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|. The Landscape
and the Swampland



Quantum G = D
Mechanics T Gravity =

AZC‘A}? = g Guv = 87TGT/“/

Yet to be understood from 1st principles
..but

String theory provides many indirect,

exquisitely detailed insights H . D@
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Insight #1: There are many QG theories
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Insight #2: ...but not everything goes
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Insight #2: ...but not everything goes
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Insight #2: ...but not everything goes




Ex: “Theorem”

Quantum gravities cannot have
global symmetries (e.g., baryon number)

“Proof”
Create a black hole by colliding baryons
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Quantum black holes glow

3
et 9 7 g kT = L
% 5 8STGM
Hawking temperature
m k 3
BC
— A orizon
5= g

Bekenstein-Hawking entropy

Over time, theyhiy@w:: W(%iw. = ?

evaporate: gz ,,fr 577:‘3 MBH“f; M,
0
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Remnants Black
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Remnants Black Hole

Mass
O Q! O
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stable @ @/ stable

Baryon number
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Black
Ma
A

Remnants

Hole
SS

Infinitely many

~

stable

- - N - - - - - - - ——— ]
~
~

@,

microstates!

(Contradicts
Bekenstein-Hawking
entropy formula)

_________________

Baryon number
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Baryon number is violated!

1

e.g., Log ~ Wuude

pl
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Baryon number is violated!
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e.g., Log ~ Wuude
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...proton decays!
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Baryon number is violated!

1

e.g8., Lo ~ ——5uude
M?
p
ot
45
U Tpred ™ 10™ y
piu
Versus

d
NN e 2 103y

...proton decays!
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Baryon number is violated!

1 o~
VS. £eff ~ M—’LLUdG (MSSM)
pl
et

p {52\% versus

d Tobs = 103% yrs!

d < -

7

...proton decays too rapidly! 06



Charged remnants?

What if the symmetry is gauged (coupled
to a long range force) rather than global?
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Charged remnants?

What if the symmetry is gauged (coupled
to a Iong range force) rather than global?

mom
;;a RN

Now there is (Too much

charge destroys
an electric field: the horizon)
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Charged remnants?
M

® 9

o

Large black holes discharge inefficiently

4———— —




Charged remnants?
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Charged remnants?
M

@ O

-
-
— -

Only possible when | 4] > [&£| . 08




The Weak Gravity Conjecture (WGC)
(Arkani-Hamed, Motl, Nicolis, Vafa '06)

There is a charged particle with

q Q

m M

>

ext BH

(Otherwise would have charged remnants)
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The Weak Gravity Conjecture (WGC)
(Arkani-Hamed, Motl, Nicolis, Vafa '06)

There is a charged particle with

q Q

>
m|~ | M

ext BH

(Otherwise would have charged remnants)

“Gravity is the weakest force!”
|Feouomb| = [Frewton| fOr identical pair o4



The Weak Gravity Conjecture (WGC)

e.g., for electromagnetic forces

e? he 2 45
=~ 13 > Gm, ~ 107 hc easily satisfied!

10



The Weak Gravity Conjecture (WGC)

e.g., for electromagnetic forces

¢ he > Gm 104 he  easily satisfied!
47‘(’ 137 y

but for a “fifth force” such as B (really B-L)
2
“N < GmN 10738 ke not satisfied

(by nucleons)!
grawty

B-force 10



Il. The Weak Gravity Conjecture



The Magnetic WGC (AMNV 06)

No (generalized) global symmetries

(e.g., 2104.07036
& earlier “folk theorem”)

Magnetic monopoles exist!
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The Magnetic WGC (AMNV 06)

No (generalized) global symmetries

(e.g., 2104.07036
& earlier “folk theorem”)
Magnetic monopoles exist!

WGC for magnetic charge requires

Qmag
M

Gmag
m

>

ext BH
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The Magnetic WGC (AMNV 06)

Monopole self-energy
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The Magnetic WGC (AMNV 06)

Monopole self-energy

Scale of new physics ;,



The Magnetic WGC (AMNV 06)

Monopole self-energy

mz 4 \\\////

WGC 0
m < \/5 ;Mpl

Y
i

\\
//

— (A g eMPl

What happens at new phy5|cs scale A? |,



WGC w/ multiple photons
Zy = 2

e region

(Cheung, Remmen ’'14) 13



WGC w/ multiple photons
Zy = 2

BH

e region
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WGC w/ multiple photons
Zy = 2

BH o

e region

(Cheung, Remmen "14)



The WGC with Moduli
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BH, Reece
Rudelius '15
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The WGC with Moduli BH, Reece

Rudelius '15
_ Q2
/Q’L
7 \\\
I// BH \\\
region >
\ . Z]. p— &
. w/ moduli m

Ex. from Alim, BH, Rudelius, 2108.08309



Circle compactification
ZKK

BH
region

YN
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4d RN region
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4d RN region
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Circle compactification
~ O

Graviton/photon—,
KK modes

i ~<

Zsa /)
@ >

\

Charged particle
KK O-mode

~. -

= -
————————

4d RN region
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Circle compactification
~

region



BH region

ﬂ

5d spectrum:

©-Q.m

@s/m
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WGC, , requires superextremal
resonances of arbitrarily large charge!

