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1. Landscape & Swampland (;3ith)
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no global symmetry in string theory

# string [CIRN2&HXIFMMEFT—I{banTns |
- HRBOEREZZDE

REHLY MHOST—IRFOIELEEFH BT EE
[Banks-Dixson ’88, ---]

- AdS/CFT ZRET B & -

CFT ORFAHLY K JF =2 bulk AdS DT —Ii7 Ay

# =T (FBEBOI N4 IC X TR 9 D5 A [Harlow-Ooguri, -+
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global vs gauge in the BH context

global symmetry gauge symmetry
ex. B— L ex. U(1)em @)

# no-hair theorem:

i
3
S
i

F4R — global symmetry charge D157 < 23
cf. elemag charge (& BH DX DO DEZBZENITHH S
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no global symmetry in £

BH —— BH —
B—-L>0®D Hawking 259 (&
N T KEFEAN B_-TL=0

BH O#ZEFEEEZ 3 &, global symmetry charge (JR7E L7R L)
— global symmetry (XFELC & UTHILBIXIFRE |

cf. T—IRIMNEDIBEIBIZDRE T Hawking BBF (I PHE TR




CDEKIIC, KEm (KD—MRICEFEN) &ZADL

IBEROFF DOXIHNEY matter contents (CIEBBRRHIER

— Landscape & Swampland [Vafa ’06]




landscape -
=T 57) c ZESiYainDEFmbyieit

swampland :
BN 7ZS AR TSP [ETRIEmIC DN
= FeJ)c ([FHEPF(C couple TR0




Swampland program

boundaries! JRRIPT.

SRR BRI ? ?

- Landscape & Swampland @

- TORKHNRIBE? ? (EFENNORRHBHFHHO !)
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2. Weak Gravity Conjecture &ZDihak



Weak Gravity Conjecture

[ArkaniHamed-Motl-Nicolis-Vafa 06’]



global symmetry = gauge symmetry @ g =0

— gauge coupling g NOEE8Y FERIFHBDH ? ?




Einstein-Maxwell IB5gICH(FD TS v OR—)L

1) sub-extremal BH: g|Q\ < M/\@Mpl

T # 0 @ Hawking 8523 LT extremal BH (CARIR

2) extremal BH: ¢|Q| = M /v/2Mp;
T = 0; Hawking #8597 H =780\
— BDERIEMEEIFIZLVRD RREICEELEITS

X glQ| > M/\@Mpl (SRDEFE R (cf. cosmic censorship)
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no Hawking radiation T no Hawking radiation

BHT CREIR

Hawking ¢

RDFFER RDOFFER

Q

[ArkaniHamed-Motl-Nicolis-Vafa 06’] D22 U 7=1EFEik:R -

XIFNE (ex. SUSY) TSN TLVERLY extremal BH (&
RIMNUSDERZEF vV RILZFFONLU |

- MIMETTFOSNTVWERWEREIRENER(CH DD IFAEER
- entropy bound (conjecture) & DFEHEDELN




Weak Gravity Conjecture

[ArkaniHamed-Motl-Nicolis-Vafa 06’]

BH’
extremal BH > Q—-qg<M-m

—

extremal BH DgBIEF v VU RILZH 5.
M DEEIE U= DBHMIRDIFE S ZHF/o 73 0)
— g = m EREITHFNIEBLED 1 DFE

a particle ¢ = m

BBEDIZD Qext = Mext RBAIFR



Weak Gravity Conjecture

[ArkaniHamed-Motl-Nicolis-Vafa 06’]

BH’
extremal BH > Q—-qg<M-m

—

extremal BH DgBIEF v VU RILZH 5.
M DEEIE U= DBHMIRDIFE S ZHF/o 73 0)

m

— 99 = oMo Zmlc I AFHDR< ED 1 DFR

a particle ¢ = m

BBEDIZD Qext = Mext RBAIFR



- KIERDEFH TIRREZTF TV D

[Brown et al ’15, Heidenreich et al ’15, Hebecker-Soler ’17, Montero et al 17, ---]

- AdS/CFT Z=RL\/CIER%

[Nakayama-Nomura °15, Harlow "15, Benjamin et al 16, Montero et al ’16, ']

-SDEZARBIEIF SN TULIRLY



Q. extremal BH h'EEIE I N U & WSEEIRERIZE S PA??



Evidence of WGC from unitarity and causality
[Hamada-1N-Shiu ’18]



BEIRILF—BBEERD
TS PKREZICHIBR (ex. positivity bound)

Evidence of WGC from unitarity and causality
[Hamada-1 N-Shiu ’18]
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oMo Zimlc9d BH H\FEFE |

[Kats-Motl-Padi '06]
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no Hawking radiation T no Hawking radiation

