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So let us remind us about a few of his 
most original contributions.

Costas made several very profound 
and important contributions to 
theoretical physics !

Problems relevant for the understanding of the universe.

Paired with mathematical depth and rigour. 



Supersymmetry and supergravity and their 
implications in nature
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NATURALLY VANISHING COSMOLOGICAL CONSTANT IN N = 1 SUPERGRAVITY 
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For N = 1 supergravity theories we show that the choice of a particular class of Einstein spaces for the K~hler manifold 
of the hidden sector leads to a vanishing cosmological constant without unnatural fine tuning. The total scalar potential 
from the hidden and physical sector is positive definite. The resulting low energy softly broken global supersymmetry for 
the matter fields is thus the same as in the case of factorized superpotential models with a flat I~hler metric. 

The almost vanishing value o f  the cosmological 
constant is an old, interesting, but unsolved problem 
in gravity and more recently in supergravity theories. 
The experimental upper limit on that quantity is found 
to be extremely small (A ~ 10-50 GeV4). However, 
no convincing theoretical or s3111metry argument is 
known to explain the almost vanishing of  the cosmol- 
ogical constant. It is the purpose of  the current paper 
to study that problem in the context o f N  = 1 local 
supersymmetric theories. 

Some successful phenomenological implications 
seem to follow from supersymmetric theories [1 ]. For 
instance, the stability under radiative corrections of  
the well-known hierarchy between the two mass scales 
(M X, MW) appearing in grand unified theories has a 
natural explanation in supersymmetric theories due 
to the non-renormalization theorems [2]. The splitting 
between the doublet and triplet parts of  5 Higgs in 
SU(5) theory can be also understood in the framework 
of  supergravity theories [3]. Furthermore, the Mx,  
M w hierarchy is naturally realized, assuming a radia- 
tive breaking o f  the SU(2) X U(1) subgroup [4,5]. It  
turns out that the radiative breaking is the simplest 
mechanism which does not destabilize the doublet- 
triplet hierarchy when the SU(2) X U(1) is embedded 
into a grand unification group [6]. Moreover, another 
serious hierarchy problem seems to f'md its natural ex- 
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planation in the framework o f  a supersymmetric the- 
ory, such as the smallness of  non-perturbative effects 
in QCD which are parametrized by 0QC D (0QC D 
< 10 -9  !) [7]. 

Although the GUT hierarchy problems may be nat- 
urally solved in supergravity theories, it is not possible 
to shed any light on the cosmological constant problem, 
at least in the case where the minimal super.Higgs 
mechanism [8] .1 is assumed. In this work, we focus 
our attention on that specific problem. We will show 
that if a suitable non-minimal structure is introduced 
for the hidden sector (chiral supermultiplets which 
are related to the supersymmetry breaking and de- 
couple in the fiat limit), a vanishing value for the cos- 
mological constant is automatically ensured. To this 
non-minimal structure o f  the hidden sector there cor- 
responds a particular class o f  non-trivial K~hler mani- 
folds which are actually Einstein spaces. Hence no 
time-tuning of  the value o f  the cosmological constant 
is necessary. In fact, the total potential (from the hid- 
den sector and the usual matter sector) turns out to 
be positive definite and its value at the minimum is 
identically equal to zero. 

In order to explain the main idea, let us first con- 
sider only one chiral multiplet (z, X) coupled to super- 

41 For a discussion of K~ihler invariance, see also ref. [9]. 
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NO-SCALE SUPERSYMMETRIC GUTs 
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We construct  locally supersymmetric GUTs  in which radiative corrections determine all the 
mass  scales which are hierarchically smaller than the Planck mass: m3/2=O(mw) = 
exp (-O( l )/ ott)mp, etc. Such no-scale GUTs are based on a hidden sector with a flat potential 
guaranteed by SU(1, 1) conformal invariance. This is extended to include observable chiral fields 
in an SU(n, I ) /SU(n)  x U(1) structure reminiscent of  N 1> 5 extended supergravity theories. Tree- 
level supersymmetry  breaking is present only for the gravitino, and for the light gaugino masses 
through non-minimal  kinetic terms reminiscent of  N i> 4 extended supergravity theories. Radiative 
corrections generate squark and slepton masses which are phenomenological ly acceptable, and the 
right value of  m w is obtained if m t ~ 50 GeV in the simplest such model. 

