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Resources

https://indico.dfa.unipd.it/event/1051/

Recent Reviews

Superstring cosmology —        
a complementary review 

String cosmology:                           
From from the early universe to today

Brandenberger

Cicoli, Conlon, AM, Parameswaran, Quevedo, Zavala



Plan

• Focus on a few topics (seven/eight) and in 
each case discuss a recent paper or two.

• Papers part of bigger projects.

(Not a status summary)



Future Observations



• Universal nature of gravity implies many sources for 
stochastic gravitational waves.

• There is one guaranteed by the Hot Big Bang model and 
is UV sensitive.

High Frequency Gravitational Waves

Cosmic strings, Phase transitions, Oscillons …..

Most of these are model dependent.



• At               ,  gravitons are not in equilibrium with the  
cosmic plasma.

• Gravitons are constantly emitted due to fluctuations of the 
plasma stress tensor.

• For an observer today, these emissions sum up to give the 

High Frequency Gravitational Waves

 Cosmic Gravitational Wave Background (CGWB) 
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Ghiglieri,  Laine; 15 
Ghiglieri, Jackson, Laine, Zhu; 20 

Ringwald, Schutte-Engel, C. Tamarit; 21

• The theoretical prediction for the 
background from the SM and BSM 
models has been computed

High Frequency Gravitational Waves 

Contribution to GW wave energy density 
today per log frequency band during one 
               e-folding of a(t)

F : Property of the 
gauge theory; peaks at
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 CGWB : The Peak 

F : Property of the 
gauge theory; peaks 
 at
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• For most gravitons:

Emission Frequency  ~ Temperature of plasma at time of emission

• After emission, a graviton’s frequency redshifts as              .The 
plasma’s temperature also does the same.

 Peak freq.of CGWB (today)        Peak freq. of CMB (today)         GHz band
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 CGWB : The Amplitude 
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• The amplitude is proportional to

as there are more and more e-folding of the scale factor further back.

• UV sensitive: interesting for high energy physics & quantum gravity
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 CGWB : The Prospects 
• Today’s experiments operate far from the GHz band (Ligo: in 
the 10 Hz to 10 KHz)

• At the same time, there are many developments in the high 
frequency range (in both theory and experiments)
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Abstract
The first direct measurement of gravitational waves by the LIGO and Virgo col-
laborations has opened up new avenues to explore our Universe. This white paper
outlines the challenges and gains expected in gravitational-wave searches at fre-
quencies above the LIGO/Virgo band, with a particular focus on Ultra High-Fre-
quency Gravitational Waves (UHF-GWs), covering the MHz to GHz range. The
absence of known astrophysical sources in this frequency range provides a unique
opportunity to discover physics beyond the Standard Model operating both in the
early and late Universe, and we highlight some of the most promising gravitational
sources. We review several detector concepts that have been proposed to take up
this challenge, and compare their expected sensitivity with the signal strength
predicted in various models. This report is the summary of the workshop ‘‘Chal-
lenges and opportunities of high-frequency gravitational wave detection’’ held at
ICTP Trieste, Italy in October 2019, that set up the stage for the recently launched
Ultra-High-Frequency Gravitational Wave (UHF-GW) initiative.

Keywords Ultra-high-frequency gravitational waves ! Cosmological
gravitational waves ! Gravitational wave detectors ! Fundamental physics
with gavitational waves
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 CGWB : The Prospects 
•To the extent that the first experiments have already received    
support 

•The proposed sensitivities are orders of magnitude below what 
is needed to observe the CGWB;  we should be optimistic 

  as this is just the start.
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HIGHLIGHT

GravNet: A Global Network for the Search for High-Frequency Gravitational
Waves Receives ERC Synergy Grant 2024
November 5, 2024

A groundbreaking project called GravNet: A Global Network for the Search for High-Frequency Gravitational Waves has
been awarded an ERC Synergy Grant for 2024. Led by scientists from four European institutions, GravNet aims to
develop and deploy a novel experimental platform to detect gravitational waves GWs in the high-frequency range of
MHz to GHz. This pioneering effort could revolutionize the study of phenomena such as primordial black hole mergers
and ultra-light dark matter, offering answers to some of the most pressing questions about the cosmos.

GravNet is a six-year project in collaboration between Prof. Dr. Matthias Schott, Rheinische Friedrich-Wilhelms-
University, Bonn, Germany, Prof. Diego Blas, Instituto de Física de Altas Energías, Spain, Prof. Dr. Dmitry Budker,
Johannes Gutenberg University, Mainz, Germany and Dr. Claudio Gatti, National Institute for Nuclear Physics, Italy. The
project aims to develop the first dedicated network of detectors for high-frequency gravitational waves HFGWs. These
novel detectors combine the latest quantum sensing technologies with resonant cavities in strong magnetic fields.

“GravNet will open a new window to the Cosmos: we will, for the first time, have the capacity to look at high-frequency
gravitational waves with unprecedented precision,” says Diego Blas. “This may allow us to unveil secrets related to the
first moments of the Big Bang or to the mysteries of dark matter.”

The Quest for High-Frequency Gravitational Waves

The detection of high-frequency gravitational waves represents the next frontier in the intersection of fundamental
physics, astrophysics and metrology. Since the first detection of gravitational waves by LIGO in 2015, scientists have
been able to probe the universe in the frequency range from 10 Hz to 10 kHz. However, vast unexplored bands remain,
including the MHz to GHz range, which could hold the key to understanding fundamental astrophysical events such as
the mergers of primordial black holes or the interactions of ultra-light dark matter overdensities.

Illustration of GravNet project team. Credit: Eve Barlier

The GravNet Detection Strategy

GravNet’s approach to detecting high-frequency gravitational waves is based on an innovative use of quantum sensing
technologies. In particular, the project utilizes cavities in strong magnetic fields to convert gravitational waves into
photons. If the photon’s frequency matches the resonance frequency of the cavity, the signal is amplified and becomes
detectable. This method significantly enhances sensitivity to detect HFGWs.

To maximize the chances of detection, GravNet will deploy a network of detectors across multiple European
laboratories: Bonn, Mainz, Frascati, and PSI. These detectors will be synchronized using a GPS-based data acquisition
scheme, enabling them to function as a unified, highly sensitive array. The combined data from this global network could
increase sensitivity to high-frequency gravitational waves by several orders of magnitude.

Artist Illustration of GravNet detection process. Credit: Eve Barlier

GravNet Expected Outcomes

The GravNet project is expected to open up a new, vast parameter space for gravitational-wave searches, and to
provide the most stringent tests yet of the high-frequency gravitational wave spectrum. By launching a novel detection
program that bridges gravitational wave science with cutting-edge quantum sensing technologies QST, GravNet will
foster collaboration between these two scientific communities. The establishment of a European infrastructure for
HFGW detection will not only drive groundbreaking discoveries but also lay the foundation for future generations of
research, positioning Europe at the forefront of gravitational wave and quantum technology innovation.

About the ERC Synergy Grants 2024

Applicants submitted 548 proposals in the ERC Synergy Grants 2024 call. The 57 winning projects involve 201
researchers who will carry out their projects at 184 universities and research centres in 24 countries across Europe and
beyond.
The winning projects will receive a total of €571 million to address some of the most complex scientific problems,
covering a wide range of disciplines. The ERC Synergy Grants foster collaboration between outstanding researchers,
enabling them to combine their expertise, knowledge and resources to push the boundaries of scientific discovery. This
funding is part of the EU’s Horizon Europe research and innovation programme.

GravNet is the first dedicated effort to detect high-frequency gravitational waves. Their detection would open a new
observational window into previously unseen astrophysical processes.

Quantum Technologies and Gravitational Wave detection meet in this project, which proposes innovative table-top detectors for
high-frequency gravitational waves.

ICREA researcher at IFAE Diego Blas participates in the project, alongside three collaborators from leading European institutions.

More Information

Additional Material
ERC Press release

IFAE Research group
Theory Division
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Diego Blas
Research Professor
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Moduli Stabilisation



• Integer data such as flux quanta and ranks  
of gauge groups characterise string 
compactifications

Hierarchy from exponentials well known.

IIB Flux Compactications & Hierarchies

• What hierarchies can be generated from the integers?

Chauhan, Cicoli, Krippendorf, AM, Piantadosi  Schachner 25

Report on the possibility from polynomials.

Builds upon 
Dubey, Krippendorf, Schachner; 23 

Pauschinn, Schlechter 23



IIB  Flux Compactications

• Three form flux  F, H  threading three cycles of CY, 

• ISD condition fixes the complex structure moduli & the 
dilaton, no potential of Kahler moduli.
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G3 = i →G3
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G = F → ωH

Gukov, Vafa, Witten  99 
Dasgupta, Rajesh, Sethi 99 

Giddings, Kachru, Polchinski 01

satisfying the Imaginary Self Dual (ISD) condition.



 

IIB  Flux Compactications

• 4d EFT description: Gukov-Vafa-Witten superpotential

• Tadpole cancellation:

<latexit sha1_base64="Y0XgNMDF6ja9+wzpkr58Uudr1Ro="></latexit>
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ND3 +Nflux = QD3

: holomorphic three form of CY

(Flux contribution to D3 charge non -ve)



 

IIB  Flux Compactications: Challenges

  

does not cut out a compact subspace of the flux vector 
space 

• CY periods known as expansions in patches, modding out 
by discrete symmetries.

• Tadpole condition 
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IIB  Flux Compactications

• Variables motivated by special geometry of underlying CY. 

• Work locally in a region of the  the moduli space (even 
within patches for period expansions)  

Validity of EFT  Pheno. considerations 



 

IIB  Flux Compactications

• ISD condition becomes a matrix relationship between 
flux vectors:

• ISD matrix is closely related to the gauge kinetic matrix  

In addition, the perturbative Kähler potential (2.12) is independent on the axions Re(zi),

i = 1, . . . , h2,1. This results in a discrete Sp(2h2,1+2,Z) gauge symmetry generating integer

shifts of the complex structure moduli

z
i → z

i + n
i
, n

i ↑ Z , i = 1, . . . , h2,1 . (2.17)

The period vector and the fluxes transform under monodromy as,

{!, h, f} → M{ni}{!, h, f} , M{ni} ↑ Sp(2h2,1 + 2,Z) . (2.18)

These transformations leave the Kähler potential (2.12), the superpotential (2.24), and the

tadpole (2.11) invariant. By using these integer shifts in Eq. (2.17), we can choose the

fundamental domain for the axions as Re(zi) ↑ (↓0.5, 0.5].

