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Data Challenge

B4 matteo.biagetti@sissa.it In the last decade, the study of the large-scale structures of the universe has undergone exponential
progress thanks to increasingly powerful experiments. Galaxy surveys mapping the entire sky,
observing millions of bright galaxies up to high redshifts, are transforming cosmology into a data-
driven, precision science.

The goal of the focus week will be to discuss higher-order summary statistics as a promising method
to extract cosmological information from galaxy surveys, providing complementary information to
conventional methods based on low-order correlation functions.
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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.



Sign Matters

The goal of the swampland program is to delineate the landscape from the swamp.
Swampland constraints often take the form of an inequality, e.g., the WGC:
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Analyticity constraints on the S-matrix similarly give rise to inequalities (positivity
bounds) that constrains the EFT coefficients.

Natural to put 2+2 together. Indeed, some remarks were already made Iin

Leading irrelevant operators shift the extremality bound of RN black hole:
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Gravity Matters

In the presence of dynamical gravity, the analyticity and boundedness properties of the S-
matrix are less understood.

An added assumption of Regge boundedness:

lim  M(s, /s> =0

s— 00, 1<0:fixed
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Graviton exchange in the t-channel: M(s, ¢) ~

One can argue that the amplitude cannot grow faster than 57 using the chaos bound

(or heuristically, using the "signal model’

)

A more careful treatment can be found in Establishing
this behavior is relevant for the Classical Regge Growth Conjecture.



Gravity Matters

More recently, gravitational Regge boundedness for D > 5 was shown in
to hold under some assumptions, including subexponentiality:

(M(s,0)| < e, B<1 forfixed t <0

everywhere in the region of analyticity in the upper half-plane arg(s) € (0,00).

Interestingly, arguments using large IR logs to show swampland constraints are 4d specific

Even though the Regge limit does not probe strong gravity (black hole exchange),
understanding whether this is true for all UV completion may teach us lessons about the UV.

Swampland constraint? Evidence: 1) perturbative string amplitude in flat space, 2) CFT
argument for AdS scattering (leading 1/N gives M ~ 52, to all orders M ~ ).

The gravitational positivity bounds may be only approximately positive



Gravitational Positivity Bounds
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How the graviton t-channel pole gets canceled depends on UV completion.
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The leftover ¢V piece can be positive or negative, modifying the “positivity bounds”.



Weak Gravity Conjecture



WGC from Unitarity and Causality

With these caveats, one can “prove” the WGC from unitarity and causality
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Such arguments have been extended to more complicated charged black holes

In some cases, positivity bounds alone do not imply the WGC; additional symmetries of the
EFT (well motivated from UV completions like SL(2,R) and O(d, d, R)) are needed to
enforce the WGC.



Sketch of the Proof: Step 1

* We first show that under the assumption of weakly coupled UV completion, causality implies
[y | > |os]

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:

time delay in GR

helicity dependent phase shit

b :impact parameter L IR cutoff

fig: Camanho et al 14



Sketch of the Proof: Step 1

Time advancementif  52In(L/b) < | as]

Phase shift generated by spin Jis 0 ~ s/~1  Afinite # of higher spin particles does not help
— infinite tower of higher spin states.

Causality violation unless the scale Mp/a312 is above Aqr.

Integrating out light neutral scalars doesn’t give significant contributions to az so |a;| > | as |

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

M3 M3

closed Pl open Pl
a ~ <L art o~ Zonen ~ 1/8. > 8
1,2,3 _7\[2 1,2 y 0 open ) )

s gslus

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



Sketch of the Proof: Step 2

Consider the forward limit t — O of yy scattering, Regge boundedness implies that the UV contour
does not give O(s?) contribution to ..

The higher derivative operator parametrized by a1 leads to: o (£, F° M2 = M~ ays?

Imzv‘_>—2|—>@<—|2 > 0 Unitarity = a1>0
T

BH
extremal ——— Q0-g<M-m

e astate ¢ >m can be an extremal BH!



Stronger forms of the WGC

Consistency with dimensional reduction and duality suggests stronger versions of the WGC
known as the sub-lattice WGC and tower WGC

Qr/m Qpfm

O)/m O,/m

Applying the Convex Hull Condition to BHs carrying
KK U(1)’s leads to tower/sublattice WGC.