1. Introduction 

Most supergravity GUTs contain interaction scales (mw, m3/2, mx?) which are 
fixed by hand [1] to be hierarchically smaller than mp, although scenarios have been 
proposed [2-5] in which mw and/or  mx may be determined dynamically. A complete 
"solut ion" to the hierarchy problem in which m3/2 is determined dynamically [3] 
as well as mw requires [4] the existence of  a hidden sector with a fiat potential 
guaranteed by approximate SU(1, 1) invariance [6]. Observable low-mass fields have 
to be combined with the hidden sector in a non-trivial way [4] if there is to be a 
non-trivial limit as m3/2/mp ~ O. The underlying SU(I,  1) symmetry is broken by the 
gravitino mass which is not invariant under dilatations and conformal transforma- 
tions. Light fields should have non-zero conformal weights if their superpotential 
terms are not to vanish when m3/2/mp--> 0 [4]. Thus far we have not considered the 
high-mass fields which would appear in a no-scale SUSY GUT, associated, for 
example, with the first scale of GUT gauge symmetry breaking. It is difficult to see 
how the first stage of  GUT symmetry breaking, and hence mx, could be determined 
dynamically by radiative corrections in a manner directly analogous to the previous 
determination of  row. Previously it was found [3, 4] that dynamics forced m3/2 = 

O(mw): it is difficult to see how one can avoid finding m3/2 = O ( m x )  if previous 
models are extended to include heavy fields. 

1 Permanent  address:  Lab. de Physique Throrique,  Ecole Normale Suprrieure,  24 rue Lhomond,  Paris, 
France. 
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VECTOR MULTIPLETS COUPLED TO N = 2  SUPERGRAVITY: S U P E R -  
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We obtain general properties of N =2 gauged extended supergravity coupled to vector 
multiplets, which can gauge an arbitrary group. General formulas for masses and curvatures are 
derived. Particular attention is devoted to the scalar potential of the theory which determines the 
classical vacuum structure. Explicit examples are given in which the potential is identically zero, 
but supersymmetry is broken. It is found that these theories are symmetric under generalized duality 
transformations. 

1. Introduction 

S u p e r s y m m e t r i c  Y a n g - M i l l s  theor i e s  ( fo r  ea r l i e r  r e f e r ences  see e.g. [1]) n o w a d a y s  
p r o v i d e  an  a l m o s t  u n i q u e  f r a m e w o r k  for  c o n s t r u c t i n g  m o d e l s  fo r  pa r t i c le  phys ics  
in wh ich  an i n t e r p l a y  b e t w e e n  in te rna l  s y m m e t r i e s  a n d  s p a c e - t i m e  s y m m e t r i e s  takes  
p lace .  

In loca l ly  s u p e r s y m m e t r i c  t heo r i e s  the  s u p e r - H i g g s  effect  [2], i.e. the  spm-~" 
g r a v i t i n o  mass  g rowth ,  w h i c h  is a c o n s e q u e n c e  o f  the  s p o n t a n e o u s  b r e a k d o w n  o f  
s u p e r s y m m e t r y  in c u r v e d  s p a c e - t i m e ,  c o u l d  p r o v i d e  a link b e t w e e n  l o w - e n e r g y  
phys ics  a n d  g r a v i t a t i o n a l  i n t e rac t ions ,  o w i n g  to the  pa r t i cu l a r  p rope r t i e s  o f  the  
s u p e r g r a v i t y  coup l i ngs .  