Complex structure moduli stabilisation is the process of identifying minima of the

flux induced scalar potential (2.13). In this work, we focus on flux vacua satisfying the

F -flatness conditions

DωW =
1

ω ↓ ω
(f ↓ ωh)T · ” ·!(z) = 0 , (2.19a)

DiW = (f ↓ ωh)T · ” · (εi!(z) +!(z)εiK) = 0 . (2.19b)

For later purposes, we note that these conditions are equivalent to the imaginary self-

duality (ISD) of 3-form G3, i.e., ϑ6G3 = iG3 in terms of the Hodge star operator ϑ6 on X3

[1]. In terms of the flux vectors (2.9), it can be written as

f1 ↓ ω h1 = N · (f2 ↓ ω h2) (2.20)

where N is the (complex conjugate) gauge kinetic matrix defined in terms of the prepo-

tential as

NIJ = F IJ + 2i
Im(FIL)XL Im(FJK)XK

XM Im(FMN )XN
, FIJ = εXI εXJF . (2.21)

Alternatively, by using ω = c0 + is, we can write this ISD condition form

f = (s” · M+ c01) · h (2.22)

in terms of the real matrix

M =

(
↓I→1 I→1R
RI→1 ↓I ↓RI→1R

)
, (2.23)

which we refer to as ISD matrix subsequently. Here, R, I are the real and imaginary parts

of the gauge kinetic matrix N = R+ i I defined above.

Early attempts to construct vacua solving (2.19a) and (2.19b) include [12, 13, 33–36],

see also [14, 37–40] for models with h
1,2 ↔ 3.2 The distributions of string vacua have been

2
An alternative strategy is to restrict to special choices of fluxes for which a subset of VEVs can be fixed

analytically, see e.g. [41–43].
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(in a symplectic basis). 

<latexit sha1_base64="7wJR0mpn1Y5R2HC8cE5TuKgiN8M="></latexit>

f = (f1, f2) h = (h1, h2) dim fi, hi = h2,1



Bounding the Flux Vectors

   

•             and            are max/min eigenvalues of  matrices related to 
the gauge kinetic matrix.  

Notice that (→I)JI and ĨIJ is positive definite. Let us denote the eigenvalues of (→I) as
µ and those of Ĩ as µ̃. Then we have

↑
3

2
µmin||h2||2 ↓ Nflux , (3.8a)

↑
3

2
µ̃min||h1||2 ↓ Nflux . (3.8b)

We stress that these bounds are stronger than the ones of [11] where both right hand

sides in (3.8) are bounded by Nfluxωmax. The condition on the LHS (3.8a) on h2 is more

restrictive than in (3.8b) because the eigenvalues µ of (→I) are larger than the ones of Ĩ.

We will comment on detailed results in Sect. 4.

Similarly, we can use (3.7) to obtain bounds on the choices of RR-flux vectors f1, f2

by writing

µmin||f2 → c0h2||2 ↓ µmin

(
||f2 → c0h2||2 +

3

4
||h2||2

)
↓ sNflux ↓ ωmaxN

2
max , (3.9a)

µ̃min||f1 → c0h1||2 ↓ µ̃min

(
||f1 → c0h1||2 +

3

4
||h1||2

)
↓ sNflux ↓ ωmaxN

2
max . (3.9b)

The right hand side of both inequalities is less constraining than the ones in (3.8) due to

an extra factor of Nmax. Thus, we typically expect to find more independent flux choices

of f1, f2 than h1, h2. Since the left hand side of (3.9) involves the value of universal axion

c0 = Re(ε), we can relax the above bounds by expanding the terms in (3.7) first and then

using bounds on the matrix norms to arrive at

µmin

[
||f2||2 +

(
c
2
0 +

3

4

)
||h2||2

]
→ 2µmax |c0| ||f2|| ||h2|| ↓ sNflux , (3.10a)

µ̃min

[
||f1||2 +

(
c
2
0 +

3

4

)
||h1||2

]
→ 2µ̃max |c0| ||f1|| ||h1|| ↓ sNflux . (3.10b)

This then allows us to derive the weaker bounds upon using |c0| ↓ 0.5 which are then

independent of c0. Later on, these bounds will serve as useful consistency checks for the

datasets discussed in Sect. 4.

Lastly, there are additional bounds on the RR-fluxes f such as [11]

||f ||2 ↓ 4N2
maxω

2
max

3
. (3.11)

The right hand side is much weaker compared to the bound (3.4) on h. The bound (3.11)

can be slightly improved by using (3.6) to arrive at [11]

↑
3

2

Nflux

ωmax
↓ ||f ||2 ↓

ω
2
maxN

2
flux

||h||2 +
||h||2
4

. (3.12)

3.2 Algorithms for finding flux vacua

We now detail the algorithm for numerically generating fluxes and their associated vacua.

The goal is to systematically construct minima of the flux scalar potential (2.13), satisfying
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µ̃max/min

• Bounds on flux vectors  in terms of  local (in moduli space) 
properties of the gauge kinetic matrix and related matrices 



 

Hierarchy from Polynomials

•  Example:    

   

Two moduli, in the large complex structure limit.

• The prepotential is a polynomial   

<latexit sha1_base64="vx9V5XRQiP1zGP+L+eTKtQj7QWs="></latexit>

Symmetric locus of CY in P(1, 1, 1, 6, 9)

<latexit sha1_base64="cG6QDu2WNWz+3ra9cWLoMVKrIOA="></latexit>

F (z) = �1

6
̃ijkz

izjzk +
1

2
aijz

izj + biz
i + ⇠̃ + Finst(z)

implying the same for the superpotential.  
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negligible



Hierarchy from Polynomials

• The expectation of the GVW super potential is 
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f = (4, 12, 2,�1, 0,�1), h = (36,�1, 0, 0, 1,�1)

• For the following choice of the flux vectors:

<latexit sha1_base64="sZWw1jgjgeZkx877GUfH8JAQI6k="></latexit>
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G ^ ⌦i ⇠ 5.5⇥ 10�5 ⌧ 1

A lowered scale of SUSY breaking



Explicit Solutions: IIB  Flux Compactications

• Explicit access to features such as: mass hierarchies, 
voids in moduli space …

• Complementary to the statistical approach to study 
these vacua; broad agreement with some interesting 
differences.

• Present approach provides explicit flux quantum numbers for 
solutions of interest:  avenue for top-down studies.

Ashok, Douglas 03 
Denef, Douglas 04



Acceleration



Acceleration

• Observations have established that today’s universe is accelerating:

• Accelerating solutions in string theory have been a 
challenge. Due to certain No-gos:

<latexit sha1_base64="EVTTk5vbqGAFC3SrACZDKycxrSc=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyURqa6k6MZlBfuAJpTJZNIOnWTCzEQosQt/xY0LRdz6G+78G6dtFtp6YOBwzrncOydIOVPacb6tpeWV1bX10kZ5c2t7Z9fe228pkUlCm0RwITsBVpSzhDY105x2UklxHHDaDoY3E7/9QKViIrnXo5T6Me4nLGIEayP17MPcC0OhczxGnjBBZMgVcnp2xak6U6BF4hakAgUaPfvLCwXJYppowrFSXddJtZ9jqRnhdFz2MkVTTIa4T7uGJjimys+n94/RiVFCFAlpXqLRVP09keNYqVEcmGSM9UDNexPxP6+b6ejSz1mSZpomZLYoyjjSAk3KQCGTlGg+MgQTycytiAywxESbysqmBHf+y4ukdVZ1a9Xa3Xmlfl3UUYIjOIZTcOEC6nALDWgCgUd4hld4s56sF+vd+phFl6xi5gD+wPr8Ac4vlVE=</latexit>

ä

a
> 0

Compactifications of classical (2-derivative) 10d supergravities/
M-theory have no accelerating FRW solutions.   

Gibbons  85 
De Witt, Hari Dass, Smit 89 

Maldacena, Nunez 01



No Gos:  Loopholes

 Many loopholes: 

<latexit sha1_base64="pd6wer7ZooVY1O8NF/NbbrwpdSY="></latexit>

ds2 = W (y)gFRWµ⌫ dxµdx⌫ + gmn(y)dy
mdyn

• Quantum/Classical corrections to the 2 derivative action.  
• Localized sources in the 10d/11d action. 

          Townsend  03 
Russo Townsend 21

No general understanding of when a particular loop hole 
can evade the no go and if any part of no survives in 
general (such as dS swampland conjectures) Obied, Ooguri, Spodynieko, Vafa 03 …..

• Singularities in           or           that have a string interpretation.
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gmn(y)
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W (y)
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gmn(y, t)

 dS Swampland



de Sitter



Salam Sezgin Solution

• Salam-Sezgin solution: Minkowski solution to 4d

<latexit sha1_base64="foZHPy2KjrYK2QP/SkGzbrNURSg="></latexit>
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• The potential is a runaway:                    
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M3,1 ⇥ S2
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V (') = +
2g2
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e'

No maximally symmetric solutions in 6d.

6d (1,0)  Sugra
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' : tensor multiplet scalar

  Salam Sezgin  84

 A sphere compactification with flux.
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(hypers integrated out)



• Later,                       solutions were found; when 
allowing for localized sources.

• de Sitter came out naturally given the +ve potential 
<latexit sha1_base64="/jOIOnSBejv9GvJKcFaFdEi4grk="></latexit>
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<latexit sha1_base64="+TUnD9JIRGvPekm9z36kEvRGAYs="></latexit>

AdS4 and dS4

Salam Sezgin Solution



• Motivated by this

• The string compactifications considered 

 M- theory on elliptically fibred         leading to N=2 theories in 5d 

String compactifications to 6d (1,0) 

Further compactify to 4d to get de Sitter

Uplifted to 6d (1,0)

Burgess Quevedo Muia 24

Bonetti Grimm 11 
Grimm Pugh 13

<latexit sha1_base64="A8rjfu9nXedYMbiALgwL1H2+jl0=">AAAB8nicdVDLSgNBEJz1GeMrKnjxMhgET8tuEpM9huTiMQHzkGQJs5NJMmT2wUyvGJZ8hhcPinjVv/ALvHnxW5wkCipa0FBUddPd5UWCK7CsN2NpeWV1bT21kd7c2t7ZzeztN1UYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyxtWZ37piUvEwuIBJxFyfDAM+4JSAljpdYNeQVC+nvXwvk7VM68wpOgVsmfmcky+UNLFLObtUwLZpzZEtH9bf+XPlpdbLvHb7IY19FgAVRKmObUXgJkQCp4JN091YsYjQMRmyjqYB8Zlyk/nJU3yilT4ehFJXAHiufp9IiK/UxPd0p09gpH57M/EvrxPDwHETHkQxsIAuFg1igSHEs/9xn0tGQUw0IVRyfSumIyIJBZ1SWofw9Sn+nzRzpl00i3WdRgUtkEJH6BidIhuVUBmdoxpqIIpCdIPu0L0Bxq3xYDwuWpeMz5kD9APG0weKjpUn</latexit>

CY3

Salam-Sezgin in String Compactifications



 

Salam-Sezgin in String Compactifications

• This give large number of 6D theories, simplest one has 
been studied in detail.