Strong forms of the WGC

The strongest evidence comes from string theory, suggesting a monotonic behavior.

Can we upgrade the scattering positivity
bound arguments to show this monotonicity?

The correspondence principle states that S, ~ O(1)5gy but does
not guarantee that the extremal curve stays on one side.

For BHs with near-horizon BTZ geometry, entropy matching is exact implying that
superextemality curve stays superextremal upon turning on g..



Spinning WGC?



Rotating BHs

Could there be similar constraints for rotating BHs? . Maybe not:

Rotating BHs can lose energy via superradiance.

For pure gravity in D > 6, BHs w/ a given mass can have arbitrarily large J
But ....

Spinning WGC for BTZ BH follows from c-theorem of the dual CFT

In string theory, spin can sometimes be mapped to charge, e.g.,

5d Pure Gravity

N

4D KK BH 5D Myers-Perry BH

M, 0Q,P,J, —m>» M, J,,J,



Rotating BHs

However, in string theory, spin can sometimes be mapped to charge, e.g.,

5d Pure Gravity

RN

4D KK BH 5D Myers-Perry BH

M,0,P,J, —— > MsJ,J,

The leading correction to Einstein gravity is the Gauss-Bonnet term:

Can consider KK BH with J, = 0

|
L, =—R+ (R, R — 4R R + R? . . .
P (Raipea ab ) to fix the sign of A using the WGC



Mapping Spins to Charges

Consider a rotating dyonic KK BH with (M,, Q, P, J,)
— BH sitting at the tip of Taub-NUT (rgy < R5)

Taking a decompactification limit, this becomes a 5D MP BH with (M5, J;, J,).

Map between parameters:

Ms~M,—M

monopole

Can map 5d rotations to

1
P~—I(Ji+J
. (i+0) pure charges when J, = J, !

2

Jy ~ > (J, = J)

Calculate the leading higher derivative corrections to the extremality bound for the KK BH,
either in 5D or its reduction to 4D, R,z — 4 — derivative terms involving R, F, ¢.



KK Black Hole

KK black hole:
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Myers-Perry Black Hole

MP black hole:

iIndefinite sign!

420 JE+J5—6|JJ,]
oM ~ dsx — /IR p—
5 J vV —8MGB 7 ( WAA

However, for J; = = J,

1672
oMs = + Z > 0 where we used the Charge WGC = 4 > 0

-+ The extremality bound for rotating BH is shifted negatively.



Kerr BH

A chain of dualities maps a Kerr BH to a non-rotating charged dyonic BH:

T-duality

DO System » D6 System
(Jj + J5 =0) J;— —J; (I —J3=0)
Kerr x R Life to TIA Reduce on 79 MP Black Hole » MP Black Hole
Boost + A
R lk ‘ G2 Rs/ry > 1 Rs/ry <1
Y veauce on Y v

Rotating Electric KK Black Hole Rotating Magnetic KK Black Hole  Dyvonic KK Black Hole

Similar logic can fix corrections to Kerr BH. However, the Gauss-Bonnet term is topological
in 4D, and so the leading correction is the 6-derivative operator:

A
oL = zRabcdRade =+ 77L RadeRcdefRefab
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Corrections to Extremality Bounds
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Superradiance

Rotating BHs are unstable due to superradiance which occurs when there is an ergosphere:

vvvvvvvvvvvvvvvvvvvvvvvv

| | Extract energy w and angular momentum j,
w <0 { BH can lose its mass if

W

dM = TdS + Q,dJ* =TdS

w—ini SO

= w< 5

8o o | guaranteed if 4 ergosphere!

How does the superradiant instability of rotating BHs manifest in the charged BH?



Superradiance vs WGC

Charged BHs have no ergosphere, but can lose energy in a similar sense if
dM =TdS +Vv,dQ +¥,dP <0

If the particle extracting energy @ and electric, magnetic charges (k , k,) from the BH:

167TG4(,U
kg /1+ (P/Q)?/3 + ky/1 + (Q/P)?/3

<1 charged superradiance

This stronger charged superradiance condition implies the WGC: 167G yw <1
(kg + k)2

The superradiance condition and the WGC coincide when k /k, = Q/P.

