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Abstract

We consider small perturbations to a static three-dimensional de Sitter geometry. For
early enough perturbations that satisfy the null energy condition, the result is a shock-
wave geometry that leads to a time advance in the trajectory of geodesics crossing
it. This brings the opposite poles of de Sitter space into causal contact with each

other, much like a traversable wormhole in Anti-de Sitter space. In this background,

arX1v:2002.01326v1 [hep-th] 4 Feb 2020

we compute out-of-time-order correlators (OTOCSs) to asses the chaotic nature of the
de Sitter horizon and find that it is maximally chaotic: one of the OTOCs we study
decays exponentially with a Lyapunov exponent that saturates the chaos bound. We

discuss the consequences of our results for de Sitter complementarity and inflation.
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The idea that the string landscape is too large to lead to concrete predictions has been countered by the idea that mcst of the naively
corcistent effective thecres of gravity coupled to matter are actual'y inconsistent and belong to the swampland. The identificat on of criteria
distinguiching tha true string landscape from the swampland, which has been studied fcr more than a cecade now, is beginning to reach a
more mature stage with the developments of the last few years. In particular a conjectured cersistency condition for quantum gravity known
as the Weak Gravity Conjacture (NGC), which postulates that gravity Is always the wezkest force among all the forces, has found an
unexpectedly broad range of applications.

The WGC on the one hand has been usec 10 constrain cosmological models of infation including scenarios being tested by the present
gereration of CMB experments and on the othar hand has been connacted 1o the cosmic censorship conjecture of general ralativity.
Furthermors, ideas from holography have been found 1o be nicely consistent with the WGC. Marzover a sharpened version of the WGO has
been used to put constraints on paricle phenomenology and in particular has been used 1o placs bounds on the neutrino masses. This
program will bring togsther the diverse communites of string theorists, cosmologists, general relativists, particle phenomenologists and
researche s working on holography and the confcrmal bcotstrap to further develop consistency criteria for quantum thecries of gravity ard
pessibly extract concrete predict ons from these ideas for the observable universe as well as deepen our understanding of the structure of
string vacua.
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Inflation and Gravity Waves



Primordial Gravitational Waves
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Ongoing experiments can potentially detect primordial B-mode
with a tensor-to-scalar ratio r as small as ~10-2.

Further experiments, such as CMB-S4 and LiteBIRD, .. may improve
further the sensitivity to r as small as ~ 10-3.



B-mode and UV Sensitivity

A detection at the targeted level implies that the inflaton potential is
nearly flat over a super-Planckian field range:
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Axions & Large Field Inflation

Natural Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.
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Natural Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

They satisfy a shift symmetry that is only
broken by non-perturbative effects:
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Axions & Large Field Inflation

Natural Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

They satisfy a shift symmetry that is only
broken by non-perturbative effects:
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Axions in String Theory

String theory has many higher-dimensional form-fields:

e.g. F=dA

3-form flux ——-——T T 2-form gauge potential:

gauge symmetry: A — A + dA
Integrating the 2-form over a 2-cycle gives an axion:
a(x) = / A
22
The gauge symmetry becomes a shift symmetry.

Axions with super-Planckian decay constants don’t seem to exist In
controlled limits of string theory.



The Weak Gravity Conjecture

Arkani-Hamed, Motl, Nicolis, Vafa ‘06



The Weak Gravity Conjecture

+ The conjecture:

“Gravity is the Weakest Force”

- This is a scale-dependent statement, but as we’ll see, the WGC

comes with a UV cutoff A (magnetic WGC).

For every long range gauge field there exists a particle of charge
d and mass m, s.t.

iMp > “1”
T

- This implies an extremal BH can decay.

- Applying the WGC to magnetically charged states imply:

™~ l/g, m agNA/g2 = Asg(A)MP

Qmag m
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WGC for p-forms

One can generalize the WGC for 1-forms to the WGC for p-forms
which couple to (p-1)-branes:

Qp—l Z Qp—l
Ly L)

Ext

However, the O-form gauge field (axion) case is more subtle as
the “branes” that couple to it are instantons.