• A two field          analogue of the Salam-Sezgin setting. 
<latexit sha1_base64="tvTxaKQ9D8RVn6Sdux693ATb/0o=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREpHosevFYwX5AE8pmu2mXbjZhd1Ooob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7uwU9zd2z8o2YdHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho7uZ3x5TqVgsHvUkoX6EB4KFjGBtpJ5dqnhjLJMhu0AeGbLznl12qs4caJW4OSlDjkbP/vL6MUkjKjThWKmu6yTaz7DUjHA6LXqpogkmIzygXUMFjqjys/nhU3RmlD4KY2lKaDRXf09kOFJqEgWmM8J6qJa9mfif1011eONnTCSppoIsFoUpRzpGsxRQn0lKNJ8Ygolk5lZEhlhiok1WRROCu/zyKmldVt1atfZwVa7f5nEU4AROoQIuXEMd7qEBTSCQwjO8wpv1ZL1Y79bHonXNymeO4Q+szx+GvJJf</latexit>

(',�)

<latexit sha1_base64="RsVhNbInxZevzEPqLyHTDB335Ew="></latexit>
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4
e'�2� <latexit sha1_base64="gfwTmr+d6K/z2im+JA/dbIg4bqk=">AAACFnicbVDLSgNBEJz1GeNr1aOXwSB4MeyKRPEU9OIxgnlAsoTZSScZMvtgplcMS77Ci7/ixYMiXsWbf+MkWVATCwaKqmp6uvxYCo2O82UtLC4tr6zm1vLrG5tb2/bObk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+B0iIKb3EYgxewXii6gjM0Uts+bvG+oBe0hXCPad8kVJBIFLEEpD9McyaZGrXtglN0JqDzxM1IgWSotO3PVifiSQAhcsm0brpOjF7KFAouYZRvJRpixgesB01DQxaA9tLJWSN6aJQO7UbKvBDpRP09kbJA62Hgm2TAsK9nvbH4n9dMsHvupSKME4SQTxd1E0kxouOOaEco4CiHhjCuhPkr5X2mGEfTZN6U4M6ePE9qJ0W3VCzdnBbKl1kdObJPDsgRcckZKZNrUiFVwskDeSIv5NV6tJ6tN+t9Gl2wspk98gfWxzd1E6A5</latexit>

� : hypermultiplet multiplet scalar



 

Salam-Sezgin in String Compactifications

  • This 6D effective theory has dS solutions

<latexit sha1_base64="RsVhNbInxZevzEPqLyHTDB335Ew="></latexit>

V (',�) =
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• The  associated metrics are warped and have cylindrical 
symmetry in the 2-compact directions

<latexit sha1_base64="yCmvVndUx4l3NNoYBRe7PI+lnG4="></latexit>

ds2 = W 2(⌘)gdS4
µ⌫ dxµdx⌫ + a2(⌘)d✓2 + a2(⌘)W (⌘)8d⌘2

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit> {
 Cylindrical symmetry 



 

Salam-Sezgin in String Compactifications

  • As expected from the no go, there are singularities.  
    They show up in the warp factor:         .

• Properties localised objects associated with the singularities 
(from asymptotic behaviour of fields)

• +ve tension 

<latexit sha1_base64="neDliv9baWDz6vGq5J0SN6pgHh4=">AAAB7nicbVBNS8NAEN34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2k3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqOTR5LGPdCZgBKRQ0UaCETqKBRYGEdjC+m/ntJ9BGxOoRJwn4ERsqEQrO0ErtdqUHyC76pbJbdeegq8TLSZnkaPRLX71BzNMIFHLJjOl6boJ+xjQKLmFa7KUGEsbHbAhdSxWLwPjZ/NwpPbfKgIaxtqWQztXfExmLjJlEge2MGI7MsjcT//O6KYY3fiZUkiIovlgUppJiTGe/04HQwFFOLGFcC3sr5SOmGUebUNGG4C2/vEpal1WvVq09XJXrt3kcBXJKzkiFeOSa1Mk9aZAm4WRMnskreXMS58V5dz4WrWtOPnNC/sD5/AF+T48J</latexit>

W (⌘)

• No D3 or D7 charge

Interpretation in string theory is underway ….



KKLT de Sitter Vacua

• Expectation value of the GVW superpotential small, 
but not very small

•Some 2-cycle volumes are small,      corrections (N=2) have been 
incorporated (estimates for others indicate they are  small)

 Mcallisiter, Moritz, Nally, Schachner  24
          Kachru, Kallosh, Linde, Trivedi 03

         Demitras Kim McAllister Moritz 19

•Systematic search for KKLT vacua in CYs  from the Kreuzer-
Skarke list with less than or equal to 8 complex structure moduli

•General methods in computational mirror    
symmetry have been developed. Wide applicability.

    Demitras Kim McAllister Moritz  Rios-Tuscan 19

<latexit sha1_base64="W82e8ZHj8+/87Zo4DExz/u7U9vk=">AAAB73icdVDLSsNAFJ3UV62vqks3g0V0FSZW0nRXdOOygn1AG8pkOmmHTiZxZiKU0J9w40IRt/6OO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek6vc79xTqVgsbvU0oX6ER4KFjGBtpG4f82SMT+GgXEE2qtdrdRci23FqHspJ1au6ngMdG81RAUs0B+X3/jAmaUSFJhwr1XNQov0MS80Ip7NSP1U0wWSCR7RnqMARVX42v3cGT4wyhGEsTQkN5+r3iQxHSk2jwHRGWI/Vby8X//J6qQ49P2MiSTUVZLEoTDnUMcyfh0MmKdF8aggmkplbIRljiYk2EZVMCF+fwv9J+9x2XNu9uag0LpdxFMEROAZnwAE10ADXoAlagAAOHsATeLburEfrxXpdtBas5cwh+AHr7RPO+o/a</latexit>

↵0

<latexit sha1_base64="djfgcp0bFMHY4E3Fx0QxXMpTGdQ=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwYtktUj0WvXisYD+gXZdsmrahSXZJsoWy9J948aCIV/+JN/+NabsHbX0w8Hhvhpl5UcKZNp737aytb2xubRd2irt7+weH7tFxU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61odDfzW2OqNIvlo5kkNBB4IFmfEWysFLpuK/RQVzOBfO8pu6xMQ7fklb050Crxc1KCHPXQ/er2YpIKKg3hWOuO7yUmyLAyjHA6LXZTTRNMRnhAO5ZKLKgOsvnlU3RulR7qx8qWNGiu/p7IsNB6IiLbKbAZ6mVvJv7ndVLTvwkyJpPUUEkWi/opRyZGsxhQjylKDJ9Ygoli9lZEhlhhYmxYRRuCv/zyKmlWyn61XH24KtVu8zgKcApncAE+XEMN7qEODSAwhmd4hTcnc16cd+dj0brm5DMn8AfO5w9fuJI3</latexit>

W0 → 10→2



Candidate deSitter Vacua

•Biggest shortcoming:  

•How does this change as they increase the number of complex structure 
moduli?

Summary Table (so far) 

<latexit sha1_base64="Yj7p9bcQM/dWmCDwkv/0l+pU17c="></latexit>

gsM sets size of the S3 at the bottom of the KS throat is O(1)

5 Candidate KKLT de Sitter Vacua

In §2-§4 we defined the leading-order EFT for our class of compactifications, and we

explained a procedure for finding de Sitter vacua of this theory through a large-scale

computational search.

We now present five compactifications that contain a total of 30 such vacua. Key

control parameters, for one example from each compactification, are summarized in Table

2. All of the data presented in this section is publicly available in a dedicated GitHub

repository, along with a demo notebook that shows how to interpret the data using

CYTools [106].

ID h
2,1

h
1,1

M K
0

gs W0 gsM |zcf | V0

1 8 150 16 26
5 0.0657 0.0115 1.051 2.822⇥10�8 +1.937⇥10�19

2 8 150 16 93
19 0.0571 0.00490 0.913 7.934⇥10�9 +1.692⇥10�20

3 8 150 18 40
11 0.0442 0.0222 0.796 8.730⇥10�8 +4.983⇥10�19

4 5 93 20 17
5 0.0404 0.0539 0.808 1.965⇥10�6 +2.341⇥10�15

5 5 93 16 29
10 0.0466 0.0304 0.746 8.703⇥10�7 +2.113⇥10�15

Table 2: Five candidate de Sitter vacua, in the order of their presentation in §5, and their

control parameters.

5.1 Example 1: h
1,1 = 150, h2,1 = 8

As our first example, we consider the polytope � whose vertices are given by the columns

of the matrix 0

BBB@

1 �1 �1 �1 �1 �1 �1 �1 �1

�1 2 �1 �1 �1 0 �1 0 0

�1 1 0 2 2 0 0 0 1

�1 1 0 0 1 2 2 1 0

1

CCCA
. (5.1)

An FRST of � defines a toric variety whose generic anticanonical hypersurface is a

smooth Calabi-Yau threefold eX with Hodge numbers h
1,1( eX) = 8 and h

2,1( eX) = 150,

and similarly an FRST of the polar dual polytope �� defines a Calabi-Yau threefold X

with the mirror Hodge numbers h
1,1(X) = 150 and h

2,1(X) = 8. The pair (�,��) is

�-favorable, ��-favorable, and trilayer, and in any phase X obtained from an FRST of

��, there exists a sign-flip orientifold with h
1,1
� (X/I) = h

2,1
+ (X/I) = 0 [91]. Thus, ��

meets our polytope criteria, and we will compactify on an orientifold of X.

We select fluxes in H
3(X,Z) that furnish a conifold PFV, as defined in §4.4. There

exists a particular FRST T of � that yields a Calabi-Yau threefold eX whose Mori cone

42



• A key physics motivation for CY compactifications 
is SUSY, there is no evidence for far …

• Negatively curves manifold, SUSY broken at the KK 
scale

Negatively curved internal geometry

• Rigidity properties imply module stabilisation 
requires considering just one modulus

 De Luca 25
 De Luca, Silverstein, Torroba 22

…………….