Phrased in term of superradiance, rotating and charged BHs are treated in unified manner.



Axion WGC



WGC for p-form Symmetry

One can generalize the WGC for 1-form gauge fields to the WGC for (p+1)-form gauge fields

which couple to p-branes:
2. (2)
Tp Tp Ext

The O-form gauge field (axion) case (-1 form symmetry) is most interesting (axion inflation) but
subtle as the “branes” that couple to it are instantons.

Obtaining an axion by duality or dimensional reduction
suggests that the above inequality can indeed be extrapolated to:

£.S. < O()M,

Inst —



Axionic WGC

Consider a 5d particle with mass ms and charge g5 whose (Euclidean) worldline wraps the

compact dimension
S‘ Sw—”ﬁ’?w%dé—l—l% o

=2t Rmy, + i¢(x R’

Sinst — 27'('me

f_l — g5\/m




Gravity Wave and UV Sensitivity

A detection of CMB B-mode at the targeted level implies that the inflaton potential is nearly
flat over a super-Planckian field range. For single-field inflation:

Ap 2 ( 7“ >1/2 Mepi -yih 50
~ \0.01

— AQz’
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A
“Large field inflation” are highly \/\
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Axions and Large Field Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates. Natural Inflation [Freese, Frieman, Olinto]




Axions and Large Field Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

They satisfy a shift symmetry that is only
broken by non-perturbative effects:

.

27 f

T decay constant



Axions and Large Field Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

They satisfy a shift symmetry that is only
broken by non-perturbative effects:

21 f
Slow roll: f > MP T decay constant
' ko A1)
1AM eos (@ B) |1 — cos (29 - o Sine
V(o) COS (f) - Z A _1 COS ) if O << 1

k>1



Axions and Large Field Inflation

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

They satisfy a shift symmetry that is only
broken by non-perturbative effects:

27 f
Slow roll: f > M P T decay constant
I ko \- (n+1)

k>1

The WGC implies that these conditions cannot be simultaneously satisfied.



Loopholes

Whether the WGC can rule out natural inflation depends on whether it takes a strong form.
The weak form can be satisfied by a spectator instanton

@) )

with 1 <m < M, F>Mp>f, Mx f<kl

Another loophole is inflation with non-periodic axions (aka axion monodromy

) as they are not mapped to long-range gauge fields.



Resonant Non-Gaussianity
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Axionic WGC and Wormholes

Without a clear notion of extremality for -1 form symmetries, wormholes have been used to
setthe WGC f- S, ., < O(1)Mp

nst

The Giddings-Strominger wormhole is a solution to the Euclidean eoms for axion gravity:

rd\ 71 n
ds® = < — T—Z) dr? + r* dQ3 H = 2—7T2V013 24mtrs =n’
Two questions:
\ ______
T g — 1) wormhole action decreases with charge?
// R — 2) wormholes perturbatively stable 7




Evidence for Axionic WGC

The WGC is set by the action-to-charge ratio of a S cianton - Swormhole \/Eyz M,
macroscopic semi-wormhole (considering axion- .~ . T4 f
gravity and axion-dilaton-gravity) axion gravity
110~—
Action-to-charge ratio was shown to decrease S/ 100?_ P T
with charge by considering leading irrelevant L R
operators with signs fixed by unitarity/causality 90i_ ' 0 = 27%
and further by )
numerically solving wormhole solutions with
general dilaton mass 81%
OXIIZIOIX141011l6101118101111(1)01l
q m?




Wormhole Stability

Previous works (25+ years) on perturbative stability of axion wormholes have led to
contradictory claims, casting doubts on their contributions to the Euclidean path integral.

Frame | Stable |°2Y9e"| o1 B.C.
inv
Rubakov, Shvedov, ‘96 axion No No physical X
Alonso, Urbano, ‘17 axion Yes Yes physical X
Hertog, Truijen, Van Riet, ‘18| axion No Yes pure gauge X
Loges, GS, Sudhir, ‘22 3-form Yes Yes pure gauge /




Boundary Conditions and Gauge Invariance

Under diffeomorphism, metric and axion/3-form perturbations are mixed. Physically
meaningful conclusions can only be drawn on gauge-invariant perturbations.

