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Starting about 35 years ago we enjoyed a very 
pleasant and fruitful collaboration with Anamaria, in 
particular on various aspect of duality symmetries in 
string theory.



The term duality refers to a situation where two seemingly 
different physical systems turn out to be equivalent in a 
nontrivial way. If two theories are related by a duality 

symmetry, it means that one theory can be transformed in 
some way so that it ends up looking just like the other 

theory. 

Starting about 35 years ago we enjoyed a very 
pleasant and fruitful collaboration with Anamaria, in 
particular on various aspect of duality symmetries in 
string theory.

https://en.wikipedia.org/wiki/Physical_system
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Correspondence principle in quantum mechanics:
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Maxwell electromagnetism:
Field equation -  Bianchi identity duality
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Correspondence principle in quantum mechanics:
Wave  -   particle duality

With sources:   electron - magnetic monopole duality:

Strong weak coupling duality:
[P. Dirac (1931)]
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Maxwell electromagnetism:
Field equation -  Bianchi identity duality
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Correspondence principle in quantum mechanics:
Wave  -   particle duality

N=4, N=2 supersymmetric field theories:
[C. Montonen, D.Olive (1977); N. Seiberg, E. Witten (1994)]

With sources:   electron - magnetic monopole duality:

Strong weak coupling duality:
[P. Dirac (1931)]
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Maxwell electromagnetism:
Field equation -  Bianchi identity duality
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String theory:   T-duality symmetry 

T - duality related different space-time geometries.

[K. Kikkawa, M. Yamasaki (1984); B. Stathiapalan (1987) 

Circle compactification:
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String theory:   T-duality symmetry 

T - duality related different space-time geometries.

[K. Kikkawa, M. Yamasaki (1984); B. Stathiapalan (1987) 

Circle compactification:
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[S. Ferrara, D.L.,  A.  Shapere, S. Theisen (1989)]

T - duality in effective SUGRA field theory:

Invariance of action under discrete symmetry
<latexit sha1_base64="GpRKGTBPWJMdvEXOFAbzwbFGLkQ="></latexit>
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It is known that the formation of gaugino condensates can be a source of supersymmetry breaking in string theory. We 
study the constraints imposed by target space modular invariance on the formation of such condensates. We find that the 
dependence of the vacuum energy on the moduli of the internal variety is such that the theory is forced to be compactified. 
The radius of compactification is of the order of the string scale and in the process target space duality is spontaneously broken. 

One of  the major  open problems in four- 
d imensional  string theories is the breaking of  space-  
time ( N  = 1) supersymmetry.  Because o fphenomeno-  
logical reasons it is desirable that space- t ime super- 
symmetry is broken spontaneously  below the Planck 
scale, and the most promising scenario realizing this 
requirement  is the mechanism of  gaugino condensa-  
t ion in the so-called hidden sector [1-7]. Gaugino  
condensat ion cannot,  up to now, be directly analyzed 
in string theory; however, there are strong arguments 
that it actually occurs at the level of  the low-energy 
effective field theory. More recently it was shown 
[8-10] that the effective supergravity action following 
from string compactif icat ion on orbifolds or even 
Ca lab i -Yau  manifolds  is severely constrained by an 
underlying string symmetry, the so-called target space 
modula r  invariance. The target space modular  group 
PSL(2, Z) acts on the complex scalar T as 

a T - i b  
T - ~ - -  a , b , c , d ~ Z ,  a d - b c = l ,  (1) 

i c T + d '  

where (T) is the background modulus  associated to 
the overall scale of  the internal s ix-dimensional  space 
on which the string is compactified. Specifically, T = 
R 2 + i B  with R being the " rad ius"  of  the internal 
space and B an internal axion. The target space 
modular  t ransformations contain the well-known 
duali ty t ransformation R ~  1 /R  [11] as well as dis- 

crete shifts of  the axionic background B, and the T 
moduli  space has to be restricted to the fundamental  
region SU(1, 1) / [U(1)  x PSL(2, Z)]. 

Although duali ty respectively target space modula r  
invariance is only shown [12] to be an unbroken 
symmetry at any order  of  string per turbat ion theory, 
one also expects that non-perturbat ive string effects 
respect these discrete symmetries.  Adopt ing this point  
of  view, the effective action describing the spon- 
taneous supersymmetry breaking via non-perturba-  
tive effects, like gaugino condensates must be also 
invariant under  the modula r  t ransformation on T. In 
fact it was shown in ref. [8] that the non-perturbat ive,  
purely T-dependent  effective superpotent ia l  must be 
a modular  form like 