 De Luca’s talk



Acceleration as
motivated by the 

Swampland Program  
& 

its implications 

Summaries: 
Vafa 24 
Anchordoqui,  Antoniadis, Lust 24



Lessons from String Theory

Consistency conditions for any Low Energy EFT 
compatible with Quantum Gravity

Swampland Program
Vafa 05



 

Swampland Distance Conjecture

• As one approaches the boundary of moduli space, there 
is an exponentially light tower of states

•Generalised to the emergent string conjecture

<latexit sha1_base64="Giq8jOpFQVXIBtHmdakuxEDEASY=">AAACB3icbVC7SgNBFJ2Nrxhfq4KNIINBsDHsWkTLEBvLBMwDsjHcnUySITO7y8xsICzpbPwVQSwUsRX8Ajsbv8XJo9DEAxcO59zLvff4EWdKO86XlVpaXlldS69nNja3tnfs3b2qCmNJaIWEPJR1HxTlLKAVzTSn9UhSED6nNb9/NfZrAyoVC4MbPYxoU0A3YB1GQBupZR8J7CkmsGg5mN4mZx7wqAfYG4CMemzUsrNOzpkALxJ3RrKFg/I3eyx+lFr2p9cOSSxooAkHpRquE+lmAlIzwuko48WKRkD60KUNQwMQVDWTyR8jfGKUNu6E0lSg8UT9PZGAUGoofNMpQPfUvDcW//Mase5cNhMWRLGmAZku6sQc6xCPQ8FtJinRfGgIEMnMrZj0QALRJrqMCcGdf3mRVM9zbj6XL5s0imiKNDpEx+gUuegCFdA1KqEKIugOPaBn9GLdW0/Wq/U2bU1Zs5l99AfW+w+ZoJw9</latexit>

m ⇠ m0e
�↵'

<latexit sha1_base64="1tfFP5t8tjhY0vrZSOqAbiZGfXg=">AAACBHicbVDLSsNAFJ3UV62vqMuKDBbBVUlcVJdFNy5bsA9oQplMJu3QySTMTIohdOFCf8WNC0WErvwId36DP+H0sdDWAxcO59zLzDlezKhUlvVl5FZW19Y38puFre2d3T1z/6Apo0Rg0sARi0TbQ5IwyklDUcVIOxYEhR4jLW9wPfFbQyIkjfitSmPihqjHaUAxUlrqmkVniETcp9BRkR5ypzIvSriPRDrqmiWrbE0Bl4k9J6Xq0bj+/XA8rnXNT8ePcBISrjBDUnZsK1ZuhoSimJFRwUkkiREeoB7paMpRSKSbTUOM4KlWfBhEQg9XcKr+vshQKGUaenozRKovF72J+J/XSVRw6WaUx4kiHM8eChIGdeBJI9CngmDFUk0QFlT/FeI+Eggr3VtBl2AvRl4mzfOyXSlX6rqNKzBDHhTBCTgDNrgAVXADaqABMLgHT+AFvBqPxrPxZrzPVnPG/OYQ/IHx8QNkLJxN</latexit>

' ! boundary

<latexit sha1_base64="a9WjYLSwZZtfLtiLkuEfxtY2yFk=">AAACA3icbVDLSgNBEJyNrxhfq970MiQIESHseogeg168GcE8ILuE3skkGTL7YGZWWJaAF//Ab/DiQRGv/oS3/I2zSQ6aWNBQVHXT3eVFnEllWRMjt7K6tr6R3yxsbe/s7pn7B00ZxoLQBgl5KNoeSMpZQBuKKU7bkaDge5y2vNF15rceqJAsDO5VElHXh0HA+oyA0lLXPHKAR0PAjmQ+dnxQQwI8vR2X7dOuWbIq1hR4mdhzUqoVnbPnSS2pd81vpxeS2KeBIhyk7NhWpNwUhGKE03HBiSWNgIxgQDuaBuBT6abTH8b4RCs93A+FrkDhqfp7IgVfysT3dGd2pVz0MvE/rxOr/qWbsiCKFQ3IbFE/5liFOAsE95igRPFEEyCC6VsxGYIAonRsBR2CvfjyMmmeV+xqpXqn07hCM+TRMSqiMrLRBaqhG1RHDUTQI3pBb+jdeDJejQ/jc9aaM+Yzh+gPjK8f7BeaCw==</latexit>

↵ ⇠ O(1)

Ooguri Vafa 07

Tower KK Tower or String Tower

Lee Lerche Weigand 19



 

Towers and the CC

AdS string vacua:

• Similar reasoning can be applied to parameters in the theory

(quasi) dS state:

<latexit sha1_base64="EoXYRLMs1Xys9gMkGOqZZ03+H4w=">AAAB/XicbVDLSgMxFM34rPU1PnZuQosgCGXGRXVZdOPCRQX7gM5YMpm0DU0yQ5IRxmnxJ/wANy4Ucet/uOvfmD4W2nogcDjnHu7NCWJGlXackbW0vLK6tp7byG9ube/s2nv7dRUlEpMajlgkmwFShFFBappqRpqxJIgHjDSC/tXYbzwQqWgk7nQaE5+jrqAdipE2Uts+5NBTlMOBd2NCIRrcZ2jYtotOyZkALhJ3RoqVgnf6PKqk1bb97YURTjgRGjOkVMt1Yu1nSGqKGRnmvUSRGOE+6pKWoQJxovxscv0QHhslhJ1Imic0nKi/ExniSqU8MJMc6Z6a98bif14r0Z0LP6MiTjQReLqokzCoIziuAoZUEqxZagjCkppbIe4hibA2heVNCe78lxdJ/azklkvlW9PGJZgiB45AAZwAF5yDCrgGVVADGDyCF/AG3q0n69X6sD6no0vWLHMA/sD6+gFVuJgn</latexit>

m ⇠ |⇤|a

Lust Palti Vafa 19
Montero Vafa Valenzuala 22

Burgess, Quevedo  23 
Branchina, Branchina,  Contino, Pernace 23 & 24 

Anchordoqui,  Antoniadis,  Lust, Lust 24
Usual EFT reasoning:

No contribution to cc above the tower scale

• For our universe it has been argued:
<latexit sha1_base64="qdwlgx+4VYTzFLNv+6kzR9IWIR0=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp1Y1QdOPCRQX7gCaWyWTSDp1JwsxEKGl+xI2/4saFIi7ciH/jtM1C2x4YOJxzD3fu8WJGpbKsH6Owsrq2vlHcLG1t7+zumfsHLRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+uJ334kQtIovFejmLgc9UMaUIyUlnpmlUNHUg7Hzq0O+Wj8kNrQiXQE+hm8XKZXs55ZtirWFHCR2DkpgxyNnvnl+BFOOAkVZkjKrm3Fyk2RUBQzkpWcRJIY4SHqk66mIeJEuun0ugyeaMWHQST0CxWcqn8TKeJSjrinJzlSAznvTcRlXjdRwYWb0jBOFAnxbFGQMKgiOKkK+lQQrNhIE4QF1X+FeIAEwkoXWtIl2PMnL5LWWcWuVWp31XL9Kq+jCI7AMTgFNjgHdXADGqAJMHgCL+ANvBvPxqvxYXzORgtGnjkE/2B8/wKrCKEN</latexit>

m ⇠ |⇤| 1d = |⇤| 14

<latexit sha1_base64="oT4NS5uyJ26E4ZMIOWZFEafr5sw=">AAACCHicbVBLSwMxGMzWV62vVY8eDBZBEMqulOqx6MWDhwr2Ad11yWbTNjTJLklWKEuPXvwrXjwo4tWf4M1/Y9ruQVsHApOZ+Ui+CRNGlXacb6uwtLyyulZcL21sbm3v2Lt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMA+9G5MOELQU5TD/BI48BRCfp9Vx4FddirOFHCRuDkpgxyNwP7yohinnAiNGVKq6zqJ9jMkNcWMjEteqkiC8BD1SddQgThRfjZdZAyPjRLBXizNERpO1d8TGeJKjXhokhzpgZr3JuJ/XjfVvQs/oyJJNRF49lAvZVDHcNIKjKgkWLORIQhLav4K8QBJhLXprmRKcOdXXiSts4pbq9Ruq+X6ZV5HERyAI3ACXHAO6uAaNEATYPAInsEreLOerBfr3fqYRQtWPrMP/sD6/AET+5gc</latexit>

! → !0 +m4



 

Towers and the CC

• Plugging in the observed value of the CC
<latexit sha1_base64="1DMhzPEwTOw/q1dMax1BnnDsIcs=">AAACBHicbVA9SwNBEN3z2/MraplmMQg2hjuLaCOKNpYRzAfkYtjbTMyS3btjd04MRwob/4iFjYUitrb2NuK/cZNY+PVg4PHeDDPzwkQKg5734UxMTk3PzM7NuwuLS8srudW1qolTzaHCYxnresgMSBFBBQVKqCcamAol1MLe8dCvXYI2Io7OsJ9AU7GLSHQEZ2ilVi6vaGCEotT3zrPtnQENaIBwhRlUB61cwSt6I9C/xP8ihYNXdz+5fXfLrdxb0I55qiBCLpkxDd9LsJkxjYJLGLhBaiBhvMcuoGFpxBSYZjZ6YkA3rdKmnVjbipCO1O8TGVPG9FVoOxXDrvntDcX/vEaKnb1mJqIkRYj4eFEnlRRjOkyEtoUGjrJvCeNa2Fsp7zLNONrcXBuC//vlv6S6U/RLxdKpVzg8ImPMkTzZIFvEJ7vkkJyQMqkQTq7JHXkgj86Nc+88Oc/j1gnna2ad/IDz8gnTB5n5</latexit>

m ⇠ 10�2 eV

•No evidence for strong gravity at such low scales, thus the 
tower must be a KK tower. At least one radius of size:

<latexit sha1_base64="ARzwm7fl866eW5iavjl8b6kYV9s="></latexit>

R & ⇤�1/4 ⇠ 88 µm



Dark Dimension

• SM must be on a brane

Constraints from the 
cooling of Neutron Stars 

 One large extra dimension 
        (dark dimension) 

• More recently,                  : alternate scenario with 2 large extra 
dimensions, fundamental scale close to the TeV.