Hawking #25¢ CagiE
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M

no Hawking radiation T no Hawking radiation

Hawking 8259 CHRIE

ROFER ROFER

Q
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# Einstein-Maxwell IBSGA\DSPEMOEIE (2Mp, =1, g = 1)

1
/d4ZE\/ |: R — — W/F'MV—FOQ(FIMVF'UJV)

4
—I—OzQ(FWFW) + agF,, F,, WHP? +
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no Hawking radiation T no Hawking radiation

BT CHALR

Hawking ¢

ROFFER ROFFER
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# Einstein-Maxwell BHA\DSPEMOEE (2M5, =1, g =1)

1 1
S::/l#x«ig{ZR-— WP+ aq (B, FHY)?2

4
tag(Fu F*)? + agF, F,o WHPT ...

— BH BPEROMFHROBEMEEES NS ¢
2
% = ?@ (201 —a3) + O(1/Q") BEROFERZL |




M

no Hawking radiation T no Hawking radiation

Hawking 8259 CHRIE
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# Einstein-Maxwell BHA\DSPEMOEE (2M5, =1, g =1)

1
/d4ZE\/ |: R — — M,/F'MV—FOQ(FIMVF'UJV)

4
+a2(FWFW)2 + azF, F,y WHPT +

(mm

- BH O EROBTROBENMEESNS :
2
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Evidence of WGC from unitarity and causality
[Hamada-TN-Shiu ’18]

1
/d43;\/7{ - ZFWFW + al(FWFW)
+ao(Fu F")? + agFy Fpo WP +
.
@ a3 ([FHREP causality THEDESNS ol

SUSY: a3 = 0, non-SUSY: |aq], |as| > |as)

]

causality constraint ~
[cf. Camanho-Edelstein-Maldacena-Zhiboedov ’14]
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Evidence of WGC from unitarity and causality
[Hamada-TN-Shiu ’18]

1
/d43;\/7{ - ZFWFW + al(FWFW)
+ao(Fu F")? + agFy Fpo WP +
4 )
@ a3 ([FHREP causality THEDESNS ol
SUSY: a3 = 0, non-SUSY: |aq], |as] >T> las)| o .
causality constraint ~*
[cf. Camanho-Edelstein-Maldacena-Zhiboedov ’14]
. /
4 )
@ a1 DS unitarity TESND
ex. dilaton coupling
¢ . Y 1 2
?FWFW — dilaton £ — AMEEMER 72 (Fl B

\.




RIC |g] > m Z#FBI=TRFNANEL TH

dilaton % moduli B EDRERT 201 — a3 >~ 2a > 0

—|Q| > M %7 s BH hFE s e
unitarity
X WGC &KV “extremal BH (IEBIEINRL” DIRL\ZEHL



Weak Gravity Conjecture Dihik



# Tower/(sub)Lattice Weak Gravity Conjecture
[Heidenreich et al ’15 & ’16, Montero et al ’16, Andriolo-Junghans-TN-Shiu ’18]

q2
T

-

] > m EBETRFNY D —/BFIRICERBEE
- BH argument + KK reduction [Heidenreich et al *15]

- positivity + KK reduction [Andriolo-Junghans-TN-Shiu ’18]

- modular invariance [Heidenreich et al 16, Montero et al ’16]




# Tower/(sub)Lattice Weak Gravity Conjecture
[Heidenreich et al ’15 & ’16, Montero et al ’16, Andriolo-Junghans-TN-Shiu ’18]

q2
T

(

] > m EBETRFNY D —/BFIRICERBEE
- BH argument + KK reduction [Heidenreich et al *15]

- positivity + KK reduction [Andriolo-Junghans-TN-Shiu ’18]

- modular invariance [Heidenreich et al 16, Montero et al ’16]

\

# p-form J—IF \D—RL

p-form 7 —Y15:

55 LTWL3 (p-1)-dim object DFEAICER T < (g* ML —2)1/?
X axion Z= O-form T —YiFE AT &

instanton action & axion decay constant ([C St - —— <1

f
Mp;
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3. Inflation IREINDRE



Inflation in a nutshell

Dark Encrgy
Acceleratec Expansion
Afterglow Light \
Pettern  Dark Ages Development of
400,000 yrs. / Gezlaxies, Planets, eiC y 5¢
) ) e B ; ..'.’ Y . . . |
— g e e e U, L U o—
| 1 \'.':.:.,‘ ';o.'-i-';‘. " N o = = ] -
] bt Ve 3 . - —
Quantu
Fluctuations
aboul 300 million yrs. \/
Dig Bang Expansion L ¢
13.7 pillion years ¢CMB ¢end reheatlng
<] e

Ad

- BN T VY vILEE DA NS —15 “inflaton” ZEB A
- inflation POEFIESE = CMB BEESETREDESDER
% CMB OERAlIGZENSA VYIS RYRTVYIRIL Y HBbhhd




primordial gravitational waves

Tensor-to-scalar ratio (r9.002)
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« attractors
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Primordial tilt (ns)

deviation from scale invariance




primordial gravitational waves
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= | . | 0\ | Planck TT-+lowP

\ B Planck TT+lowP+BKP
- \ W Planck TT+owP+BKP+BAO
S L (Natural inflation)

Hilltop quartic model
« attractors
Power-law inflation
Low scale SB SUSY
R? inflation

V x ¢

V o ¢?