I n d e e d  in r ecen t  t imes  a large  class o f  m o d e l s  for  the  f u n d a m e n t a l  i n t e r ac t i ons  
h a v e  b e e n  c o n s t r u c t e d  [3], ba sed  on  the  idea  o f  s p o n t a n e o u s l y  b r o k e n  N - - l  

* Laboratoire propre du CNRS. 
i Bevoegdverklaard navorser NFWO, Belgium. On leave of absence from K.U. Leuven. 
2 Address after September I, 1984: Inst. voor Theor. Eysica, University of Utrecht. 

Address after September I, 1984: TH Division, CERN, Geneva. 
4 Partially supported by Ministero della Pubblica lstruzione (Italy) under grant 1983. 
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S U P E R S T R I N G S  WITH SPONTANEOUSLY BROKEN SUPERSYMMETRY 
AND THEIR EFFECTIVE THEORIES* 

Sergio FERRARA 

CERN, Geneva, Switzerland 
and 

Department of Pt~vsics, UCLA, Los Angeles, USA 

Costas KOUNNAS 

LPT, Eeole Normale Sup~rieure, Paris, France 

Massimo PORRATI and Fabio ZWIRNER** 
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and 
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We discuss superstring models with spontaneous breaking of N = 1, 2 or 4 space-time 
supersymmetry, via coordinate-dependent compactifications from five to four dimensions. We 
provide a description of the supersymmetry breaking mechanism in the formulation with complex 
world-sheet fermions, and we reinterpret it in terms of special deformations of the lorentzian 
charge lattice. Considering a representative string model with spontaneously broken N = 1 
supersymmetry and massless chiral fermions, we show that the knowledge of the spectrum of 
states and of the flat directions completely specifies its low-energy effcctive lagrangian, which 
turns out to be a new no-scale supergravity model. We outline the qualitative difference between 
these models and other scenarios of gaugino (gravitino) condensation or general non-pcrturbative 
phenomena. 

1. Introduction 

One of the most important problems in superstring models is the search for a way 
of promoting their beautiful mathematical structure to a candidate theory for 
elementary particles. To achieve this goal, it is evidently necessary to break many of 

* This work was supported in part by the Director, Office of Energy Research, Office of High Energy 
and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under 
Contract DE-AC03-76SF00098, and in part by NSF under grant PHY-8515857. 

** Also at Istituto Nazionale di Fisica Nuclearc, Sezione di Padova, Italy. 
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Construction of string theories in 
four space-time dimensions
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FOUR-DIMENSIONAL SUPERSTRINGS 
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CERN, Genbve, Switzerland 
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C. KOUNNAS** 

Lawrence Berkeley Laborator); Berkeley, California 94720, USA 

Received 30 December 1986 

We solve completely the constraints of factorization and multiloop modular invariance for 
closed string theories in which all internal quantum numbers of the string are carried by free 
periodic and antiperiodic world-sheet fermions. We derive a simple set of necessary and sufficient 
rules, and illustrate how they can be used to find the spectrum, one-loop ampfitudes and 
low-energy lagrangian of many realistic four-dimensional chiral models. We prove that modular 
invariance and factorization ensure the presence of a massless graviton and the correct connection 
between spin and statistics. We also prove that the existence of a massless spin- 3 state ensures the 
absence of tachyons and the vanishing of the one-loop cosmological constant. 

1. Introduction 

I t  is p r e sen t ly  bel ieved that  in o rder  to realize the p r o g r a m  of  str ing uni f ica t ion  [1] 
of  all  pa r t i c l e  interact ions,  one must  eventual ly  arrive at a theory in four  f iat  
space - t ime  d imensions ,  with N = 1 supe r symmet ry  and  chiral  ma t te r  fields. This 
w o u l d  p r e s u m a b l y  be the first s tep in any effort  to af f ront  the real world,  and  see 
whe the r  s t r ing theories m a y  provide  the answers to such long-s tanding  quest ions in 
pa r t i c l e  phys ics  as the vanishing of  the cosmological  constant ,  the gauge h ie rarchy  
p r o b l e m ,  the  exp lana t ion  of  the observed spec t rum of  fe rmion masses  etc. 

