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1.Motivation and background



The easiest manner to describe dark energy is through a cosmological constant:

1 SaxG
R, - ER g +@g,,w = L,

Is the same as cosmic fluid with equation of state:

P =P

This energy density does not redshift as the universe expands. Today it makes about 70%
of the energy density. Once itis 100% we are in the vacuum state and space-time is de
Sitter (dS)

This is not the only way to interpret dark energy. We should remain open minded.



In field theory the cc can be seen as vacuum energy. Its natural value would be of the
order of the cutoff scale of the standard model.

Reality is different:
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In field theory the cc can be seen as vacuum energy. Its natural value would be of the
order of the cutoff scale of the standard model.

Reality is different:

0,001 eV vs 1000000000000000000000000000 eV !

Biggest hierarchy problem known in physics. Fine-
tuning “the bare cc”.

But, we cannot compute the real vacuum energy in
field theory, we need a UV complete description, incl
quantum gravity.

= what about string theory?



AN from string theory?

UV completeness of string theory implies we know in principle how to compute vacuum
energy, no cut off needed. But how?

String theory in its usual form has 10 space-time dimensions....

We “curl up” 6 of them: Curvature gives 4D cc

9 5 5 Metric on compact
d510 — d84 @ ~ | space. Finite size.
— Associated length scale is called Kaluza-Klein scale (KK scale): :
Mass scale associated

1 with fluctuations of

1/6 __ . o
— ]-\J‘— fields inside extra
KK dimensions.

L = Volume



Most used approach to compute cc : construct a vacuum at the boundary of string moduli
space.

String theory reduces to classical 10D SUGRA if

1) gsissmall(gs <<1):
+ < | +

2) All field gradients are small with respect to 1/lsto control higher derivative
expansion. OK, if “curvature is small enough = volumes are large enough”.

* Bothgsand volume are fields in 4D that should be stabilized in the vacuum!
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boundary of string moduli space:

S

10D supergravity

AYRY l u O
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e String loops and instantons suppressed by

g,  exp(—1/gs)

 Derivative corrections & worldsheet instantons
suppressed by volume.




The UV physics: extra dimensions, branes, fluxes.

Curved dimensions?

\/|9 1[+‘;R1ﬂ — / 1@({ / \f'llif?_ﬁ_]’R_l + / m,,_.--ﬂﬁﬁ)
10 4 6 i

Positively (negatively) curved internal dimensions want to dynamically contract (expand)




The UV physics: extra dimensions, branes, fluxes.

Curved dimensions?
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Positively (negatively) curved internal dimensions want to dynamically contract (expand)

Fluxes ?

Maxwell theory with higher forms
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For any hidden dimension filled with flux there is an associated positive energy density:
Its volume wants to expand to lower the energy density



Branes?

Branes must fill our dimensions and wrap B6
some hidden dimensions

The dynamics of the brane is

S = _Tbra,n‘:‘ / \/ Jbrane = V GI(BL‘&HE)
brane

If tension is positive (negative) the space wrapped
by the brane wants to lower energy by shrinking
(expanding).




Branes?

Branes must fill our dimensions and wrap
some hidden dimensions

The dynamics of the brane is

S = _Tbrane / \/ Gbrane = Vol (BIHHE)
brane

If tension is positive (negative) the space wrapped
by the brane wants to lower energy by shrinking
(expanding).




Then the computed result is the full result (up to small corrections.) Nice
virtue of string theory. We can compute vacuum energies in certain corners
of the theory!



Then the computed result is the full result (up to small corrections.) Nice

virtue of string theory. We can compute vacuum energies in certain corners
of the theory!

Fluxes are a way out of Dine-Seiberg problem: vacua are typically “non-calculable”
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Aim of flux compactification program is to construct calculable vacua. Solutions “under
control”. We can stabilize at the boundary of moduli space.



Common agreement (?): no meta-stable dS in parametrically controlled regime
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We all agree it is easy to find vacua with A <0. Useful for holography but useless for
describing the observed universe? Still, we can investigate those vacua for addressing
the cosmic hierarchy problem, which arises for any sign of the vacuum energy.



We all agree it is easy to find vacua with A <0. Useful for holography but useless for
describing the observed universe? Still, we can investigate those vacua for addressing
the cosmic hierarchy problem, which arises for any sign of the vacuum energy.