WGC and Axions

Consider a U(1) gauge theory in 5d, and compactify on S to 4d. Shift
symmetry originates from gauge symmetry: Ay (z,z4) = (A, (2), d(x))

S = /d% _—1FMNFMN — /d4 (—F FHY —a ¢8“¢)
4¢3 4g%

Topologically non-trivial Euclidean configurations (instantons) with
charged fields wrapping the 5d circle generate a potential

V(¢) = e "in* cos <?> t °

f f~'=gsV/22R

The 5d WGC for charged particles ms < %M 54 translates into:

f ) Sz'nst < Mp

Duality or dimensional reduction
maps the WGC for 1-forms to that for axions. Attempt
for a direct argument



Loopholes

Naively, the WGC rules out “natural inflation”.

However the WGC requires f- m < 1 for ONE instanton, but not ALL

_ B\
V=e™|1- —
e _ COS(F)_—F

with 1 <m<«<M, F>Mp > T, Mx f<1
The second instanton fulfills the WGC, but is negligible, an
“spectator”. Inflation is governed by the first term.

Another loophole is non-periodic axions (aka axion monodromy) as
they are not mapped to long-range gauge fields.



Convex Hull Condition
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Tower/Sub-Lattice WGC

Compactifying a theory on a circle gives rise to an additional U(1)kk. Apply
the WGC to black holes with general charges.

Infinite tower of (super)extremal KK states. Charge-to-mass ratio depends on
the radius:

ZKK CHC ~£ Zrikc CHC '\f;

stable BH

Convex hull not guaranteed to contain the BH region. This motivates a
stronger version of the WGC known as Tower/Sub-Lattice WGC



Multi-Axion Inflation

VN

N-flation Alignment/Clockwork

Naively they violate the WGC, but one can come up with loopholes...



Loopholes
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Evidence for the WGC



Evidence for the WGC

Unitarity/

Casuality

[Cottrell, GS, Soler, '16];
[Cheung, Liu, Remmen, ’18];
‘Hamada, Noumi, GS, '18];
Loges, Noumi, GS, ’19]; ...

[Cheung, Remmen, '14]; _-
[Andriolo, Junghans, Noumi, GS, 18];
[Hamada, Noumi, GS, '18]; .

[Nakayama, Nomura, ’15];
[Harlow, '15];
[Montero, GS, Soler, ’16] ; ...

me, [HOrowitz, Santos, Way, "16];
LW [Crisford, Horowitz, Santos, '17]; ...

Cosmic
Censorship

Holography



WGC and Black Holes



Extremality of Black Holes

* The mild form of the WGC requires only some state for an

extremal BH to decay to.

- Can an extremal BH satisfy the WGC?

* Higher derivative corrections can
make extremal BHs lighter than
the classical bound Q=M

e Demonstrated to be the case for
4D heterotic extremal BHSs.

* We showed that this behavior (A)
follows from unitarity (at least for
some classes of theories).




WGC from Unitarity and Causality

 We assume a weakly coupled UV completion at scale Aqrt. Our proof for
the strict WGC bound applies to at least two classes of theories:

Mass Mass
) )

<«— “stringy” particles —>

Aqrr 5 Aqrr 5

<«— |ight particles

0 Vs h 0 Y, h
* Theories with light (compared with Aqrt), neutral i) parity-even
scalars (e.g., dilaton, moduli), or ii) spin = 2 particles

UV completion where the photon & the graviton are accompanied by
different sets of Regge states (as in open string theory).



Higher Derivative Corrections

In the IR, the BH dynamics is described by an EFT of photon
& graviton.

In D=4, the general effective action up to 4-derivative
operators (assume parity invariance for simplicity):
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Higher Derivative Corrections

In the IR, the BH dynamics is described by an EFT of photon
& graviton.