<latexit sha1_base64="wwr7aGwImhy+57HRmH0ZzQPq+/U=">AAAB9HicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRbQMsbFMwDwgWcLsZDYZMjO7zswGwpLvsLFQxFK/wi+ws/FbnDwKTTxw4XDOvdx7TxBzpo3rfjmZtfWNza3sdm5nd2//IH941NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/eaIKs0ieWfGMfUF7ksWMoKNlXzRTTsymaCOiZDbzRfcojsDWiXeghTKJ7Vv9lb5qHbzn51eRBJBpSEca9323Nj4KVaGEU4nuU6iaYzJEPdp21KJBdV+Ojt6gs6t0kNhpGxJg2bq74kUC63HIrCdApuBXvam4n9eOzHhtZ8yGSeGSjJfFCYc2RenCaAeU5QYPrYEE8XsrYgMsMLE2JxyNgRv+eVV0rgseqViqWbTqMAcWTiFM7gAD66gDLdQhToQuIcHeIJnZ+Q8Oi/O67w14yxmjuEPnPcfC0yVVg==</latexit>

m⌫ ! 0

Casas Ibanez Marchesano 24

Montero Vafa Valenzuala 22



KK Gravitons as DM

• Dark matter is KK gravitons produced from the decay of SM 
plasma. Dark matter abundance:

• Furthermore:

<latexit sha1_base64="2vLU6zkgoG0OE2WjZ9aid3J7vgY=">AAAB9HicbVDLSgNBEOyNrxhfUY9ehgTBU9j1ED1GvHiSCHlBsoTZySQZMjO7zswGw5JP8CyCB0W8+jHexI/wF5w8DppY0FBUddPdFUScaeO6n05qZXVtfSO9mdna3tndy+4f1HQYK0KrJOShagRYU84krRpmOG1EimIRcFoPBpcTvz6kSrNQVswoor7APcm6jGBjJb/STlpKIIHvxgi1s3m34E6Blok3J/lS7vH++2LwVW5nP1qdkMSCSkM41rrpuZHxE6wMI5yOM61Y0wiTAe7RpqUSC6r9ZHr0GB1bpYO6obIlDZqqvycSLLQeicB2Cmz6etGbiP95zdh0z/2EySg2VJLZom7MkQnRJAHUYYoSw0eWYKKYvRWRPlaYGJtTxobgLb68TGqnBa9YKN7YNK5hhjQcQQ5OwIMzKMEVlKEKBG7hAZ7hxRk6T86r8zZrTTnzmUP4A+f9B1DLlZk=</latexit>

Tmax

<latexit sha1_base64="J2Ev3FgvVPcKLJdaPoNGejug8VQ=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KolC9WbBiyepYD+gDWWzmbRLNx/sTtQS+1O8eFDEq79ET/4bt2kP2vpg4PHeDDPzvERwhbb9bSwtr6yurRc2iptb2zu7ZmmvqeJUMmiwWMSy7VEFgkfQQI4C2okEGnoCWt7wcuK37kAqHke3OErADWk/4gFnFLXUM0tdhAfMJAiK4FsYj3tm2a7YOaxF4sxI+eLrNEe9Z352/ZilIUTIBFWq49gJuhmVyJmAcbGbKkgoG9I+dDSNaAjKzfLTx9aRVnwriKWuCK1c/T2R0VCpUejpzpDiQM17E/E/r5NicO5mPEpShIhNFwWp0B9akxwsn0tgKEaaUCa5vtViAyopQ51WUYfgzL+8SJonFadaqd7Y5do1maJADsghOSYOOSM1ckXqpEEYuSdP5IW8Go/Gs/FmvE9bl4zZzD75A+PjB9ztlqk=</latexit>

related to Lifetime of modulus 
that decays to reheat 

the SM 

<latexit sha1_base64="J2Ev3FgvVPcKLJdaPoNGejug8VQ=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KolC9WbBiyepYD+gDWWzmbRLNx/sTtQS+1O8eFDEq79ET/4bt2kP2vpg4PHeDDPzvERwhbb9bSwtr6yurRc2iptb2zu7ZmmvqeJUMmiwWMSy7VEFgkfQQI4C2okEGnoCWt7wcuK37kAqHke3OErADWk/4gFnFLXUM0tdhAfMJAiK4FsYj3tm2a7YOaxF4sxI+eLrNEe9Z352/ZilIUTIBFWq49gJuhmVyJmAcbGbKkgoG9I+dDSNaAjKzfLTx9aRVnwriKWuCK1c/T2R0VCpUejpzpDiQM17E/E/r5NicO5mPEpShIhNFwWp0B9akxwsn0tgKEaaUCa5vtViAyopQ51WUYfgzL+8SJonFadaqd7Y5do1maJADsghOSYOOSM1ckXqpEEYuSdP5IW8Go/Gs/FmvE9bl4zZzD75A+PjB9ztlqk=</latexit>

related to
<latexit sha1_base64="BOajYKutu/GJIG/UdhA/zHyc2T4=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwVWYUqjsLblyIVLAPaIeSyWTa0ExmSDJCGfoRblwo4tbv0ZV/YzrtQlsPXDiccy734SeCa+M436iwsrq2vlHcLG1t7+zulfcPWjpOFWVNGotYdXyimeCSNQ03gnUSxUjkC9b2R9dTv/3IlOaxfDDjhHkRGUgeckqMldq9WxsNSL9ccapODrxM3DmpXH2d52j0y5+9IKZpxKShgmjddZ3EeBlRhlPBJqVeqllC6IgMWNdSSSKmvSxfd4JPrBLgMFa2pMG5+rsjI5HW48i3yYiYoV70puJ/Xjc14aWXcZmkhkk6GxSmApsYT2/HAVeMGjG2hFDF7a6YDoki1NgPlewT3MWTl0nrrOrWqrV7p1K/gxmKcATHcAouXEAdbqABTaAwgid4gVeUoGf0ht5n0QKa9xzCH6CPHx/8kbQ=</latexit>

⇤<latexit sha1_base64="WD12Gfxzzl9LroNy3Sd3YHY24TQ=">AAAB9HicbVC7TgJBFJ3FF+ID1NJmIjFakV0LtLAgobEymPBKYENmhwEmzM6uM3eJmw3fYWOhMbY2/omdH2DLNzg8CgVPcpOTc+7Nvfd4oeAabPvLSq2tb2xupbczO7t7+9ncwWFdB5GirEYDEaimRzQTXLIacBCsGSpGfE+whjcsT/3GiCnNA1mFOGSuT/qS9zglYCS3DewBEi/G1XJ53Mnl7YI9A14lzoLkS2eTSfb647vSyX22uwGNfCaBCqJ1y7FDcBOigFPBxpl2pFlI6JD0WctQSXym3WR29BifGqWLe4EyJQHP1N8TCfG1jn3PdPoEBnrZm4r/ea0IelduwmUYAZN0vqgXCQwBniaAu1wxCiI2hFDFza2YDogiFExOGROCs/zyKqlfFJxioXhn0rhFc6TRMTpB58hBl6iEblAF1RBF9+gRPaMXa2Q9Wa/W27w1ZS1mjtAfWO8/HXOWIw==</latexit>

by TCC

<latexit sha1_base64="0a8otC0VLBPfFgRauwcm9USC5vQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1USkuiy4cSFSoS9oYphMJu3QmSTMTMQSsnPjr7hxoYhbf8Gdf+O0zUJbDwwczrmHO/f4CaNSWda3sbC4tLyyWlorr29sbm2bO7ttGacCkxaOWSy6PpKE0Yi0FFWMdBNBEPcZ6fjDy7HfuSdC0jhqqlFCXI76EQ0pRkpLnnnQ9DJHcMjRQw4dSTl0rnU6QHeZfVLLPbNiVa0J4DyxC1IBBRqe+eUEMU45iRRmSMqebSXKzZBQFDOSl51UkgThIeqTnqYR4kS62eSOHB5pJYBhLPSLFJyovxMZ4lKOuK8nOVIDOeuNxf+8XqrCCzejUZIqEuHpojBlUMVwXAoMqCBYsZEmCAuq/wrxAAmEla6urEuwZ0+eJ+3Tql2r1m7PKvWboo4S2AeH4BjY4BzUwRVogBbA4BE8g1fwZjwZL8a78TEdXTCKzB74A+PzB8UUmKg=</latexit>

Tmax ⇠ ⇤1/6

Gonzalo, Montero, Obied, Vafa 22 
Law-Smith, Obied, Prabhu, Vafa 23 

Obied, Dvorkin, Gonzalo, Vafa 23

<latexit sha1_base64="8KR9feFAaCngAXwJb4aRZkFgjeA="></latexit>

ydm ⇠ T 3
maxR ⇠ T 3

max⇤
�1/4

<latexit sha1_base64="bZieGn2yCD7zqHhhcqAfVkaV9V8=">AAACDXicbVDLSgMxFM34rPU16tJNaBUqQp1RqG6EohuXFfqCzlgyadqGJjNDkhGGYX7AjRs/xI0LRdy6d9e/MX2A2nrgwsk595J7jxcyKpVlDY2FxaXlldXMWnZ9Y3Nr29zZrcsgEpjUcMAC0fSQJIz6pKaoYqQZCoK4x0jDG1yP/MY9EZIGflXFIXE56vm0SzFSWmqbB4W4nTiCww5P4SV0RD/4eZ/A6l1ylh61zbxVtMaA88Seknw55xw/DctxpW1+OZ0AR5z4CjMkZcu2QuUmSCiKGUmzTiRJiPAA9UhLUx9xIt1kfE0KD7XSgd1A6PIVHKu/JxLEpYy5pzs5Un05643E/7xWpLoXbkL9MFLEx5OPuhGDKoCjaGCHCoIVizVBWFC9K8R9JBBWOsCsDsGePXme1E+LdqlYutVpXIEJMmAf5EAB2OAclMENqIAawOABPINX8GY8Gi/Gu/ExaV0wpjN74A+Mz29Es51n</latexit>

(ydm = ⇢dm/T
3)

TCC: Berdoya, Vafa 19

<latexit sha1_base64="FjGDLfgBee69k3VpYy+bWfNcoPw=">AAACA3icbVDLSgMxFM34rPVVdaciwSK4qjMi1Y1QdOPCRQv2AZ2xZDJpG5pkhiQjlKHgpr/ixoUiLrrxJ9z5Df6E6WOhrQcCh3Pu4eYeP2JUadv+submFxaXllMr6dW19Y3NzNZ2RYWxxKSMQxbKmo8UYVSQsqaakVokCeI+I1W/cz30qw9EKhqKO92NiMdRS9AmxUgbqZHZ7TYSV3IY8B68hO6tSQboPnFOznqNTNbO2SPAWeJMSLawPyh99w8GxUbm0w1CHHMiNGZIqbpjR9pLkNQUM9JLu7EiEcId1CJ1QwXiRHnJ6IYePDJKAJuhNE9oOFJ/JxLElepy30xypNtq2huK/3n1WDcvvISKKNZE4PGiZsygDuGwEBhQSbBmXUMQltT8FeI2kghrU1valOBMnzxLKqc5J5/Ll0wbV2CMFNgDh+AYOOAcFMANKIIywOARPIEX8Gr1rWfrzXofj85Zk8wO+APr4wdQoZph</latexit>

ydm = ⇤1/4



KK Gravitons as DM

• Dark matter is mass is dynamical due to decay between KK 
towers

<latexit sha1_base64="VaNPF/cTkjSmSAazBNHt90J27yI=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdFNnitYuC25ciFSwF+i0JZNJ29AkMyQZpQzzDG58FTcuFHHryp1vY3pZaOsPgY//nJPk/H7EqNKO821llpZXVtey67mNza3tHXt3r67CWGJSwyELZdNHijAqSE1TzUgzkgRxn5GGP7wc1xv3RCoaijs9ikibo76gPYqRNlbXPuGdxJMcivAh7U4o4Cn0FOXQuzbXBKiTnJ8Wyyns2nmn4EwEF8GdQR7MVO3aX14Q4pgToTFDSrVcJ9LtBElNMSNpzosViRAeoj5pGRSIE9VOJiul8Mg4AeyF0hyh4cT9PZEgrtSI+6aTIz1Q87Wx+V+tFeteuZ1QEcWaCDx9qBczqEM4zgcGVBKs2cgAwpKav0I8QBJhbVLMmRDc+ZUXoV4suKVC6fYsX7mZxZEFB+AQHAMXXIAKuAJVUAMYPIJn8ArerCfrxXq3PqatGWs2sw/+yPr8AQqJnRc=</latexit>