M
A 7
// °
// Sublattice / Tower WGC
7® BH, Reece, Rudelius, '15, '19
il Andriolo, Junghans, Noumi, Shiu '18
//‘ [ )
e > ()
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sL/TWGC versus magnetic WGC

Light states
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sL/TWGC versus magnetic WGC

Assuming tower starts at

= / q=0(1)

Light states
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sL/TWGC versus magnetic WGC

N2

% >

//

Tower prowdes required
new physics!

Light states
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Emergence

SeMyp

4e My

3eMp

2e My J -
eMp) )

Loops of tower resonances
renormalize elementary charge

1/3
e — oo as A — ep” Mp
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Emergence

SeMyp

4e My

3eMp

2e My J B
eMp) ’

Gravitational interactions
also get stronger

My — Mpl/\/ﬁ for N light species
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Emergence

SeMyp

4e My

3eMp

2e My J B
eMp) ’

These scales match!

My /VN =~ elR
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Emergence

Gravity and electromagnetism both become
highly non-linear at

1/3
AQG ~ 6114 Mp1
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Emergence

Gravity and electromagnetism both become
highly non-linear at

1/3
AQG ~ 6114 Mp1

Expectation: notion of spacetime breaks down
atlength scale o = hc/Aqa

Spacetime concepts, like local (gauge) symmetries
must disappear above this scale. They “emerge” for
{ > KQG' due to screening effects of the tower
of resonances.

20



Emergence

Conversely, if gravity and electromagnetism both
become highly non-linear at a common scale ”AQG”
then the WGC (approximately) follows!

Emergence implies the WGC!
Harlow ‘15
BH, Reece, Rudelius ‘17
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Emergence

Conversely, if gravity and electromagnetism both
become highly non-linear at a common scale ”AQG”
then the WGC (approximately) follows!

Emergence implies the WGC!
Harlow ‘15
BH, Reece, Rudelius ‘17

e.g., Kaluza-Klein theory:

e My = V2! P My

: AQG ~ M5|

21



The WGC in string theory

Very often true in string theory:

Lattice Weak Gravity Conjecture:

V(@ € I', 3 a superextremal
charged particle with charge ()

BH, Reece, Rudelius, ‘15
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The WGC in string theory

Very often true in string theory:

BH, Reece

NOt alwayS! Rudelius, ‘16
Lattice Weak Gravity Eenjeetures

V(@ € I', 3 a superextremal
charged particle with charge ()

BH, Reece, Rudelius, ‘15
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Counterexample to LWGC
KK theory on T2 /(Zy x Z)
Ly :019— 010+
Zh: 01 — —01,03 — 03+

smooth
(fixed pt free)
orbifold!
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conserved
ZQ . ¢n1n2n3 — (_1)n1+n2¢n1n’2/?t3

not conserved!
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conserved
ZQ . ¢n1n2n3 — (_1)n1+n2¢n1n’2/’}13

not conserved!

2 2 2 2 2
o M7 N5 N3 ny N3
m’= 5+ 2+ 2> =+ —
RZ "R R~ RZ R2
for n, €2Z +1
o
Ng =
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conserved
ZQ . ¢n1n2n3 — (_1)n1+n2¢n1n’2/?t3

not conserved!

2 2 2 2 2
2 g U n3 ny | N3
m- = —5 + + == > = +
R2 "R R2T R R2
for n, €272+ 1
o
Ne = Open question:
Is there some organizing
ns = 2 principle to LWGC violation?
./V
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The WGC in string theory

tree-level”
Always true in /E,tring theory:

R\ . :
Lattice Weak Gravity Conjecture:

7 a finite-index sublattice I'g C I

s.t. VQQ € 'y, d a superextremal
charged particle with charge

BH, Reece, Rudelius, ‘16

*In the electric NSNS sector 24



Proof via modular invariance

(BH, Reece, Rudelius '16; Montero, Shiu, Soler ’16; BH, Lotito 2207 .xxxxx)

Tree-level spectrum:

/
a4

1 1
T =501 + T = 5Qk+ Tk

4
Partition function (torus 0-pt amplitude):
Z(p,7) = Tr(qTH29 @) q ="
2w

Z(p+p)=2Zp), pel* 77

=> .