A first  a p p r o a c h  to carrying out  this p rogram,  was to compac t i fy  the known  
t en -d imens iona l  supers t r ings [1, 2] on a Ca lab i -Yau  man i fo ld  [3] or  an orb i fo ld  [4]. 
A much  s imple r  p roposa l  [5,6,11] is to cons t ruc t  s t r ing theories di rect ly  in four  
d i men s ions  wi th  noth ing  fancier  than the tools used for  const ruct ing  the consis tent  
t e n - d i m e n s i o n a l  supers t r ings [2, 7-10] :  all of the str ing 's  in terna l  qu a n tum numbers  

* On leave from Ecole Polytechnique, 91128 Palaiseau, France. 
** On leave from Ecole Normale Sup~rieure, 75231 Paris, France. 
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Moduli stabilisation and flux vacua with non-
vanishing cosmological constant
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with general fluxes
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b Laboratoire de Physique Théorique, Ecole Normale Supérieure,

24 rue Lhomond, F-75231 Paris cedex 05, France
c CERN, Physics Department, Theory Division, CH-1211 Geneva 23, Switzerland
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e Dipartimento di Fisica, Università di Roma ‘La Sapienza’, and INFN, Sezione di Roma,
P.le A. Moro 2, I-00185 Rome, Italy

Received 16 December 2004; accepted 25 February 2005

Available online 25 March 2005

Abstract

We derive the effective N = 1, D = 4 supergravity for the seven main moduli of type IIA orien-
tifolds with D6-branes, compactified on T 6/(Z2×Z2) in the presence of general fluxes. We illustrate
and apply a general method that relates the N = 1 effective Kähler potential and superpotential to a
consistent truncation of gaugedN = 4 supergravity. We identify the correspondence between various
admissible fluxes, N = 4 gaugings and N = 1 superpotential terms. We construct explicit examples
with different features: in particular, new IIA no-scale models and a model which admits a super-
symmetric AdS4 vacuum with all seven main moduli stabilized.
© 2005 Elsevier B.V. All rights reserved.

PACS: 11.25.-w; 11.25.Mj; 04.65; 11.10.Kk; 11.30.Pb

E-mail address: fabio.zwirner@roma1.infn.it (F. Zwirner).
1 Unité mixte du CNRS et de l’Ecole Normale Supérieure, UMR 8549.
2 Unité mixte du CNRS et de l’Ecole Polytechnique, UMR 7644.

0550-3213/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.nuclphysb.2005.02.038



Often I was working also on related subjects 
(construction of 4-dimensional strings, effective 
supergravity actions, supersymmetry breaking,
fluxes, ..)
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Threshold corrections and topological free 
energy of string compactifications
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DUALITY-INVARIANT PARTITION FUNCTIONS AND AUTOMORPHIC 
SUPERPOTENTIALS FOR (2,2) STRING COMPACTIFICATIONS* 

S. FERRARA, C. KOUNNAS**, D. LUST and F. ZWIRNER*** 

CERN, CH-1211 Geneua 23, Switzerland 
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We define the topological free energy for string compactifications, which is relevant for the 
discussion of perturbative as well as non-perturbative effects in string theory. This moduli- 
dependent functional, originating from the integration over massive string modes, is determined 
by automorphic functions of the target-space duality group. We explicitly construct these 
automorphic functions for symmetric orbifold and Calabi-Yau compactifications. 

1. Introduction 

Four-dimensional string vacua with N > 1 space-time supersymmetry can be 
obtained via different approaches (for reviews and references, see e.g. ref. [l]>. 
Infinitely many of them are connected by continuous deformations of the underly- 
ing two-dimensional superconformal field theory, parametrized by coupling param- 
eters called mod&. At the level of the four-dimensional effective field theory, and 
neglecting non-perturbative effects, moduli are described by massless scalar fields 
with flat effective potential, whose vacuum expectation values parametrize the 
continuous deformations. Keeping track correctly of the moduli-dependence is 
essential for writing down a sensible low-energy effective field theory, since both 
gauge couplings and the Yukawa couplings of the matter fields are in general 
moduli-dependent. 

