod Thesrics
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Outline

9 An QOverview of the Nonabelian 6D Landscape
@ Introduction to 6D N = (1.0) Theories
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Field Content

irsa: 11060057

| Multiplet | Field Content '
Gravity || (G- - BL,) |
Tensor (0.x".B,,) |
Vector (AL A7) |
Hyper (4o.v7) |
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Field Content

Theory specified by...

' Multiplet | Field Content |

Gravity | (Guv-v7-Bi) |
Tensor | (o.x7.B,)
Vector (A A7)
Hyper (4p. 7))
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Field Content

Theory specified by...

@ Number of Tensor | |
Multiplets : T Multiplet | Field Content

Gravity | (G-} . BL) |

(182

Tensor | (o0.\".By)

|
Vector (A A7) |
Hyper || (47.07)
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Field Content

Theory specified by...

@ Number of Tensor
Multiplets : T

@ (Global) Gauge Group :

G§=0G1 xGax---xXGp
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. Multiplet | Field Content
Gravity | (Guv-v7-Bh) |
Tensor | (o.x".B) |
Vector || (Au.A7) I
Hyper || (4..07)
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Field Content

Theory specified by...

@ Number of Tensor
Multiplets : T

@ (Global) Gauge Group :

G =01 xGaX---xXGp
e Matter Content : (R!)
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Multiplet || Field Content
Gravity || (Guv-v-B) '
Tensor ! (o.x™.B.,) !
Vector (A A7) |
Hyper | (4. v07) :
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Field Content

Theory specified by...

@ Number of Tensor
Multiplets : T

@ (Global) Gauge Group :

G =01 XGy x---XGp
e Matter Content : (R!)

@ Scalars:
JjES0O1.T)/SO(T)

irsa: 11060057

 Multiplet | Field Content |
Gravity || (guw-t;-Bo)
Tensor | (o.x".B,) |
Vector || (A.AT)
. Hyper | (40.07)
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Qutline

e An Overview of the Nonabelian 6D Landscape

@ Global Structure of Nonabelian Theories
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Anomaly Cancellation Conditions
|Green/Schwarz, G/S/West. Sagnotti. Sadov]

The Anomaly Polynomial

1 2b

- x 2 1 -
ls = 5Qas (23trH2 /\f u-F )( a wrR° )y " trF?)
273 = ny — ny ~ 29T. 0 = Bpg, — > XkBh
R
a-a=9-T. a'bf:%f\H(ALdj_ZX;?A%)
R

R.S

rpF? = A;:,-trFZ. trgF* = BgtrF* — Cgr(trF?)?
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Outline

e An Overview of the Nonabelian 6D Landscape

@ Global Siructure of Nonabelian Theories
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Anomaly Cancellation Conditions
[Green/Schwarz, G/S/West. Sagnotti. Sadov]

The Anomaly Polynomial

2b¢ 2b

' . 7 B, >

L= Egajg(gawrﬁt y " trF; )( _a’uR + " trF?)

273 = ny — ny ~ 29T, 0 = Bagj, — Z XpBh
a-a=9-T. a-b,-_— A — ZXHA

b - B = ax\?(z X;:I-C:::': = C"rﬂkd!) b; - bf = /\_f.)\)f Z XE.'SAIHAIS
R R.S

trgF? = AptrF=. tgF* = BgurF* — Cr(trF?)?
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Structure of Nonabelian Theories
|Green/Schwarz, G/S/West. Sagnotti. Sadov]

@ Gauge/Matter Content + Anomaly Cancellation Conditions
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Structure of Nonabelian Theories
[Green/Schwarz, G/S/West. Sagnotti. Sadov]

@ Gauge/Matter Content + Anomaly Cancellation Conditions
@ = SO(1.T) vectors a. b;.
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Structure of Nonabelian Theories
[Green/Schwarz, G/S/West. Sagnotti. Sadov]

@ Gauge/Matter Content + Anomaly Cancellation Conditions
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Structure of Nonabelian Theories
|Green/Schwarz, G/S/West. Sagnotti. Sadov]

@ Gauge/Matter Content + Anomaly Cancellation Conditions
@ = SO(1.T) vectors a. b;.
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Anomaly Cancellation Conditions
[Green/Schwarz, G/S/West. Sagnotti. Sadov]

The Anomaly Polynomial

1 1 ) 2b& 2 2b 2
lg = 5Qas(52 R + y " trF, )( a'trR? + X " trF?)
273 = ny — ny ~ 29T. 0 = Bagj — Z XpBp
a-a=9-—T. a-b,-_— A — ZXHA’