So what happened to the 4d QFT lore?

- Definition of naturalness: size of vacuum energy is scale of new physics. With extra
dimensions, this is the Kaluza-Klein (KK) scale.

Many well controlled vacua indeed obey:

_ 0(1) These solutions do not look 4-dimensional to an
MKK observer!




The failure of the solution to look 4D is the same as not having a cc hierarchy.



The failure of the solution to look 4D is the same as not having a cc hierarchy,.

Scale separation: extra dimensions “small enough”

Litapble > Lk < My < Mik

4D QFT predicts “large cc”, but 4D QFT is only valid whenever:

A

MKK

- There is no way we can rely on standard Naturalness ideas in QFT to
discuss dark energy



2.Nogo theorem for small extra dimensions



Nogo-Example for 11d compactifications.

Assume no warping for simplicity, then one easily finds;
4 8
2 2
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We recognise that R4 < 0 as we expect from Maldacena-Nunez and R7 >0.

Taking the integrated ratio we find:
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Now define the curvature radius as > = vol " /ddy, /ga Ry

e Forthe external dimensions this defines the AdS radius LAds

* |If we assume that Lkk cannot be taken to zero at fixed LR = nogo for scale separation.



Now define the curvature radius as > = vol " /ddy1 /ga Ry

* Forthe external dimensions this defines the AdS radius LAds

* |f we assume that Lkk cannot be taken to zero at fixed LR = nogo for scale separation.

We arrive at nogo for AdS vacua with scale separation [Gautason, Schillo, Williams, VR 2015]

Maldacena-Nunes

4 \ )
A

- ' : /

New nogo

Precise & complete treatment, see [De Luca, Tomasiello, 2104.12773]
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3.Entropy bounds



The entropy bounds we will be looking at are the Covariant Entropy Bound (CEB)
[Bousso] and the so called CKN bound [Cohen, Kaplan, Nelson].

Av\” Mp\ 4 1 CEB
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The entropy bounds we will be looking at are the Covariant Entropy Bound (CEB)
[Bousso] and the so called CKN bound [Cohen, Kaplan, Nelson].

(_.-1;).71_.,)* ( Mp )*’i : | 1 CEB
— ) < : with v = .
A IR ;"'1{._.1.’ 2 (jKI\
—>The CEB: field-theoretic entropy, S, of a given region cannot exceed black-hole entropy, Sg,,
d—1 : d—2
Ny Mp
Arr Arr

—>CKN is stronger than CEB. The UV cutoff should be low enough such that states filling the
box with energy density A9, have Schwarzschild radius Lg,, smaller than the box:

Lgn < /Ay

Such states have M ~ A9, /A% and black hole radius (Lg,)?3 ~(M )42 My, leading to:

. d v d—2
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Arr Arp




What should we use as scales?

d-2

As L d+n-2Md+n--
p = LikKk




What should we use as scales?

Species scale [Dvali,...] = upper bound

on UV cutoff Mp
ﬂ._.,-p i e
Ny ?

In limit with n decompactifying extra
dimensions, the KK modes are dominant
species content, and one finds

Tl i =2

il’i ":"j-} H: LI‘L ]!':'1' - 41 Ifl,.l I - |

which equals the (d + n)-dimensional
Planck scale!

In presence of a cosmic horizon (or
apparent) it make sense to take:

AN = R/W ~ 1/Lg.

In AdS that is less clear since
there exist black holes larger than
the AdS scale. AdS scale informs
us about Hawking Page Transition.



Entropy bounds for compactification vacua

L always scales with vacuum energy according to [Lust, Palti, Vafa 2019]

2 ,
Lixrx ~ L3

in Planck units, with a“an order one number”. When a=1/2 = no scale separation. We
need a<1/2! But this can easily conflict with entropy bounds.
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Entropy bounds for compactification vacua

L always scales with vacuum energy according to [Lust, Palti, Vafa 2019]

2 ,
Lixrx ~ L3

in Planck units, with a“an order one number”. When a=1/2 = no scale separation. We
need a<1/2! But this can easily conflict with entropy bounds.