A peculiar feature of many string vacua is their invariance under some discrete 
reparametrizations of the moduli, which generalize the simple R c, l/R duality of 
circle compactifications [2-41. In the four-dimensional effective super-gravity theo- 
ries, these invariances correspond to the so-called generalized duality symmetries. 

*Work supported in part by the Department of Energy of the USA under the contract DOE-AT03- 
88ER40 384, TASK E, and by the Grant-in-Aid for Scientific Research (International Scientific 
Research Program) of the Japanese Ministry of Education, Science and Culture No. 02045009. 

** U.P.R. du C.N.R.S., associie g I’Ecole Normale Superieure et a I’Universite Paris-Sud. 75231 Paris 
Cedex 05, France. 

*** On leave from INFN. Sezione di Padova, Italy. 
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Cosmological and axionic string backgrounds
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CERN-TH.6494/92
LPTENS 92-16

Cosmological String Backgrounds
from Gauged WZW Models

Costas Kounnas

Ecole Normale Supérieure, Paris, France

and

Dieter Lüst
!

CERN, Geneva, Switzerland

Abstract

We discuss the four-dimensional target-space interpretation of bosonic
strings based on gauged WZW models, in particular of those based on
the non-compact coset space SL(2,R) × SO(1, 1)2/SO(1, 1). We show
that these theories lead, apart from the recently broadly discussed black-
hole type of backgrounds, to cosmological string backgrounds, such as an
expanding Universe. Which of the two cases is realized depends on the sign
of the level of the corresponding Kac-Moody algebra. We discuss various
aspects of these new cosmological string backgrounds.
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A Large Class of New Gravitational and Axionic Backgrounds
for Four-dimensional Superstrings

E. Kiritsis, C. Kounnas∗

CERN, Geneva, SWITZERLAND

and

D. Lüst

Humboldt Universität zu Berlin

Fachbereich Physik

D-10099 Berlin, GERMANY

ABSTRACT

A large class of new 4-D superstring vacua with non-trivial/singular geome-

tries, spacetime supersymmetry and other background fields (axion, dilaton)

are found. Killing symmetries are generic and are associated with non-trivial

dilaton and antisymmetric tensor fields. Duality symmetries preserving N=2

superconformal invariance are employed to generate a large class of explicit

metrics for non-compact 4-D Calabi-Yau manifolds with Killing symmetries.

We comment on some of our solutions which have interesting singularity prop-

erties and cosmological interpretation.

CERN-TH.6975/93

August 1993
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Flux vacua and domain walls
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AdS4 flux vacua in type II superstrings and their

domain-wall solutions

Costas Kounnas♦, Dieter Lüst♣♥, P. Marios Petropoulos♠ and Dimitrios Tsimpis♣
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Abstract: We investigate the emergence of supersymmetric negative-vacuum-energy

ground states in four dimensions. First, we rely on the analysis of the effective superpo-

tential, which depends on the background fluxes of the internal manifold, or equivalently

has its origin in the underlying gauged supergravity. Four-dimensional, supersymmet-

ric anti-de Sitter vacua with all moduli stabilized appear when appropriate Ramond and

Neveu–Schwarz fluxes are introduced in IIA. Geometric fluxes are not necessary. Then

the whole setup is analyzed from the perspective of the sources, namely D/NS-branes or

Kaluza–Klein monopoles. Orientifold planes are also required for tadpole cancellation. The

solutions found in four dimensions correspond to domain walls interpolating between AdS4

and flat spacetime. The various consistency conditions (equations of motion, Bianchi iden-

tities and tadpole cancellation conditions) are always satisfied, albeit with source terms.

We also speculate on the possibility of assigning (formal) entropies to AdS4 flux vacua via

the corresponding dual brane systems.