mnow
dm ⇠ ⇤5/28

• Overall, unification of scales in terms of the cc

<latexit sha1_base64="8Gv9ahgoWsC7G0Jk5EAVXIy+lrg="></latexit>

R ⇠ ⇤�1/4
, M

higher
pl ⇠ ⇤1/12

, Tmax ⇠ ⇤1/6
,

Htoday ⇠ ⇤1/12
, mdm ⇠ ⇤5/28

<latexit sha1_base64="Q5HdZsxUx7UwIDNRxlWFzAxo5yM=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBVZ1RqS4LblyIVOgNOrWcSdM2NMkMSUYsQx/Eja/ixoUiblwIvo1pOwtt/SHw851LOH8QcaaN6347C4tLyyurmbXs+sbm1nZuZ7emw1gRWiUhD1UjAE05k7RqmOG0ESkKIuC0Hgwux/X6PVWahbJihhFtCehJ1mUEjEXt3KloJ74SmElmGPAR9jUTuDKFAh5S4F/blR24S7zj4qidy7sFdyI8b7zU5FGqcjv36XdCEgsqDeGgddNzI9NKQBlGOB1l/VjTCMgAerRprQRBdSuZHDfCh5Z0cDdU9kmDJ/T3RAJC66EIbKcA09eztTH8r9aMTfeilTAZxYZKMv2oG3NsQjxOCneYosTwoTVAlI2HYNIHBcTYPLM2BG/25HlTOyl4xULx9ixfuknjyKB9dICOkIfOUQldoTKqIoIe0TN6RW/Ok/PivDsf09YFJ53ZQ3/kfP0AGrWhaA==</latexit>

minitial ⇠ Tmax ⇠ ⇤1/6
<latexit sha1_base64="yRicOYBSg7907HSR2ZVbwp7HFEw=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BL54kgnlAsoTZ2U4yZPbhTG9wWfIdXjwo4tWP8ebfOEn2oIkFDUVVN91dXiyFRtv+tgpr6xubW8Xt0s7u3v5B+fCopaNEcWjySEaq4zENUoTQRIESOrECFngS2t74Zua3J6C0iMIHTGNwAzYMxUBwhkZyewhPmPnAWaqn/XLFrtpz0FXi5KRCcjT65a+eH/EkgBC5ZFp3HTtGN2MKBZcwLfUSDTHjYzaErqEhC0C72fzoKT0zik8HkTIVIp2rvycyFmidBp7pDBiO9LI3E//zugkOrt1MhHGCEPLFokEiKUZ0lgD1hQKOMjWEcSXMrZSPmGIcTU4lE4Kz/PIqaV1UnVq1dn9Zqd/lcRTJCTkl58QhV6RObkmDNAknj+SZvJI3a2K9WO/Wx6K1YOUzx+QPrM8fhXGSpQ==</latexit>

decays



5D Primordial Blackholes as dark matter

• Two important differences from the 4d case:

5 dimensional blackholes live longer than 4d black of the 
same mass.

Size of extra dimensions ~ Wavelength of visible light (microlensing)

• Leads to an enhanced range for all PBH interpretation of dark matter 
(for BH on the brane)

Anchordoqui,  Antoniadis, Lust 23 & 24

<latexit sha1_base64="XlxCBd1wsi4ZBS5vfXhsrQFL3wE="></latexit>

1015 . MBH/grams . 1021

Lower mass region extended by two orders of magnitude compared to 4d



Quintessence



 

Quintessence

A class of explicit examples from string theory.

• The dark energy equation of state will be probed minutely by various 
upcoming experiments in the next decade. (DESI, Euclid …)

<latexit sha1_base64="CjJnGEVdvpGNyplcN/gZu8IjaZs="></latexit>

wDE = w' =
1
2 '̇

2 � V (')
1
2 '̇

2 + V (')

Confront the models with precision cosmological data.

•Runaway potentials:

• For dynamical dark energy, slowly rolling scalars are natural 
candidates



 

Quintessence: Challenges
•  Many challenges in addition to the magnitude of the vacuum 

energy:

First, one has to find the runway solutions …..

• UV stability of  light 
mass (& susy breaking)

• Time varying fundamental 
constants

• Fifth forces 

• Candidate runaways in the asymptotic of field 
space just too steep:

<latexit sha1_base64="o+LfMNA1Xrim6H/IMhFU/FFCgGQ=">AAACDHicbVC7TsMwFHXKq5RXgQEhFosKialKOpSOFSyMRaJppSaqHNdprTpOajtIVZoPYOFXWBhAiJUZscHCymfgPgZoOZKlo3PO1fU9XsSoVKb5YWSWlldW17LruY3Nre2d/O6eLcNYYFLHIQtF00OSMMpJXVHFSDMSBAUeIw2vfzH2GzdESBryazWMiBugLqc+xUhpqZ0vJCOHI48haMMRdEKdhXYKnS4ZQEcOhEpKqU6ZRXMCuEisGSlUK19vB5/fh7V2/t3phDgOCFeYISlblhkpN0FCUcxImnNiSSKE+6hLWppyFBDpJpNjUniilQ70Q6EfV3Ci/p5IUCDlMPB0MkCqJ+e9sfif14qVX3ETyqNYEY6ni/yYQRXCcTOwQwXBig01QVhQ/VeIe0ggrHR/OV2CNX/yIrFLRatcLF/pNs7BFFlwBI7BKbDAGaiCS1ADdYDBLbgHj+DJuDMejGfjZRrNGLOZffAHxusPODKe4A==</latexit>

|rV |
V

�
p
2

Obied, Ooguri, Spodyneiko, Vafa 18;     
Garg Krishnan18;                               
Ooguri,  Palti,  Shiu, Vafa 18;           
Bedroya, Vafa 20; Rudelius ’21



Quintessence: Runaway Solutions

FRW metrics with negative spatial curvature (k = -1)

Chen, Ho, Neupane, Ohta & Wang 03 

Andersson, Heinzle 06 

 
Marconnet, Tsimpis 23

4 Cosmological 4d consistent truncation

In a subset of the cases we present here, the equations of motion (13), (14) can be written
in terms of a potential V (A,ω) which only depends on A and ω,

d2
ωA = →

1
48e

24A+6B
εAV

d2
ωB = e

24A+6B
(
1
2V + 1

12εAV
)
→ 2ke16A+4B

d2
ωω = →e

24A+6B
εεV

→12ke16A+4B + 2V e
24A+6B = 144(dωA)

2 + 12(dωB)2 + 96dωAdωB → (dωω)
2
.

(21)

As can be verified, these equations can then be “integrated” into a four-dimensional action,

S4d =

∫
d4
x
↑
g

(
R→ 24gµϑεµAεϑA→

1
2g

µϑ
εµωεϑω→ V (A,ω)

)
. (22)

Indeed, in terms of the scale factor (5) and the cosmological time coordinate (7), taking
suitable linear combinations thereof, equations (21) can be written equivalently as

S̈

S
=

1

6
V → 8Ȧ2

→
1

6
ω̇
2

2

(
Ṡ

S

)2

+
2k

S2
=

1

3
V + 8Ȧ2 +

1

6
ω̇
2

Ä+
3

S
ṠȦ = →

1
48εAV

ω̈+
3

S
Ṡω̇ = →εεV .

(23)

On the other hand, the 4d equations of motion resulting from (22) read

Rµϑ = 1
2gµϑV + 24εµAεϑA+ 1

2εµωεϑω

↓
µ
εµA = 1

48εAV ; ↓
µ
εµω = εεV .

(24)

Inserting the Einstein metric (4) into the above, and assuming that A, B, ω only depend
on the time coordinate, results precisely in (23). Therefore, S4d of (22) is a two-scalar
consistent truncation of IIA for cosmological solutions: all cosmological solutions (i.e. all
solutions with a metric of FLRW type and scalar fields that only depend on time) of S4d lift
to ten-dimensional solutions of IIA supergravity.

For the di!erent compactifications admitting a consistent cosmological truncation of the
form (22), the potential reads,

V =






72b20e
→ε→12A + 3

2c
2
0e

ε/2→14A CY with internal three- and four-form fluxes

1
2c

2
ϖe

→ε/2→18A + 1
2m

2
e
5ε/2→6A

→ 6ϑe→8A E with external four-form flux

3
2c

2
0e

ε/2→14A + 1
2m

2
e
5ε/2→6A

→ 6ϑe→8A EK with internal four-form flux

1
2c

2
ϖe

→ε/2→18A + 3
2c

2
fe

3ε/2→10A
→ 6ϑe→8A EK with internal two-form, external four-form.

(25)

15

• Explicit runaway solutions in type IIA / 
massive IIA

• Consistent truncations to 2-field systems with exponential potential



 

Quintessence: Runaway Solutions
Features:

• FRW metrics with negative spatial curvature (k = -1)

• Time dependence in the internal metric and fluxes

• Einstein case: the internal manifold is negatively curved

Further analysis:  Androit, Tsimpis, Wrase 23

Hellerman, Kaloper & Susskind 01       
Fischler, Kashani-Poor, McNees & Paban 01

• 4d picture, asymptotically a

• String loop and curvature corrections

<latexit sha1_base64="ZObqqWsVlelVYn76YLxt/tu5lcw="></latexit>

single exponential, e��' : � >
p
2

• No cosmological horizons  
<latexit sha1_base64="hs4v/MnGeTE5OgiBpEQQCgbj8U4="></latexit>

(in general for � >
p
2)



Runaways: A full Cosmology

• A `` future” fixed point solution with              .         

• All solutions approach this fixed point, and accelerate while doing so. 