Proof via modular invariance

(BH, Reece, Rudelius '16; Montero, Shiu, Soler ’16; BH, Lotito 2207 .xxxxx)

Tree-level spectrum:
/

@ o 1 L 9
7= §QL‘|‘TL = §QR+TR
Partition function (torus 0-pt amplitude):
Z(,7) = Tr(qTH29 y9Q) q=e""
_ 2mip

* y=e
Z(p+p)=2p),  perl
Benjamin, Dyer, Fltzpatrlck Kachru ’16:

Z(u/7.~1/7) = e Z(p1,7) %



2
Z =Tr(g" 29 y%)

Spectral flow

N
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—~ RN
a_4 —e r_.
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The extremality bound & the RFC

BH, Reece, Rudelius ’19; BH, Lotito 2207 .xxxxx
Found a tower of resonances with:
92 1 2 2
%m -2 maX(QLvQR>

What is the relation to extremal BHs?

27



The extremality bound & the RFC

BH, Reece, Rudelius ’19; BH, Lotito 2207 .xxxxx
Found a tower of resonances with:
92 1 2 2
%m -2 maX(QLvQR>

What is the relation to extremal BHs?

Detour: “sublattice RFC”

3 a finite-index sublattice 'y C I
s.t. V@ € I'y, 3 a self-repulsive
charged particle with charge ()

27



The extremality bound & the RFC

BH, Reece, Rudelius ’19; BH, Lotito 2207 .xxxxx

Found a tower of resonances with:

/

%m2 = %maX(Q%, Q%)
What is the relation to extremal BHs?

: Above tower
Detour: “sublattice RFC is self-repulsive
3 a finite-inde: d\“ qce g C T BH, Lotito
s.t. VO ?(O\I s“ apulsive 2207 .XXXXX
{ ee‘\e vVIth charge ()

27



The extremality bound & the RFC

BH, Reece, Rudelius ’19; BH, Lotito 2207 .xxxxx

Found a tower of resonances with:

/

9m? = 3 max(Q3, Q%) (+)
What is the relation to extremal BHs?

: Above tower
Detour: “sublattice RFC is self-repulsive
3 a finite-inde: (\\“ qce g C T BH, Lotito
s.t. VO ?(0\1 s“ apulsive 2207 .XXXXX
{ ee‘\e vVIth charge ()

..actually this proves () is extremal 27



The extremality bound & the RFC

BH, Reece, Rudelius ’19; BH, Lotito 2207 .xxxxx
Found a tower of resonances with:
o2 1 2 2
%m =5 max(Q7, Q%) (%)

What is the relation to extremal BHs?

A particle that is self-repulsive throughout

moduli space is superextremal
(BH, Reece, Rudelius ’19)
(Harlow, BH, Reece, Rudelius 2201.08380)

27



Nonperturbative evidence via BPS states

Alim, BH, Rudelius 2108.08309
Gendler, BH, McAllister, Moritz, Rudelius 22xx.XXXXX

BPS prediction:

|
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1
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Nonperturbative evidence via BPS states

Alim, BH, Rudelius 2108.08309
Gendler, BH, McAllister, Moritz, Rudelius 22xx.XXXXX

BPS prediction:

<
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Nonperturbative evidence via BPS states

Alim, BH, Rudelius 2108.08309
Gendler, BH, McAllister, Moritz, Rudelius 22xx.XXXXX

< >
\U Genus 0 GV invariants:
ay \gx | 0 1 2 3 ~
) ¥ - =<
H 1 h I t n7s I 1 406912 742784 75933184 X
| g y n O n er | 8. 2 14400 8271360 2445747712 ey}
. . 3 6912 31344000 26556152064 T
p re d | Ct | O n S 4 640 48098560 130867460608 9]
5 0 31344000 329212616704
6 0 8271360 445404149568 Il
about CY geomet ry 7 0 742784 320212616704 U
8 0 10082 130867460608 T~
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lIl. Axion Potentials & the WGC



Transplanckian scalars!?

Can a scalar field have a flat potential over
a super—PIanckian field range?

29



Transplanckian scalars!?

Can a scalar field have a flat potential over
a super—PIanckian field range?

Generically no:
Vert (6) ~ Vo(¢) + ¢° /M1 + ¢° /My

29



Axion loophole? ¢=¢+2nf

Ve (6) ~ Vo() + Gy + ...

30



Axion loophole? ¢=¢+2nf

Verr(9) ~ Vo(6) + S5 + ...