Keywords: anti-de Sitter vacua, fluxes, branes.
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Aspects of quadratic gravity
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We discuss quadratic gravity where terms quadratic in the
curvature tensor are included in the action. After reviewing the
corresponding field equations, we analyze in detail the physical
propagating modes in some specific backgrounds. First we con-
firm that the pure R2 theory is indeed ghost free. Then we point
out that for flat backgrounds the pure R2 theory propagates
only a scalar massless mode and no spin-two tensor mode.
However, the latter emerges either by expanding the theory
around curved backgrounds like de Sitter or anti-de Sitter, or
by changing the long-distance dynamics by introducing the
standard Einstein term. In both cases, the theory is modified in
the infrared and a propagating graviton is recovered. Hence we
recognize a subtle interplay between the UV and IR properties
of higher order gravity. We also calculate the corresponding
Newton’s law for general quadratic curvature theories. Finally,
we discuss how quadratic actions may be obtained from a
fundamental theory like string- or M-theory. We demonstrate
that string theory on non-compact CY3 manifolds, like a
line bundle over CP2, may indeed lead to gravity dynamics
determined by a higher curvature action.

1 Introduction

Riemann, the Ricci or the Weyl tensor. Note that, as we
will discuss, if only the scalar curvature and its square
are included in the gravity action, then, contrary to some
people’s belief, these theories are indeed physical and do
not contain ghost like modes. In fact, the R + R2 theory,
known as the Starobinsky model [8], propagates besides
the usual massless graviton, an additional massive spin-0
state, known as the “scalaron field” or the so called “no-
scale field”. After a field redefinition [9], one obtains a
scalar field minimally coupled to standard Einstein grav-
ity with a potential making the R + R2 theory particularly
appealing for cosmological inflation [10]. The R + R2 the-
ory can also be embedded in supergravity [11], and there
is a large amount of recent work on the inflationary pre-
dictions of the supersymmetric R + R2 theory [12, 13]. In
addition, quadratic gravity theories have also been dis-
cussed in particle physics on the basis of their properties
under scale transformations. [14].

Although in higher curvature gravity and its solutions
[15], a linear Einstein term was assumed to be always
present in the action, the case of pure quadratic curva-
ture theories has also been considered [5, 16]. In par-
ticular, as was recently pointed out [13], the pure R2 is
interesting for the following reasons: it is the only pure
quadratic theory that it is free of ghosts and scale invari-
ant. The latter is a classical statements, which however
is expected to be violated quantum mechanically lead-
ing to the emergence among others of the Einstein term.

!

!

"

"

#

Fortschritte der Physik

Volume 64, Issue 2-3

Feb 2016

Pages 145-268

ARTICLE

Aspects of quadratic gravity

View article page

Luis Alvarez-Gaume, Alex Kehagias, Costas Kounnas,

Dieter Lüst, Antonio Riotto

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

https://doi.org/10.1002/prop.201500100$

ISSN 0015-8208

eISSN 1521-3978

Online 10 February 2016

Accepted 13 December 2015

Received 13 December 2015

Pages 176 - 189

% CITE

We discuss quadratic gravity where terms quadratic in
the curvature tensor are included in the action. After
reviewing the corresponding field equations, we analyze
in detail the physical propagating modes in some
specific backgrounds. First we confirm that the pure R2
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Energy budget of the universe (cosmic pie):
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⇤cc ' 10�122M4
p ' (2.31 meV )4

Dark energy:

Let me come back to the problem of 
the cosmological constant.
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Small cosmological constant:

Anthropic „explanation“: [S. Weinberg (1987)]

Statistical „explanation“String landscape:
[R. Bousso, J. Polchinski  (2000); M. Douglas (2001), KKLT (2001), …]

General quantum gravity arguments against de Sitter vacua

Stability and other issues for KKLT in string theory

[G. Dvali, C. Gomez (2014);
G. Obied, H. Ooguri, L. Spodyneiko, C. Vafa (2018)]