In D=4, the general effective action up to 4-derivative
operators (assume parity invariance for simplicity):

2M2 1 1
— d4ZE\/— PIR - I/F'LW | (F VF'LW)Q
/ 4 4- " AME "
9 '3
| (F ,,F“”) | F, F,,WHPS
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by field redefinition. Here, Wuveo |s the Weyl tensor:

1 1
H;u,/prr =W JLV PO + = (JH p cr]y — Yvip cr]p) — iRJu pYolv



Extremality Condition

The higher derivative operators modify the BH solutions, so the
charge-to-mass ratio of an extremal BH is corrected:

CV2Me|Q | 2 (4n)
A i = 1—1—5 02

(201 — a3)
applicable when the BH is sufficiently heavy: M? ~ Q*Mg, > a; M3,
because extremal BHs in Einstein-Maxwell theory satisfy:
R~ M2 /M? and F? ~ MS$, /M?
* Proving the WGC (mild form) amounts to showing:
2000 — ag > 0.

so large extremal BHs can decay into smaller extremal BHs.



Sketch of the Proof: Step 1

* We first show that for the aforementioned theories, causality implies

o | > |as]

because a3 leads to causality violation and an infinite tower of
massive higher spin states is required to UV complete the EFT at
tree-level

phase shift of photon propagation:

5~s<ln(LIR/b)i %l )

b2
T

time delay in GR

helicity dependent phase shit

b :impact parameter [ : IR cutoff
fig: Camanho et al ’14



Sketch of the Proof: Step 1

Time advancement if b%In(L/b) < | o, |

Phase shift generated by spin Jis o ~ s/~ Afinite # of higher spin
particles does not help — infinite tower of higher spin states.

Causality violation unless the scale Mp/a312 is above AqFr

Integrating out light neutral scalars does not give significant
contributions to azand so |a;| > | a;]|

If there are different Regge towers as in theories with open strings:
2 2

closed Pl open Pl
a ~ < aX"~ g ~A[g. > g
1,2,3 2) 1,2 y 0 open S S
M; gsM;

* If there are light fields or different Regge towers, a3z is subdominant
compared with the causality preserving terms a1 and az.



Sketch of the Proof: Step 2

The forward limit t—0 of yy scattering for the aforementioned theories:

Eh,h,n8 hh Eh hyn8 hah :
%1234(S) — Z [ 22n 31141 1234(1) n 1 42” UM Psln432(1) + analytlc
m; —s i mg; + s -_1

Spinning polynomlals Froissart bound @, + b,s

The higher derivative operator parametrized by a1 leads to:

a(F, F'")y? = M~ as” Unitarity = a1> 0
BH
extremal _ > 0—-g<M-m

e astate g >m can be an extremal BH!



WGC: Mild vs Strong

Moreover, higher derivative corrections in WGC-satisfying theories
increase the BH entropy as zext>1 & AS>0

Similar results hold for dilatonic, dyonic BHs

1-loop effects of these higher derivative terms (dominated for
asymptotically large BHS) increase zexi
while for N=2 BPS BHS, zex: remains 1.

While the WGC can be satisfied by a very massive state, this mild
form of the WGC seems rather toothless.

For example, the O-form version of the WGC can be satisfied by a
large instanton action with negligible contribution to the potential
(spectator instanton)

Could the underlying structure of string theory allows us to infer from
the existence of a super-extremal BH the sironger forms mentioned?



WGC and Modular Invariance

In we argued that for extremal BHs with a near

horizon AdSs geometry, we can use modular invariance and
anomalies to infer that there is a tower of superextremal states
interpolating between perturbative string states and BHs.

v’ngMp : m Black hole decay
Mapm .

No black hole decay

B
M, Mapm
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Spectral Flow

- The partition function of the worldsheet CFT in the NS-NS sector:
Z(r 1) = Tr (¢*y%7")

: : C
where =T y=eH O A=[,— —
q Y 0™ 54
- Q is the charge associated with the left-moving current J:
k
JL(Z)JL(O) ~ + ...