Using the IR and UV scale just defined , we find

d4+n—2 A {1 CEB

> rith o .
v = 2n  d4+vy—2 A | 2 CKN

Scale separation (< 1/2) in d = 4 is compatible with CEB for n 2 2 and with CKN for n > 3.
CEB excludes the recent interesting Dark Dimension Scenario [Montero, Valenzuela, Vafa]

Compactifications based on stabilizing extra dimensions with Casimir energy have a = 1/4
and are allowed by CEB (y = 1) whenever n = 4 but never possible according to CKN (y = 2).
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4.Rolling around nogo theorems and bounds



Possible scalar potentials for cosmic acceleration

Acceleration

Extremum

Monotonic

Eternal

v[g]

de Sitter vacuum

¢

7

Flat Potential

Transient

i)

Minkowski vacuum with slow roll

_-_._.__________.--r"

Steep Potential
with bounce behaviour

Parametrically controlled string compactications only give right lower corner




1um Flat Potential
h slow roll Steep Potential

with bounce behaviour 9 BUT

Such potentials are trivial to find. Eg: a torus with fluxes.

Cosmic acceleration is thus also trivial to find [Emparan &
Garriga 2003 1. Just send a scalar field uphill.

_-—-—'_'_'_'_FFH-FP.
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with bounce behaviour ) BUT

Such potentials are trivial to find. Eg: a torus with fluxes.

Cosmic acceleration is thus also trivial to find [Emparan &
Garriga 2003 1. Just send a scalar field uphill.

_-—'—'_'_'_'_F'_H-FP.

* For flat spatial FLRW slice (k=0) only few e-folds this way (max 3-4) [Danielsson&Dibitetto
20131 No known upper bound though?

* One can get infinitely many e-folds for hyperbolic slicings (k=-1) [Anderson&Heinzl 2006,
Marconnet&Tsimpis 2022, Andriot et al 2023, 2024]. Yet no cosmic horizon is created!

- Can we get scale separation and cosmic acceleration?
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Such potentials are trivial to find. Eg: a torus with fluxes.

Cosmic acceleration is thus also trivial to find [Emparan &
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- Can we get scale separation and cosmic acceleration?



Simple toy model
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Simple toy model

M?2
d*z+/|g4] ( —“R -

Vig)=Voe ™, Vy >0

k=0 FLRW attractors ~ )\2 < ¢ .

Mp =1

Z(&p )? - )



Simple toy model

d'z/]g4] (MP’R —Z(fﬁp )? — )

Vig)=Voe ™, Vog>0 Mp=1

k=0 FLRW attractors A2 < 6, q(t) ~ 2/,  o(t) =
, 2
A2 >6, a(t)~tY3  ot) = (sign)&)\/;lﬂgt +

2
—logt + c.

=-1 FLRW attractors A> V2, a(t)~t, @)= A



Example a) 11d supergravity on a compact 7d hyperboloid with no flux
ds?, = e*M%ds? + e?PPds?, 24 = —7B and A% = 7/18

L
This gives \2 = 1—7‘? < 6. KK Nt{]:



Example a) 11d supergravity on a compact 7d hyperboloid with no flux
ds?, = e*M%ds? + e?PPds?, 24 = —7B and A% = 7/18

L
Thisgives M2 = 18 < 6. KK Nt{]:

Example b) 11d supergravity on a compact 7d flat space (torus) with 7-form flux

2 _ L
A° = 14. %wt_ﬁl/?—}(l for t — 00,
H

Entropy bounds? - CEB saturated in these examples and CKN is violated.
CKNis bad or IR scale is wrong?
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5.Black holes and extra dimensions



Energy scale

Taken from E. Palti 1903.06239

String Theory

(Quantum Gravity)
\

J

SWAMPLAND VS
LANDSCAPE

SN landscape /&
— -

Set of consistent low-
energy effective
Quantum Field Theories




String Theory
Energy scale (Quantum Gravity)
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) Instead of trying to “reverse engineer”

Set of consistent low-

effective field theories and arrive wrongly at

Quantum Field Theories

“almost anything goes” picture (landscape),
we ask: ‘what is not allowed?’.