W(T)  ~ ~9 ( T)-6, (2) 

where ~ ( T ) = q l / 2 4 I ] n ( 1 - q "  ) is the well-known 
Dedekind function, q ~  e x p ( - 2 ~ r T ) ,  and the result- 
ing gravitino mass is of  the form m~/2-  
1 / (T+T*)3]~(T)]  '2. We will show that gaugino 
condensat ion provides a natural  dynamical  reali- 
zation for exactly this kind of  effective actions. 
Using the relation W ~ (AA) ~ exp[(3/2bo)f( T)], this 
could be seen as if  the gauge kinetic function of  the 
N = 1 supergravity action is of  the form f ( T ) =  
-bo log [B(T)4 ] .  Interestingly enough, this kind of  
expression for the gauge kinetic function was recently 
derived from a direct one- loop string calculation [ 13 ]. 
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[Related work by S. Ferrara, N. Magnoli, T.R. Taylor, G. Venezanio (1990); H.P. Nilles, M. Olechowski (1990)]

Modular superpotential generated by gaugino condensation:
<latexit sha1_base64="OtMIkN/KbYiwVoEvnF+BGGzQSmw="></latexit>
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Potential with Kähler moduli stabilisation:
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Strong-weak coupling duality 
and non-perturbative effects in string theory 
A. F o n t  a L.E. Ib~f iez  b, D .  [,fist b a n d  F. Q u e v e d o  c 
a Departamento de Ftstca, Umverstta Central de Venezuela, Aptdo 20513, Caracas I020-A, Venezuela 
b CERN, CH-1211 Geneva 23, Swttzerland 
c TheoretwalDtvtston LANL, LosAlamos, NM87545,  USA 

Received 13 July 1990 

We conjecture the existence of a new discrete symmetry of the modular type relating weak and strong coupling in string theory. 
The existence of thxs symmetry would strongly constrain the non-perturbat~ve behawour m string partlt~on functmns and intro- 
duces the notion of a maximal (minimal) couphng constant. An effective lagrangmn analysxs suggests that the ddaton vacuum 
expectatmn value is dynamically fixed to be of order one In supersymmetnc heteroUc strings, supersymmetry (as well as thxs 
modular symmetry itself ) is generically spontaneously broken 

Modula r  lnvar iance appears  in a variety o f  physi-  
cal problems [ 1 ]. These symmetr ies  involve an in- 
varmnce under  the inversion of  coupling constants  
along with the discrete t ranslat ions of  a " the ta  term".  
The first example o f  this type of  symmetry  in field 
theory was discovered by Cardy [ 2 ] who showed that 
the phase structure of  the abel ian Higgs model  on the 
latt ice exhibits  such a type of  invar iance under  rever- 
sion of  couplings and shift of  the 0-parameter.  These 
t ransformat ions  generate an infinite discrete group 
SL(2,  Z) .  In the context  of  string theory such a sort 
o f  symmetry  seems also ublquous.  The one loop par-  
t l t ion functions in terms of  the world sheet modu la r  
pa ramete r  z must  be exphclt ly modu la r  invanan t .  
More recently [ 3 ] It has been real ized that  the spec- 
t rum and interact ions  of  compact i f ied  strings are in- 
var iant  under  the inversion of  the compactlf iCatlon 
length R-~ oe ' /R (c~' denotes the string tension)  ffone 
s imultaneously replaces quant lzed momen ta  by 
winding modes  (target  space dual i ty) .  This  symme-  
try survives order  by order  m per turbat ion theory [ 4 ]. 
Therefore all mequlvalent  compact i f ica t Ions  are un- 
ambiguously characterized by radii  R larger (smaller)  
than the m l m m a l  (max ima l )  length ~ ,  the scale 
set by the extension of  the string itself. In the case of  
a two-dimensional  compact l f ica t ion  the dual i ty  sym- 
metry is extended to the full modu la r  invar lance due 

to the existence of  the Bran an t i symmetr ic  tensor  
which acts as a 0-parameter.  In more  reahstlc six-di- 
mensional  compact i f ica t ions  (like e.g. orblfolds)  the 
same structure (convenient ly  general ized)  is also 
found. This target-space modula r  lnvariance strongly 
constrains the form of  the low-energy effective act ion 
as a function of  the compact l f ica t ion modul i  [ 5 ]. It  
can also gwe interesting informat ion  about  the pos- 
sible form of  non-perturbat ive stnng corrections (like 
e.g. supersymmetry  breaking [6,7 ] ) i f  dual i ty  were 
an exact symmetry  of  string theory (possibly broken 
spontaneously  but  not  explici t ly)  [ 6 ]. 

In the present  letter we conjecture the existence o f  
a further modula r  invarlance symmetry  m string the- 
ory. This includes a duahty  invariance under  which 
the string di la ton (whose VEV yields the coupling 
constant  in heterotic  strings) gets inverted.  In four 
d imensions  the dl la ton comes along [ 8 ] with a pseu- 
doscalar  ( " a x l o n " )  field 0. Both degrees of  f reedom 
form a complex scalar 

1 
s =  --;  +10  (1) g~ 

which is the lowest component  of  a chiral  superfield 
in supersymmetr lc  4D strings. Thus we conjecture an 
mvar iance  under  the modula r  symmetry  
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S-duality proposal (1990)



We conjectured the existence of a further modular invariance symmetry under 
which the string dilaton S (whose vev yields the string coupling constant) gets 
inverted:

We conjectured that the Montonen-Olive duality of the heterotic string will 
lead to this modular symmetry.