V x ¢t/

Vo

V x ¢?/3

N,=50

N,.=60

0.15

Tensor-to-scalar ratio (r9.002)
0.10

0.05

0.00

Primordial tilt (ns)

deviation from scale invariance

natural inflation (X large field inflation @ simple 7FRE



natural inflation: axion = inflaton

# natural inflation [Freese-Frieman-0Olinto '90]

7O FA Y DEAIE Lagrangian :
L= ——( 0. 0)° — V(o)

V(p) x g~ Dinst (1 — COS ?) | Z g~ WDinst (1 — COS n7¢>

n>2

f POV VR ~ (RO
_PHOVAVRTFYY R ILISEEN ¢ — b+ 2 f

- Siust : instanton fEAA ~ tension



slow-roll axion potential

/0

— AVITSEIRTVYvILH+H72FLB (slow-roll condition)

- negligible higher harmonics (1 > 2) = Singt > 1

- long enough periodicity — f > Mp)



f
Mp;

— simple % axion inflation IRE (EZEF =B

WGC (j: Sinst ) 5 1 75:5%3?



loophole &F3



axion monodromy
MT VY v )L Z2%HRERICT B

V(p) =Vir(0) g~ Dinst (1 — Cos ?)

spectator instanton
WGC =9 7207 F(C instanton ZE&E A

V(p) = e Pinst (1 — COS ?) + e Sinet (1 — COS %)

- large field inflation %z

Var. X e~ Sinst (1 — COS %) (f" > Mp)) TEIR

- WGC (F Sy - ML < 1 7% instanton T@wzENsd

Pl
— NT VY v ILDIRE) — power spectrum DIREH & non-Gaussianity



Tower/(sub)Lattice WGC D5 ® implication



# BRRDEIEREZERED isntanton S EEFEEIANL !

V(p) = Ze_s (}b + 9 ) (i:instanton ®SNJL)

1



# BRI DERFIZRF D isntanton B EHEFEINU |

V(p) = Ze_s (}b + 9 ) (i:instanton ®SXN)JL)

# Elliptic Inflation [Higaki-Takahashi *15]
V(g)/A*

30-

1

0.9

I 0.1f
251

0.01 ¢

0.001 ¢

¢/F

natural inflation & plateau inflation (small field) %Z interpolate



# BRI DERFIZRF D isntanton B EHEFEINU |

¢

V(p) = Z e cos (— T 5z'> (i:instanton ®SN)JL)

1

# Elliptic Inflation [Higaki-Takahashi *15]
V(g)/A*

0.9

0.1F

0.01 ¢

0.001 ¢

/F

natural inflation & plateau inflation (small field) %Z interpolate

# Tower/sub(Lattice) WGC [C motivate =T

BRFARDDEHOHE (B

stringy setup =1

LEPD DS UERLEE? > 181BSA)
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Web of Weak Gravity Conjectures

no global symmetry

1

Weak Gravity Coniecture rarkaniHamed-Motl-Nicolis-Vafa 06’1

1 a particle satisfying gqg > m/ vV 2Mp,

1

Tower/(sub)Lattice Weak Gravity Conjecture

[Heidenreich et al 16, Montero et al 16, Andriolo-Junghans-1TN-Shiu ’18]

REREB-THTNG T — /IS TIRICERBEE

¥ axion NDILE(TE inflation DIEBIEER(CTHLNTL B



SBikHDIED T

# WGC & dark matter

o °

EIBAEBRRT VY PILRINSBEBRS—IBEE

—

[11dD

N 3

[ 9/ertS

— ultra light axion DM (fuzzy DM), milicharged DM, ---

# no non-SUSY AdS!? [Ooguri-Vafa *16]

SUSY TFHSNTRLY AdS (FARLE U » XL E LD conjecture

— RN FIZZERREY & beyond (ex. Majorana neutrino mass (%X ? ?)
cf. extremal BH @ near horizon limit = AdS BD TZDARLZEM & B BERKR

# de Sitter space in quantum gravity/string theory
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