Z

-+ The worldsheet partition function enjoys modular invariance:

T Z(r+1Lp) = Z(r;p), S:Z(=1/7;pu/7) =™ Z(7; 1)
- Under a U(1) transformation:

Z(tip+p)=2Z(mip)  Vpelg={p|pQ € ZVQ € '}



Spectral Flow

Performing a U(1) transformation in between two S transformations:

Z(T; 1+ 7p) = exp (—mik [2pup + ,027']) Z (75 1)
2
- This implies a spectral flow: 1, - Lo+ Qp+ k%

Q — Q+kp
- Consider a perturbative string state with charge g and mass m:

m = \/éA = \/éﬁ
- Define the charge-to-mass ratio: 22 = 2,
- In the large p limit, the spectral flowed states have:

12 _ k_O/ 2 (ZQ B 1)
Ze=1+ 5 m k2,2
- Moreover, a perturbative string state never crosses the Z=1 line as

A -g2/2k = invariant under spectral flow.

+0(p™°) — 1




Spectral Flow & Black Hole

- Given a Z > 1 state, spectral inflow implies a tower of states
monotonically approaching Z=1 from above:

q
V2k Turn on a small string coupling
g. ~N1"<«1

The excited string state turned
into a black hole.

The correspondence principle

\)

string

= 0(1) Sy,

a'
— m

4

- This however does not suffice to show that the string states stay Z >1
when we turn on gc~ N-1/4,




Entropy Matching

- The near horizon geometry of a 4d extremal BH is AdS> but if the
BH arises from a higher dim theory with an S' = AdSs (BTZ2).

- The BH entropy is given by the Cardy’s formula:

CJl, CR
SH = 27 |/ —h \/ —h
BH 7T< 6 L+ 6 R)

- The left- and right-moving levels are related to:
(M3 =hr +hr, 8GsJs=hr—~hy ,

- The AdS radius is related to the Brown-Henneaux central charge:

—3_6—1(0 —I—C)
CT oG, 2\ LTCR

- The extremality bound: 8Gs|J3| _ 4
(Mg




Higher Derivative Corrections

- The entropy for a small BH can receive infinitely many higher
derivative corrections, but the AdSs geometry allows us to fix them.

- The central charges are fixed by anomalies

* CL- Cr: gravitational Chern-Simons term

* CR : SU(2) Chern-Simons term

- This fixes the BH entropy:

Sy = 2 (2 hr + \/%)

- The entropy of heterotic string states at large excitation levels:

[ (2\/NL n QNR)

- Exact entropy matching thus identifies at the string/BH transition:

hL,R — NL,R



Mass Corrections

- Consider the mass of a non-BPS state with NL =0, Nr >>1, exact

entropy matching implies negligible mass corrections:

M, ~ %N}H— g>AM(NR)

- If the entropy matching is approximate the mass of the string state
can be corrected by an O(1) factor. Still, there has been some
evidence that the mass is not corrected significantly

- The extremality bound is saturated by NL=0 or Nr =0:

[Js| _ ¢ |Ne—Ni| _ e

Ms 12 Np+ N;p — 12

- Thus non-BPS super-extremal states stay super-extremal, while
BPS states stay extremal at the string/BH transition:
2 QL Qi Q%

Znon— — — —
BPS M2 Q3 —4/d M? :

> 1 Zips =



WGC from Modular Bootstrap

[Montero, GS, work in progress]



Index/Coarseness of Sublattice

Missing WGC lattice sites form a group: I' = A/A”

........ - & Two measures of the
5 / size of I"
@ . @

IndeXx of the
lattice

Coarseness

Smallest ¢ such
cv € A*
& fOI"
veEAN

Index = 8, Coarseness=4



Bounds from the Modular Bootstrap

- Consider the partition function of the NS sector:

Z(1) = Trys (qLo—c/24qE0—é/24)

- |t Is not modular invariant but

- |tis positive
- It is S-invariant — Spectral flow/sublattice WGC still works

- We are putting a bound on the lightest WGC state among the
spacetime bosons; considering the full partition function and the
associated spin structures can only strengthen the bound we find.