RS

rgF? = A,qu-Fz. trgF* = BgpturF* — Cr(trF?)?
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Structure of Nonabelian Theories
[Green/Schwarz, G/S/West. Sagnotii. Sadov]

@ Gauge/Matter Content + Anomaly Cancellation Conditions
@ = SO(1.T) vectors a. b;.
@ = Low energy dynamics of theory [Sagnotti] :

1 2b’

(GS) = ~QusB° A (52 wF? + <L uF?)
e -

(Kinetic) = '\t_J"' trF; A «F,
il
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Structure of Nonabelian Theories
(arXiv:1008.1062. Kumar/Marrison/Taylor)

Anomaly Cancellation Conditions =
@ Integral lattice vectors a. b;. and the vector j.
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Structure of Nonabelian Theories
(arXiv:1008.1062. Kumar/Morrison/Taylor)

Anomaly Cancellation Conditions =
@ Integral lattice vectors a. b;, and the vector J.
@ Admissable Theory = Existence of integral lattice A in R'-"
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Structure of Nonabelian Theories
(arXiv:1008.1062. Kumar/Marrison/Taylor)

Anomaly Cancellation Conditions =
@ Integral lattice vectors a. b;, and the vector |.
@ Admissable Theory = Existence of integral lattice A in R'-7
@ Kinetic terms for vectors: j-b; > 0
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Structure of Nonabelian Theories
(arXiv:1008.1062. Kumar/Marrison/Taylor)

Anomaly Cancellation Conditions =
@ Integral lattice vectors a. b;, and the vector |.
@ Admissable Theory = Existence of integral lattice A in R'-7
@ Kinetic terms for vectors: j-b; > 0

Finite number of such theoriesfor T < 9!
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Map to F-theory

(arXiv:1008.1062. Kumar/Marrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)
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Structure of Nonabelian Theories
(arXiv:1008.1062. Kumar/Maorrison/Taylor)

Anomaly Cancellation Conditions =
@ Integral lattice vectors a. b;, and the vector j.
@ Admissable Theory = Existence of integral lattice A in R'-7
@ Kinetic terms forvectors: j-b; > 0

Finite number of such theoriesfor T < 9!
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

irsa: 11060057
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geomeitric data of CY3 o
= Integral Lattice A e
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"
J-monrFs |

Page 83/156



Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geometric data of CY3 o
= Integral Lattice A <
> ma(B) = T +1 - ‘ R
“"{ /,

77—~ Branes
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geometric data of CY3
= Integral Lattice A

> h11(B) — I +1

» Canonical Divisor Class of B —+ a P /,
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geomeitric data of CY3 0
= Integral Lattice A £
> ma(B)—>T+1 2. J “ 3-manch |
» Canonical Divisor Class of B —+ a &

o —manchid
» Locus of Brane i — b ,
! J
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geometric data of CY3 o

= Integral Lattice A <
h1(B) — T +1 . b 1 “ 3-manefs
Canonical Divisor Class of B — a 0

: = —manchid|
Locus of Brane i — b; ,
Kahler Class of B — | X J

Yy v v Y%
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Map to F-theory

(arXiv:1008.1062. Kumar/Marrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

O\,

o~ —manhld ‘ ,
X
/- Branes
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Map to F-theory

(arXiv:1008.1062. Kumar/Maorrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Partial List of Requirements @ l
QL.

—mans |
oy N

Y

‘ y,

/- Branes
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Geometric data of CY3
= Integral Lattice A
h11(B)—*T—'—1 B

Locus of Brane i — b;

Yy v v %

Kahler Class of B —J
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Canonical Divisor Class of B —a . / ,

o

/- Brones
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

CNFoN
ool AN |
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Map to F-theory

(arXiv:1008.1062, Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D NV = (1.0)

@ Partial List of Requirements @

» A must be embeddable in a

unimodular lattice 2. “
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Map to F-theory

(arXiv:1008.1062. Kumar/Morrison/Taylor)

F-theory on elliptically fibered CY3 = 6D N = (1.0)

@ Partial List of Requirements @

» A\ must be embeddable in a
unimodular lattice

» Kodaira Bound : PR
j-Swvibi<—12j-a 6,

irsa: 11060057
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Outline

e An Overview of the Nonabelian 6D Landscape

@ Questions
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How Restrictive are Anomalies?
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How Restrictive are Anomalies?

Not enough!
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