String Theory
Energy scale (Quantum Gravity)

e Instead of trying to “reverse engineer”
Set of consistent low- . . . .
emmefiste effective field theories and arrive wrongly at
“almost anything goes” picture (landscape),

we ask: ‘whatis not allowed?’.

M SIiva m\pland

L Landscape p/

=

* Keywords: interdisciplinary (pheno meets black hole physics, holography, pure math,
CFT...), focusing on patterns.

* Conjectures instead of statements. Become theorems when proven. Usually
conjectures come from 1) patterns in string compactifications + 2) heuristic reasoning

with black holes.



Weak Gravity Conjecture [Arkani-Hamed, Motl, Nicolis, Vafa 2006]

e (Electric WGC) There exists a particle in the theory with mass m and charge g
satisfying the mequality
m < V2gqM,, . (3.6)

o (Magnetic WGC') The cutoff scale A of the effective theory is bounded from above
approzrimately by the gauge coupling

A < gM,. (3.7)

Constants in Nature not arbitrary, some parts of field theory space are empty
when coupled to gravity, despite being “ok” (renormalisable, unitary...).



Electric WGC? Means particle is self repulsive

Electric field

Positively charged
black hole

Why needed? Otherwise charged extremal black holes cannot decay. Absolutely
stable.

Magnetic WGC? Similar reasoning for monopoles vs magnetic black holes in
“magnetic regime” of the theory. (Mass monopole goes like Lambda/g”2)



Distance conjecture [Ooguri, Vafa, 2006]

4 At large geodesic distance A in field space from the original vacuum, the mass scale)
m of a tower of modes becomes lighter as

m ~ my e AR

\Wli’h 8 an order-one number. )

Evidence even outside string theory [Stout 2022]!



Distance conjecture [Ooguri, Vafa, 2006]

m of a tower of modes becomes lighter as

m ~ mg e

\Wii’h 8 an order-one number.

4 At large geodesic distance A in field space from the original vacuum, the mass scale)

—BA

)

Evidence even outside string theory [Stout 2022]!

Hence, if scalars move large distances, the UV (species) scale can change significantly.
How in practice? -2 black holes can change positions of scalars: [Green, Star, Silverstein

2006].
kil E 1

2 9

Ve (9) ~ g(0) (Y1)

(5@?5) f((;S)Ter — DY — g(d)y — V(9),



Now let us apply black hole Gedanken experiments to get S wampland
constraints on scale separated extra dimensions.

Can black holes tell us something about extra dimensions?



V(g) =0 Vig) = ‘ v



%U’V
1 | % 1

.”'H r
V() =0 — V(g) = ‘ v

<=

If we insist that for black holes of all sizes at least some UV physics become
relevant at horizon scales, we conclude this only occurs in vacua that are not
rigid.



rigid extra dimensions.

1) Scale separated (small cc)
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MKK

2) The scalars that are not KK modes, the ~—
volume scalar, are also heavy in Hubble
units!

meLags > 1
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rigid extra dimensions.

1) Scale separated (small cc)

ma

MKK

2) The scalars that are not KK modes, the
volume scalar, are also heavy in Hubble
units!

meLags > 1

e

Hard to come by in string theory. In the Swampland? [If so, good news!]

Inconsistent with observations? Not if light scalars have suppressed couplings to
ordinary matter. We will assume so.



SUMMARY



Its difficult to get meta-stable de Sitter vacua from string theory. Certainly, absent
in asymptotic field space regimes.

Anti-de Sitter vacua are abundant, but it is difficult to make the extra dimensions
small. Separating the AdS and KK scale can conflict entropy bounds/ nogo’s

If we instead look at cosmological solutions with running fields we found explicit
scale separated solutions as a simple go-around. Covariant entropy bound ok.

Even if scale separated vacua resembling our universe (say meta-stable dS) exist
entropy bounds are constraining. 2 Swampland!

If we want UV physics to occur at horizons of black holes, the UV scale has to
drop when we reach black hole horizons. This is possible if extra dimensions are
not rigid! Black hole phenomenology could see UV physics?!



GTRING THEORY GUMMAR IZED:

| JUST HAD AN AWESOME |IDEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY, VIBRATING STRINGS.

OKAY. WHAT WouLD
THAT IMPLY?

| DUNO. /
£ R

It’s much more subtle and
nuanced than this cartoon
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