• Having an epoch of radiation domination requires

Dynamical system analysis of k=-1 universes

Cosmological fluids        
for matter and radiation

An exponential potential:                 
(instead of cc) 

 Androit, Parameswaran, Tsimpis, Wrase, Zavala 24

Following:  Copeland, Liddle, Wands 93 & 98;    Wetterich 98

Summary of Results:

<latexit sha1_base64="6h+g5KJrFX4zRZxzsom4cntSHig=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiAIwtATzJjcAl48JpANkiH0dHqS1p6F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDzqqDiVlLVpLGLZ84ligkesrbkWrJdIRkJfsK5/dz33u/dMKh5HLT1NmBeSccQDTok2UvNiWCxhu1zBtaqDsI0NymVDKtipuS5yFgrGJVihMSy+D0YxTUMWaSqIUn0HJ9rLiNScCjYrDFLFEkLvyJj1DY1IyJSXLQ6doTOjjFAQS1ORRgv1+0RGQqWmoW86Q6In6rc3F//y+qkOql7GoyTVLKLLRUEqkI7R/Gs04pJRLaaGECq5uRXRCZGEapNNwYTw9Sn6n3TKtuPabvOyVG+t4sjDCZzCOThwBXW4gQa0gQKDB3iCZ+vWerRerNdla85azRzDD1hvn8tdjQQ=</latexit>

+
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A Background Cosmology
Sample background cosmology:

(a)

Ωk
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(b) !k0 = 0.0007

(c)

(d) !k0 = 0.05

Figure 13: Cosmological solutions in the phase space illustration of figure 3 for ω =
→
3,

together with their !n. The solutions start at P
±
kin and end at Pk ω. We require in addition

the solutions to pass by the orange point corresponding to today’s universe. The latter
is defined by !ω0 = 0.685, !r0 = 0.0001 and !m0 = 0.3149 ↑ !k0. The value of wω0

is tuned to obtain past radiation domination, as well as the equality !ω = !r around
Nω=r ↓ ↑20, motivated by BBN. In figure 13a and 13b, we take !k0 = 0.0007, giving
wω0 = ↑0.51054453650 for Nω=r = ↑19.97. In figure 13c and 13d, we take !k0 = 0.05,
giving wω0 = ↑0.49618615823 for Nω=r = ↑19.93. This is to be compared to figure 7 where
!k0 = 0.
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Precision Cosmology

• Confront the model with precision cosmological data:

• Unfortunately analysis puts:

Bhattacharya ,  Borghetto ,  Malhotra, Parameswaran, Tasinato, Zavala 24 
Alestas, Delgado, Ruiz, Akrami, Montero, Nesseris 24

with our exponential quintessence model as the underlying dark energy model, this mani-

fests as a slight preference for a non-zero �, resulting in the following marginalised mean

and limits (at 68% C.L) shown in table 6.

Parameter CMB+DESI +Pantheon+ +Union3+ +DESY5

� < 0.537 0.48+0.28
�0.21 0.68+0.31

�0.20 0.77+0.18
�0.15

⌦k 0.0026 ± 0.0015 0.0025 ± 0.0015 0.0028+0.0016
�0.0019 0.0027 ± 0.0016

⌦ch
2 0.1196 ± 0.0012 0.1197 ± 0.0012 0.1195 ± 0.0012 0.1195 ± 0.0012

H0 67.89+0.96
�0.61 67.73+0.72

�0.64 67.12+0.97
�0.83 66.95 ± 0.72

⌦bh
2 0.02219 ± 0.00014 0.02219 ± 0.00013 0.02220+0.00013

�0.00015 0.02221 ± 0.00013

Table 5. Parameter means and 68% limits for the combination of the CMB+DESI and with the
addition of the di↵erent supernovae datasets to the CMB+DESI baseline.

Parameter CMB+DESI +Pantheon+ +Union3+ +DESY5

� < 0.537 0.48+0.28
�0.21 0.68+0.31

�0.20 0.77+0.18
�0.15

⌦k 0.0026 ± 0.0015 0.0025 ± 0.0015 0.0028+0.0016
�0.0019 0.0027 ± 0.0016

The marginalised 1D and 2D joint distributions for these parameters are plotted in

figure 8. As we can see, the combination of CMB and DESI BAO data is not able to

significantly constrain the quintessence model parameter �. However, this changes with

the addition of the supernovae datasets and depending on the dataset chosen, the obtained

values for � lie about 2–4� away from the � = 0 case that corresponds to a cosmologi-

cal constant. In appendix B, we plot the contours for the full parameter set, including

{ns, As, ⌧}. There, we also present the results of the MCMC analysis for the dataset

combination CMB+DESI+Pantheon+, fixing ⌦k = 0 and compare it to the free spatial

curvature case (fig. 13). We do not find any major di↵erence for the cosmological param-

eters constraints, in particular for �, obtaining � = 0.42 ± 0.22 at 68% C.L.

Fixing our supernovae dataset to Pantheon+, we also assess the e↵ect of replacing the

full DESI BAO data with the SDSS data, finding nearly identical results for most cosmo-

logical parameters with a slightly lower deviation from a cosmological constant in terms

of the preferred values of � (see fig. 9 and table 7). The result could be attributed to the

increased constraining power of the DESI data as compared to SDSS. For all the datasets

used in this section, we also observe a mild shift towards ⌦k > 0 with the di↵erence from

⌦k = 0 being less than 2�. There is no noticeable shift for any of the other cosmological

parameters.

16

• Clearly exhibits the kind of for interesting interplay that can take place 
between theory constraints and precision cosmology

Agrawal, Obied, Steinhardt & Vafa 18; Akrami, Kallosh, 
Linde & Vardanyan 18; Raveri, Hu & Sethi  18;

Similar to earlier results for k=0

<latexit sha1_base64="jJcechyPVMc+hHsdxY8BxOZxAic="></latexit>

Exponent in the exponential (ω) at less than one.
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well away from the range our theory model put it (ω >
→
2)



Alternate Histories 
& 

 Cosmic Strings



Alternate Histories

• The history of the Universe before big bang nucleosynthesis is almost 
unconstrained.

Cosmological stasis

• String theory provides various well motivated possibilities for 
this era

Moduli domination
Kination

• Each of these has a rich phenomenology and could well have left its 
imprint on today’s universe.



 Kination & Cosmic Strings

Epoch where the energy density of the universe is dominated by the 
kinetic energy of a scalar field:
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More on kination and strings: Apers, Conlon, Copeland, Monsy, Revello 24
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Kination is Generic

• Dynamical system analysis  of

Steep exponentials 
(Typical for Moduli) Matter & Radiation fluids
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+

gives a kination epoch as the global past repeller (is generic).

• This give good motivation to study its implications in detail.



Kination and Couplings

• Kinating moduli can lead to rapid variation of couplings. Our focus:

• Example:  in the Large Volume Scenario in IIB, the canonically 
normalised volume modulus has a exponential potential.
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µ(t)Variation of the string tension:

(in the context of cosmic strings) 
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A single cosmic string
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⇠0 = x0,

• The quantity

• Consider the dynamics of single cosmic closed string

(on the world sheet) naturally appears in the EOM.

• It is directly related to the physical size of strings. 



Single string: constant tension

• With constant tension 

• Strings remain of fixed physical size (as in Minkowski) and 
shrink in comoving coordinates.

• It satisfies
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ȧ

a
+

µ̇

µ

◆

<latexit sha1_base64="RmNKom2+mjPdSL4gNKQjoMyGg4M=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuCG1dSwT6gU0omzbShmSQkmWIZ+h1u/BU3LhRxJ278GzPtLGzrgcDJOffe5J5QMqqN5/04hbX1jc2t4nZpZ3dv/8A9PGpqkShMGlgwodoh0oRRThqGGkbaUhEUh4y0wtFN5rfGRGkq+IOZSNKN0YDTiGJkrNRz/VIQKYTToC9MGoyRIlJTJvh0unCDAZJSiUfolXpu2at4M8BV4uekDHLUe+6XHY6TmHCDGdK643vSdFOkDMWMTEtBoolEeIQGpGMpRzHR3XS22hSeWaUPI6Hs4QbO1L8dKYq1nsShrYyRGeplLxP/8zqJia67KeUyMYTj+UNRwqARMMsJ9qki2LCJJQgrav8K8RDZqIxNMwvBX155lTQvKn61Ur2/LNfu8jiK4AScgnPggytQA7egDhoAgyfwAt7Au/PsvDofzue8tODkPcdgAc73L6fmoec=</latexit>

"̇

"
⇡ 0

it is time independent (for sub-horizon strings). 



Single string: varying tension
• Now, to varying tension …..

• Recall, we had

• Thus
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Cosmic string networks

• In a kinating universe, a small number of strings can: grow, find 
each other, percolate and form networks.
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Leads to a novel mechanism to get string networks.

• Detailed study of various aspects of this mechanism (such 
evolution of networks in a kinating epoch) has started.

Revello and Villa 24



Inflation



 

Inflation

• Various features of the fluctuations in the CMB:

• Correlation on 
superhorizon scales

• Approximately scale 
invariant

• Nearly Gaussian

All provide support to the inflationary paradigm

• Inflationary paradigm is tied to quantum gravity



Brane Inflation

• I will give an update on recent developments in brane 
inflation.

 
Dvali, Tye 98;   Alexander 01;             
Burgess,  Majumdar, Nolte, Quevedo,  
Rajesh, Zhang 01 

Inflationary model     
building           

UV complete 
setting



 

Brane Inflation
Brane inflation :

Our focus:
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Inflation driven by brane dynamics

Space-filling D3 and anti-D3 branes; point like in the compact dimensions.
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Slow roll model.

Brane dynamics can be far more general: DBI inflation: non 
slow roll, pheno: large non-gaussianities … Alishahiha, Silverstein, Tong 04



Brane Inflation
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Compactification volume 

In an isotropic compactification, the maximum brane separation is 
bounded

No slow roll
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Gravitational Redshifting

• Consider brane inflation in a highly warped 
region of  the compactification

• Effective brane tensions are redshifted 
and one indeed finds

Wrapped D7 Brane

RR Fluxes

NS Fluxes

Anti D3 Branes

Throat

Figure 9: A cartoon representation of a typical Calabi-Yau configuration as used in KKLT and LVS scenarios. The D7-branes wrapped 4-cycles
and may host the gauge theory that provides the corresponding non-perturbative e↵ects in the superpotential. The non-trivial fluxes typically lead
to the 3-cycles corresponding to long throats that give rise to warped factors in the metric and may host anti-D3-branes at their tip to provide the de
Sitter uplift.

• dS vacua from logarithmic/power law loop corrections (111; 190; 107): In the presence of intersecting D7-
branes, there are loop corrections to the Kähler potential whose contributions to the potential are logarithmic in
the volume of the compatification (111; 190). These arise from graviton kinetic terms related to the emission
of closed strings on non-vanishing local tadpoles. The logarithmic dependence arises from infrared divergences
due to e↵ective propagation in the two transverse directions to the D7-branes. Combining the logarithmic
terms with the (usual) power law ↵0 and gs corrections to the potential, one obtains a non-supersymmetric AdS
minimum. dS vacua are obtained by incorporating the e↵ects of D-term contributions from U(1) magnetic
fluxes along the world-volume directions of the D7-branes.
Closely related are the constructions of (107), where it was found that Kähler moduli can be stabilised by
perturbative power law corrections, or those of (191) which used the perturbative ↵0 corrections to generate a
de Sitter minimum.
Again, various additional e↵ects can lead to dS minima in the setting. These constructions can provide an avenue
to obtain dS vacau without making use of the non-perturbative part of the superpotential, whose computation
involves various subtleties (70).