[I. Bena, G. Giecold, M. Grana, N. Halmagyi (2011);
I. Bena, E. Dudas, M. Grana,  S. Lüst (2018);
I. Bena. J. Blabäck. M. Grana, S. Lüst (2020);

S. Lüst, L. Randall (2022)]
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The smallness of the cosmological constant may be linked to 
the existence of a very large extra dimension of micron size:

Swampland distance conjecture:

Small constants in nature         large distances in field space of 
string theory
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[H. Ooguri, C. Vafa (2007)]
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The limit of small positive cosmological constant leads to 
a light tower of states with mass scale m:

Consider (meta-stable) vacua with positive cosmological 
constant and assume that the ADC is still valid :

  Cosmological Constant distance conjecture:

The Dark Universe
[M. Montero, C. Vafa, I. Valenzuela (2022)]

[D.L. , E. Palti, C. Vafa (2019)]



Lowest possible mass from the Higuchi bound (unitarity):

Highest possible mass from one-loop potential in string theory 
(contribution from light modes): 
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m  (⇤cc)
1/4

Bounds on the tower mass scale m :

So we get:
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m � (⇤cc)
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Three parameters: 

Dark Universe:   the tower of states is given by the 
KK modes of n large, dark dimensions. 

Related species scale:

Radius of  dark dimension:

KK mass scale:



The Dark Universe and SUSY Breaking
Supergravity scalar potential:

Spontaneous SUSY Breaking
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[L. Anchordoqui, I. Antoniadis, N. Cribiori, D.L. , M. Scalisi (2023)]
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Gauge mediation:
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Msoft ' MSUSY � O(TeV)
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Gravity mediation:
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Gravitino conjecture :
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[A. Antoniadis, C. Bachas, D. Lewellen, T. Tomaras (1988);
N. Cribiori, M. Scalisi, D.L. ;  A. Castellano, A. Font. A. Harraez, L. Ibanez (2021)]
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Combine with the dark dimension: assume one common KK tower with 
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[A. Antoniadis, C. Bachas, D. Lewellen, T. Tomaras (1988);
N. Cribiori, M. Scalisi, D.L. ;  A. Castellano, A. Font. A. Harraez, L. Ibanez (2021)]
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This can be viewed as the leading term of a more general power series expansion:

Gravitino conjecture :

<latexit sha1_base64="awitF0J4OdRF5cseX3W1rx5MW5I="></latexit>

(
1

4
 �  2)

<latexit sha1_base64="j6frLa1IawfkbUj5tNTZZAueTkg="></latexit>

m = ��1
3/2

✓
M3/2

MP

◆�

MP

Combine with the dark dimension: assume one common KK tower with 
<latexit sha1_base64="3LeRFmdg63AJDwZCHjX+mZhOEIk="></latexit>

↵ = 1/4

or

<latexit sha1_base64="+ut75aGVfs2wJOeEDqx2pUxzAr4="></latexit>

⇤cc =

✓
�

�3/2

◆4 ✓MSUSY

MP

◆8�

M4
P

<latexit sha1_base64="Hswj9GMhK/e76zhPfVlvuk8G+PU="></latexit>

⇤cc =

✓
�

�3/2

◆4 ✓M3/2

MP

◆4�

M4
P

[A. Antoniadis, C. Bachas, D. Lewellen, T. Tomaras (1988);
N. Cribiori, M. Scalisi, D.L. ;  A. Castellano, A. Font. A. Harraez, L. Ibanez (2021)]



This is the relevant case for gauge mediation.
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MSUSY = O(⇤1/8
cc ) = O(1� 10 TeV)
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M3/2 = O(⇤1/8
cc ) = O(1� 10 TeV)

This is the relevant case for gravity mediation.
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� 1

� GeV�1 MSUSY ⇥ (�3/2)
� 1

2� GeV�1

1/2 2.5⇥ 10�36 2.5⇥ 10�9

1 2.5⇥ 10�9 7.8⇥ 104

3/2 2.5⇥ 100 2.5⇥ 109

2 7.8⇥ 104 4.4⇥ 1011
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Two-torus:
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mKK = 1/R