In analyzing scalar perturbations around the GS wormhole, the boundary conditions in the
3-form picture can be imposed more straightforwardly. Finite energy perturbations:

/5H/\*(5H < 00,
which corresponds to:

/d59/\*d56’<oo,

Metric perturbations vanish at the boundaries. Gauge invariant perturbations are Dirichlet
in the H; picture, while in the @ picture, gauge invariant perturbations involve mixed b.c.



Wormhole Stability

We determine the stability of GS wormhole by carrying out the following steps:

Parametrization of scalar perturbations and their boundary conditions.
Diffeomorphisms and physical degrees of freedom.

Quadratic action.

Integrate out non-dynamical and unphysical, gauge-dependent modes.

Analyze spectrum of remaining physical modes.

Steps akin to analyzing gauge invariant perturbations in inflationary cosmology.
But as we shall show, not only is the spectrum of perturbations

but on-shell value of the quadratic action is important for determining stabillity.




Scalar Perturbations

ds® = a(n)? |~ (1+ 2¢) dn® + 20; Bdnda’ + ((1 — 20)y;; + 2V, E) da'da’

H=— _(1 + s)volg 4+ dn A (% *yeijkaiw da? A dxk)_

6 scalar perturbations: @, v, E, B, s, w.

Dirichlet boundary conditions: perturbations must go to zero.



Diffeomorphisms

Some of these perturbations are unphysical and only represent the freedom to perform
diffeomorphism.

Under a diffeomorphism generated by & = 060 + Y (0,$)0; parametrized by two scalar
functions ¢V, ¢, the perturbations transform:

S¢dp = ¢+ H( 6¢B =—(" +¢ 0¢s = AQ
Octh = —H(¢ oclr = ¢ bew = ¢

Only one physical scalar mode. Convenient to pick:

S:S—AE 55520



Quadratic Action for Physical Perturbations

Integrating out non-dynamical and unphysical, gauge-dependent modes, we found that
7 = 0,1 modes are pure gauge while for j > 2, there is one physical dof (S; = s; + A\ E;)

34 o ON(IHHD) LN (A9 '
SQZ/dn S% 4+ S;:S: — ( / (1+H2)—1> S%
jEZ:Q )\j()\jg_g | 1_|_17_[2) _ J ()\j—S)H IET 942 )\ _ 3 J_,

Wick rotate 7 — — ir to GS wormhole and canonical normalize Q; = (---)S; :

Sy = /er( UE+>\ +1)Q2+GE>

Sf looks positive definite, but we will have to check the boundary term G].E.



Eigenvalue Problem

Schrodinger-like problem: Qg.k)” 4+ UJE (r) Q§‘k) — wj(-k) Q§‘k)
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S —+0 = 0¥ must go to zero faster than e~ !"l. Look for bound states with a)j(k) < -1



Eigenfunctions

There is exactly one even and one odd bound state for each j > 2:




Spectrum and Stability

j w](oOdd) w](-Odd) + )\j + 1 ] wj(-Odd) wj(-Odd) + )\j + 1
2 | —1.9335 7.4665 6 | —1.0921 47.9079
3 | —1.2873 14.7127 7 | —1.0705 62.9295
4 | —1.1817 23.83183 8 | —1.0556 79.9444
o | —1.1256 34.8744 9 | —1.0450 98.9950

0 L,
Q=3 QMY = S=) (0N +1)d >0

J
J=>2 J=>2

The Euclidean action only ever increases under scalar perturbations:

the GS wormhole is perturbatively stable.



Summary

- The S-matrix bootstrap program and the Swampland program both aim to make precise the
boundaries between consistent and inconsistent theories.

- The Swampland program provides some clear targets for positivity bounds.
- Sharpening the gravitational positivity bounds is important for proving swampland constraints.

. No spinning WGC because of superradiance, but dualities mapping rotation to charges =
charged superradiance = WGC.

. WGC on charged BHs = A5 > 0,153 < 0 = correction of extremality bound of MP/Kerr BH.

- Axionic WGC which constrains axion inflation is a statement about wormhole fragmentation.

- Swampland constraints (if established) can be used in combination with duality to obtain new
positivity bounds which are otherwise difficult to prove directly with amplitude techniques.