• Complex structure F-terms (110): The potential for the complex structure and dilaton generated by fluxes has
supersymmetric minima where DUWflux = 0,DS Wflux = 0. There can also be other minima, ones where the
F-terms associated with these fields are non-vanishing. These minima lead to dS vacua once the Kähler moduli
are stabilised without the need of further ingredients. A concrete example with V ' 104 was constructed in
(110).

• T-branes (192): In the presence of supersymmetry breaking imaginary self-dual (ISD) 3-form and gauge field
fluxes on D7-branes, one is led to T-brane configurations. That is, the D7-brane adjoint scalars � are in a
configuration for which

h
�,�†

i
, 0. Such configurations provide a positive definite contribution to the 4D

potential which can uplift the KKLT and LVS AdS minima to dS.

• Non-perturbative dS vacua (193): Here, dS minima arise from stabilising all the geometric moduli in one

42

D3 Brane

Figure 16: Warped brane-antibrane inflation. The set-up of KKLT is simply complemented with a moving D3 brane that is attracted to the anti-
brane at the tip of a warped throat. In principle the warping allows for naturally small ✏, ⌘ parameters. However, if, as in KKLT and LVS, moduli
are fixed non-perturbatively then there are extra contributions to ⌘V of order O(1) illustrating the single-field ⌘V problem.

in a warped resolved conifold [551, 552]. The challenge in this model is to ensure that it is consistent with moduli
stabilisation.

In the original formulation of [541, 542] a crucial assumption of this model was that the dynamics which stabilises
the Kähler moduli in the bulk does not alter the flatness of the potential (162) since at the time of the proposal there
was no explicit scenario of moduli stabilisation. This is generically not the case since inflaton-dependent higher
dimensional operators arise from both the tree-level Kähler potential and the prefactors of non-perturbative e↵ects
[371]. A detailed study of how moduli stabilisation can be incorporated in this set-up has been reviewed in [422]
(crucial as including moduli stabilisation substantially changes the dynamics of the original proposal). See however
a recent potential way-out exploiting perturbative stabilisation mechanism via RG e↵ects [202] for which the warped
inflation potential is at work even after moduli stabilisation.

One of the attractive points of D3-D3 inflation is the fact that the dimensionality of spacetime may play a role. In
fact ref. [541] proposed that in a gas of branes, D3-branes (for the type IIB case) are such that they can meet in 10
dimensions. This idea was further explored in [553, 554]. Furthermore, the ending of brane inflation via the string
tachyon is a stringy way to end inflation in a string theory realisation of hybrid inflation. The idea is that, while the
branes approach each other, there is an open string state stretching between the two branes that gets lighter and lighter,
at a critical distance becomes massless and, after that, becomes tachyonic. The end of inflation is the point where the
tachyon reaches a minimum of its potential, which is essentially of the Mexican hat shape. This leads, in turn, to the
prediction after inflation of cosmic strings (D1-branes) that may be one of the very few observable implications of
string cosmology which is directly stringy in nature [555, 556].

D3-D3 inflation also o↵ers the cleanest illustration of one of the more distinctive possibilities within string in-
flation: the disappearance of the inflaton field at the end of inflation. The inflaton is the position modulus of the
D3-brane, but after brane-antibrane annihilation this field is entirely removed from the e↵ective field theory. This is in
contrast to most field theory scenarios where, although the inflaton may decay, the field remains present in the theory.

Inflection Point Inflation
Ref. [557, 558, 559] have shown that the single-field ⌘V -problem of D3-D3 Inflation can be avoided since this

system features enough tuning freedom to suppress dangerous Planck-suppressed higher dimensional operators that
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UV sensitivity & other fields
• The potential has dependence on the volume 

• A controlled single field inflationary trajectory requires directions 
other than the inflaton are heavy 
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UV sensitivity & other fields

• A generic contribution to                       arises from  non-perturbative 
effects associated with the universal Kahler modulus.
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• Signature: a uniiversal contribution to    :

• This is constrained by: holomorphy & structure of the two field 
moduli space.
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UV sensitivity & other fields
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ω =
2

3
+ contributions from Vinf + non-universal contributions

• Shape of the potential is altered, more like inflating at an inflection 
point.

Baumann,  Dymarsky,  Klebanov,  Maldacena,  McAllister, Murugan 06 

Baumann,  Dymarsky,  Klebanov, and  McAllister 06

is to tune the non-universal contributions to cancel the    
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Brane Inflation
• Brane inflation, in warped throat — concrete realisation of the idea 

to use perturbative corrections to the Kahler potential to stabilise 
the volume

Cicoli, Hughes, Kamal, Marino, Quevedo. Ramos-Humud, Villa 24
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O(gs↵
02), O(↵03) and log enhanced terms at O(gs↵

03)

• In this case, the high scale potential depends only on the volume 
and essentially independent of the inflation direction

(regime where non-perturbative effects not relevant)
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Vtotal(r,V) = Vinf(r) + Vhigh(V)

• Integrating out volume, inflation can be realised using the original 
concave form of the potential.
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String model ns r
Fibre Inflation 0.967 0.007

Blow-up Inflation 0.961 10�10

Poly-instanton Inflation 0.958 10�5

Aligned Natural Inflation 0.960 0.098
N-Flation 0.960 0.13

Axion Monodromy 0.971 0.083
D7 Fluxbrane Inflation 0.981 5 ⇥ 10�6

Wilson line Inflation 0.971 10�8

D3-D3 Inflation 0.968 10�7

Inflection Point Inflation 0.923 10�6

D3-D7 Inflation 0.981 10�6

Racetrack Inflation 0.942 10�8

Volume Inflation 0.965 10�9

DBI Inflation 0.923 10�7

Table 4: Comparison among the predictions for the scalar spectral index and the tensor-to-scalar ratio of the main models of string inflation,
evaluated as a benchmark point at Ne ' 52.

4.2.5. Single-field String Inflation and Cosmological Observables
After presenting a brief description of several examples of single-field models of string inflation, let us now

summarise and compare their predictions for two main cosmological observables, the scalar spectral index ns and the
tensor-to-scalar ratio r, evaluated at the benchmark point Ne ' 52. These predictions are listed in Tab. 4.

Note that there is a relatively small number of inflaton candidates among all open and closed string moduli and
most have been used in concrete proposals of string inflation. Note also that as per the scientific tradition, more than
half of them are already in tension with the latest experimental bounds on ns and r. Models such as axion monodromy
and fibre inflation will be further tested in the planned experiments for the next 5-10 years.

Let us stress that we focused just on a restricted list of single-field models which represent the most developed
classes of string inflationary scenarios. A broader ensemble of di↵erent models is present in the literature, even
if most of them are just string-inspired, or supergravity-inspired, since they are based on ideas coming from string
theory but are still lacking a solid stringy embedding or a detailed mechanism for moduli stabilisation. Just to name
some of these examples, let us mention M-flation [601, 602, 603, 604], ↵-attractor models [605, 606, 607, 608, 609],
sequestered inflation [610, 611], axion inflation on a steep potential due to dissipation from gauge field production
[612, 613], and chromonatural inflation [614].

4.3. Multi-Field Inflation
So far our discussion has been restricted to the case where the inflation proceeds along either a single direction

– such as a closed string modulus, the radial direction of a D-brane moving in the 6-dimensional compact space, a
single Wilson line, or a single combination of axions – or with predictions that are e↵ectively single-field, such as
racetrack inflation. Indeed models are usually designed this way, with all the non-inflaton fields sitting in their local
minima as the inflaton rolls. This has the obvious advantage of simplicity, besides being e↵ective in describing the
primordial fluctuations, which are approximately scale invariant, statistically Gaussian, isotropic and homogeneous to
high degree.

Going beyond this simple picture, however, is not only well motivated from an observational point of view, as
future experiments may reveal interesting or unexpected physics (such as non-gaussianities, anisotropies, inhomo-
geneities), but also from a theoretical perspective. In particular, in string compactifications, moduli (spin-0) fields are
ubiquitous, while spin-1 fields also enter in the process of moduli stabilisation (see Sec. 3.3).

Thus a generic feature of string inflation models is that a significant number of moduli and/or spin-1 fields, with
a range of masses, may be dynamically active during inflation. Their dynamics can thus contribute to the inflationary
mechanism at the level of background or fluctuation evolution, and can leave imprints on the properties of scalar as
well as tensor modes, for example by amplifying their spectra. The resulting inflationary models can thus in general be
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High Frequency

Gravitational Waves 



High Frequency Gravitational Waves
• Recall that the amplitude of the background in case of SM/BSM

Gravitons produced from a gauge theory plasma at strong coupling

was proportional to the maximum temperature of the plasma  
in the hot big bang.

• The background can serve as a probe for much more

Gravitons produced from the decay of highly excited strings

Two areas:
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Strongly Coupled Plasma

• The early universe could have had a strongly coupled gauge sector

• Comparison of weak and strong ’t Hooft coupling results; 
change by roughly a factor of five of the amplitude, with no 
major changes in the  spectral shape 

• The gravitational wave production using holographic methods 
for a toy universe with N=4 super Yang Mills as its constituent

Castells-Tiestos, Casalderrey-Solana  22   



Gravitational Waves from High Temperature Strings

• As the universe cooled the massive strings primarily decayed to the 
Standard Model degrees of freedom producing the SM plasma.

• The Standard Model is realised by open strings degrees of 
freedom on D3 branes

• A fraction of the decays to gravitons:  What background does 
this lead to today ?

• The early universe was at very high temperatures, massive 
open strings on the brane were in thermal equilibrium.

Frey Mahanta AM Villa Quevedo 24

•  Villa’s poster



GW Spectrum: Features

The Peak:

• Large: Is orders of magnitude than what the SM (or BSM) 
would give if it were at the same temperature

• Frequency is close to the CMB peak.

The Amplitude:

• Proportional to the string scale (UV sensitivity)
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Plugging in fiducial values, spectral density
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I(x) : exponentially
damped for large arguments



GW spectrum
Comparative plot:

High frequency gravitational waves can directly probe the string scale

Solids: Strings  
Dashed: SM
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Interesting differences in the 
shape

High Frequency 
Gravitational Waves                            

String Cosmology in the 
early Universe         

Amplitude proportional to the 
string scale



Conclusions

• Cosmology as motivated by the Swampland program

• De Sitter Constructions

• Moduli Stabilisation

• Quintessence

• High Frequency Gravitational Waves

• Inflation

• Alternative histories (cosmic strings)



Conclusions

• Rich connection between strings and cosmology

• Focusing on a few papers.

Various cosmological epochs and string theory played a 
role.

• We discussed of collection topics

Each also raise various questions related to our understanding of 
string theory: both at the technical and conceptual level.

• We can expect a lot of observational inputs.
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