Microscopic realisation: String compactifiction on an anistropic 
two-torus  with Scherk-Schwarz boundary conditions:

(In 4D Planck units)
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This is just a variant of the supersymmetry breaking 
mechanism considered in this paper: 
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We analyse the phase transition of superstring at high temperature. We derive the exact effective potential of the "T-winding" 
mode which becomes tachyonic above the Hagedorn temperature. We show that in the heterotic case a phase transition occurs 
which, from the world-sheet point of view, is a generalization of the Kosterlitz-Thouless transition. We derive the conformal field 
theory describing the new phase and we find that the central charge of the system d is lowered by two units. The resulting high- 
temperature phase then corresponds to a non-critical superstring in (7 + 1 ) dimensions. Moreover, the new vacuum exhibits a 
miraculous "space-like" supersymmetry which leads to the vanishing of the free energy, at least up to the one-loop level. We 
finally argue that our result could describe a transition from a "cold" to a "hot" phase in the history of the early universe. 

It is generally expected that  string theories modify  
drast ical ly  the structure o f  space - t ime  at Planck 
length distances [ 1 ]. A possible way to probe the 
physical  concepts they describe at these distances is 
by studying string the rmodynamics  [ 2 -4  ]. It  is well 
known that  string theories at  high tempera ture  ex- 
hibi t  universal i ty  proper t ies  [ 3,4].  The  exponent ia l  
growth o f  thei r  densi ty  o f  states gives rise to a diver-  
gence in the par t i t ion  function o f  a string gas at the 
Hagedorn  tempera ture  TH [ 2 ]. The value o f  the lat- 
ter depends  only on the bosonic  or  supersymmetr ic  
character of  the theory and not on the part icular  string 
model  [4 ]. Despi te  earl ier  speculat ions on a possible 
l imit ing temperature ,  it  was soon real ized that  TH is 
associated with a phase t ransi t ion whose manifesta-  
t ion is the presence o f  a "so l i tonic"  mode  which be- 
comes tachyonic  above Tr~ [5,6 ]. Although it was 
conjectured [5] that  on the world-sheet  the phase 
t rans i t ion  could be ident i f ied  with that  o f  Koster l i tz  

Laboratoire Propre du Centre National de la Recherche 
Scientifique, associ~ ~ rEcole Normale Suprrieure et ~ l'Uni- 
versit6 de Paris-Sud. 

and  Thouless [ 7 ], the exact nature  o f  the high-tem- 
perature  string phase remained  a mystery [2-6 ,8  ]. 

In this work we derive the exact effective potent ia l  
o f  the "T-winding"  mode  responsible for the phase 
t ransi t ion in the heterotic  and  type II superstrings. 
The crucial observat ion  is that  D-dimensional  super- 
strings at finite tempera ture  look like ( D -  1 ) -d imen-  
sional strings with spontaneously  broken supersym- 
metry  [ 9 ]. Our  result is then based on the extension 
o f  the recently proposed  method  of  calculating the ef- 
fective act ion o f  some massive string states [ 10] to 
the case of  strings with spontaneously broken super- 
symmetry. In the heterotic superstring we find a global 
universal  m i n i m u m  and prove that  a phase transi-  
t ion occurs. We evaluate the free energy in the new 
phase and show that  the high tempera ture  phase cor- 
responds to a non-cri t ical  string in (7 + 1 ) d imen-  
sions. A striking proper ly  of  the lat ter  is the appear-  
ance o f  a "space- l ike"  supersymmetry  in the 
spectrum. This guarantees the vanishing of  the par-  
t i t ion  funct ion at least up to one loop and, thus, the 
stabil i ty o f  the new vacuum. It therefore seems plau- 
sible that  the h igh-T (6=  7) phase is related to some 
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This is just a variant of the supersymmetry breaking 
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