[ -valued Partition Vector

- The holomorphic & anti-holomorphic U(1) currents define two inner

products: 1 o1 )
(Q1,Q2) = _QENLQ — —QENRQ

(G1.Go) = SAINLG + L GhNGG

- Current algebra implies Lo+ Lo =L, + L), + (Q, Q)

Lo — Lo = Ly — Ly + (Q, Q)

- We can expand the sum

=Y Trws(g Lo Lo g3 [(Q.Q)+(@Q:Q)] 73 [(.Q)=(Q.Q)]

- This can be rearranged in terms of a I'-valued partition vector

Z=3 " 2Z,(r)(r7), B(r.y) = Y STTRATN TR EEAT
V€L XEA*



Vector-Valued Modular Form

- The inner product (-,-) on the lattice becomes a bilinear form on
gammas:

('7 ) Ix ' — Zord(I‘)
(71,72) = (U, Uy, ) mod 1

- The worldsheet data can be encoded into a vector-valued (non-
holomorphic) modular form, with transformation law

()= (fD)" (2 v

1 .
(US)%W’ — m CXPp [QWZ(% ’7/)]

where



Modular Bootstrap

- The idea of the modular bootstrap is to use modular invariance to
constrain the partition function

- A good starting point is to consider a fixed point of the modular
transformation (S here): Parametrize T =i es, then S maps s—-s

Z(—s) = eXp(—%S)USZ(S)
- Derivatives w.r.t B=-21ti T are related to s-derivatives

e M [CIRET
[=0

Some of these are naturally positive or bounded!



Warm Up

-+ Since U2 =1, we can decompose

- In terms of these components:

—

Zi(—s) = +exp(—ngs/2) Z1(s)

- Taking O, 1 derivatives, we get 4 vectors

. L dZ.(s)

Ze(0) =2y, — = zZ\V

s=0
with constraints, e.g., for ng=1:

—

, 1 -
z_zz@—zazo



Linear Programming Problem

- What we have is a set of inequalities: Lowest
dim. in each
Za 2 0, ( charge sector
iz, 2z -
L= T = (AVZ, > Ao o2,
dp 27 (B)Za 2 Ro,
subject to the constraint: 2z = 2" — : Z, =0

- We have a linear programming problem!

Assumptions / YES

(e.g. minimal WGC charge > LP

bigger than “a”) \
NO




Universal Constraints

- To get a universal constraint, we must do so for all possible
discrete groups [ with bilinear forms.

- Mathematicians have proven that this can be
reduced to one of six cases:

F — Zpkl @ Zpkg @ .« o . Quadratic
1 2 / nonresidue
_ 1 S
(/ﬁ), /Q)A r — 1?7 (K:a "i)B r — }?
1 —1 0 =
Aor 0 (kKyk) = —, DBor: (k,K)=—, Ear : 0 (K, kj) = L n
o or o7 O
. 5 _ . 1 1
Cori (mom) =g Dori (RR) = 5o For i (Riykj) = ( S | )
or 27“—1
One Two

dimensional dimensional
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Preliminary Results

Assumption: lightest operator is a scalar

N=2 0=1

0°

== WGC bound : A < — 4+ —

2N 12

—— modular bootstrap (up to 19 derivatives)

— —
—
— -
—
—
— —
—
—
— —
— —
p—
— —
p—

o

[Montero, GS, in progress]



Summary



Summary

The Swampland program is an attempt to identify the boundary of possibilities
for EFTs that can be consistently coupled to quantum gravity.

The WGC constrains some but not all large field inflation models. Loopholes
exist; strengthening the WGC can potentially close some of them.

The mild form of the WGC is essentially established: black holes can be the
required superextremal state.

The WGC can be upgraded to a stronger form (Tower/Sublattice WGC) with
additional properties of the UV theories (e.g., modular invariance).

The modular bootstrap can put a bound on the lightest superextremal state.

Much more will be discussed in the KITP StringVacua20 Program!
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