Example:
photon photon+aX|on

typical in string theory

30



Axion Potential

Casimir Z Z A5

effect species N

V=3 cicos(qp/f) e 2mHmi + .
Aharonov-Bohm phase

(Qi x qi € Z, A5 x ¢)

31



V =>".cicos(qip/f) e 2mHEmi 4 .
Suppose my < mix1, q1 =1

< S

2 f

32



V =>".cicos(qip/f) e 2mHEmi 4 .
Suppose my < mix1, q1 =1

< S

2 f

“Natural inflation” (Freese, Frieman, Olinto ’90)

Needs f > 5-10 M, for successful

inflation 2



V =>".cicos(qip/f) e 2mHEmi 4 .
(s)LWGC implies particles with

M
2rRm; < —plqi forevery ¢; € Z

f
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V =>".cicos(qip/f) e 2mHEmi 4 .
(s)LWGC implies particles with

M
2rRm; < —plqi forevery ¢; € Z

f

f 2 Mp
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V =>".cicos(qip/f) e 2mHEmi 4 .
(s)LWGC implies particles with

2rRm; <

[ < My

f

—plqi forevery ¢; € Z

yaV

pl/\
:4
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The generalized WGC

Charged worldline wrapped around circle
generates an “instanton”

“Action” is Q
gt: 2rRm < My, / f A5

34



The generalized WGC

Charged worldline wrapped around circle
generates an “instanton”

“Action” is Q
gt: 2rRm < My, / f A5

Tower of instanton corrections unsuppressed
when f 2 M

Generates harmonics in the potential,
reducing effective field range!
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The generalized WGC

Charged worldline wrapped around circle
generates an “instanton”

“Action” is Q
gt: 2rRm < My, / f A5

Tower of instanton corrections unsuppressed
when f 2 M

Generates harmonics in the potential,
reducing effective field range!

ST: f S My (Banks, Dine, Fox, Gorbatov "03) iy



1 axion: f 5 Mpl (Banks, Dine, Fox, Gorbatov ‘03)

N > 1 axions?

20 /
S\“ 7 feff — Vv Nf
= <\§$ (Dimopoulos, Kachru,
N % McGreevy, Wacker ‘05)

35



Random axion potentials
BH, Long, McAllister, Rudelius, Stout ‘19

1 .

L=~ 0u 00" 0"¢" — A Zqexp (iQ - ¢)
Qel’

(|Zqf?) = 7219

Focusing on potential along a ray:
Q-e=n

Uz(é) — Z e21Ql

Qerl
Using a continuum approximation

volg¢ SvolDx(2u) — Ball, not cube!

36



Random axion potentials
BH, Long, McAllister, Rudelius, Stout ‘19

~—_—

Many instantons contribute!

37



Random axion potentials

BH, Long, McAllister, Rudelius, Stout ‘19

7 3 ~ 1.5
e \
YN O
II \ o ) i .
| o
\ ! Lo05)
\ / - == Saddle
\ Q / Continuum
\ // —  Small
\\\ // 00 0‘2 0‘4 016 0.‘8 1
S -~ s/N
Many instantons contribute! Better: saddle point analysis

37



Random axion potentials
BH, Long, McAllister, Rudelius, Stout ‘19

s ) ~ 1.5
g \
V.IN N
4 \ S -
| =
\ ! Lo05) E
\ / - == Saddle
\ Q / Continuum
\ // —  Small
\\\ // 00 0.‘2 0‘4 016 U.‘S 1
S -~ s/N
Many instantons contribute! Better: saddle point analysis

still find: ferr S Mpi
37



Alignment

P2

(Kim, Nilles, Peloso ‘04)

38



A|ignment (Kim, Nilles, Peloso ‘04)

5d charge
spectrum:

(K, 1)

. /
T S . (1,0)
¢ K>1

38



Alignment (Kim, Nilles, Peloso ‘04)

¢2
Cb

K>>1

for = VK2 +1f ~ Kf

1

5d charge
spectrum:
(K, 1)
—

38



A|ignment (Kim, Nilles, Peloso ‘04)

) K>1

Requires tuning of charged spectrum

5d charge
spectrum:
¢2 /
(1,0)
<b

38



A|ignment (Kim, Nilles, Peloso ‘04)

5d charge
spectrum:
(K, 1)
¢52 /

¢1 K>>1

Requires tuning of charged spectrum
Potential alternative: kinetic alignment



Summary

The WGC is a constraint on QGs supported by
highly non-trivial string theory evidence...
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Summary

The WGC is a constraint on QGs supported by
highly non-trivial string theory evidence...

...which makes potentially falsifiable predictions...

...while also hinting at the emergent nature of QG...

...as well as providing a template for further
exploration of the swampland and the landscape...
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Summary

The WGC is a constraint on QGs supported by
highly non-trivial string theory evidence...

...which makes potentially falsifiable predictions...

...while also hinting at the emergent nature of QG...

...as well as providing a template for further
exploration of the swampland and the landscape...

...even though there is still much more to be
learned about the WGC itself!

39
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