We conjectured that S-duality in the 4D heterotic string is based on the 
string-five brane duality, with the 5-branes wrapped around 4-cycles and 
look like strings.

We investigated the consequences of S-field modular invariance for the 
effective string action in terms of modular superpotentials:
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[M. Duff (1988);  A. Strominger (1990)]
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Abstract: We study the (1, 0) six-dimensional SCFTs living on defects of non-geometric

heterotic backgrounds (T-fects) preserving a E7×E8 subgroup of E8×E8. These configura-

tions can be dualized explicitly to F-theory on elliptic K3-fibered non-compact Calabi-Yau

threefolds. We find that the majority of the resulting dual threefolds contain non-resolvable

singularities. In those cases in which we can resolve the singularities we explicitly deter-

mine the SCFTs living on the defect. We find a form of duality in which distinct defects

are described by the same IR fixed point. For instance, we find that a subclass of non-

geometric defects are described by the SCFT arising from small heterotic instantons on

ADE singularities.
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In physical systems we often encounter correspondences 
and transitions between different phases of matter.

Water - ice - steam phase transition 

Phase transitions can be described by considering 
the entropy or free energy of the system as function 
of temperature

Correspondences and phase transitions 

Example:

We will now consider different phases of stringy matter. 



BH formed by collapse of particles:

Correspondences and phase transitions between particles and 
black holes in quantum gravity

[Picture from Event Horizon Telescope]



BH formed by collapse of particles:

Correspondences and phase transitions between particles and 
black holes in quantum gravity

[Picture from Event Horizon Telescope]

Here we want to consider the correspondence 
between certain particles and certain black holes.

Phase transition between species and black holes 
in the moduli space of quantum gravity.

Horowitz/Polchinski:     string - BH correspondence 
[G. Horowitz, J. Polchinski (1996)]



(Light) Particles in EFT of quantum gravity:   
interact gravitationally, otherwise weakly interacting

Particle Species :



(Light) Particles in EFT of quantum gravity:   
interact gravitationally, otherwise weakly interacting

Particle Species :

Species scale: 
EFT cut-off of quantum gravity

Swampland distance conjecture:
Light species appear at large 
distances in moduli space

Relation to black holes:
Thermodynamic nature of species

Important for the fundamental 
understanding of quantum gravity



(Light) Particles in EFT of quantum gravity:   
interact gravitationally, otherwise weakly interacting

Particle Species :

Species scale: 
EFT cut-off of quantum gravity

Swampland distance conjecture:
Light species appear at large 
distances in moduli space

Relation to black holes:
Thermodynamic nature of species

Important for the fundamental 
understanding of quantum gravity

Species as dark matter 
candidates

Phenomenological 
importance

EW Hierarchy problem
<latexit sha1_base64="DQ95hTPe0IGDtnIQY2EE78FjYwA="></latexit>

1032 copies of SM

Cosmological  hierarchy 
problem - dark dimension

<latexit sha1_base64="gYesi2qfiiv55ZFewx/SjWtwmms="></latexit>

⇤cc $ light species

[Arkani-Hamed, Dimopoulos, Dvali (1998);
Dvali,  Redi (2009); Ettengruber, Zander, Eller (2024)]

[Palti, Vafa, D.L. (2019);
Montero, Vafa, Valenzuela (2022)]

[Gonzalo, Montero, Obied, Vafa 2022)]



Tower of light states, i.e. species:

[H. Ooguri, C. Vafa (2006)]
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Infinte distance / emergent string conjecture:

Quantum 
Gravity moduli 
space:

The light tower of states, i.e. species, at large distances are given 
by either light string excitations or light KK modes.

[S. Lee, W. Lerche, T.  Weigand (2019)]



Particles        -  Geometry
Species         -  Minimal BH as species bound state

Black Hole - Species Correspondence

There is a transition between the species and the BH description:

Large coupling

Collective BH description 

Small coupling

Individual description as qm particles 



Species Scale:

: Number of particles below                        .
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….  it depends on moduli fields:
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[G. Dvali (2007)]
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Schwarzschild radius of a minimal black hole.

[G. Dvali,  M. Redi (2009)]

[N. Cribiori, D.L., G. Staudt (2022)]

Alternative definition of the species scale:
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Schwarzschild radius of a minimal black hole.

[G. Dvali,  M. Redi (2009)]

[N. Cribiori, D.L., G. Staudt (2022)]

Alternative definition of the species scale:

But what towers can build a minimal black hole?

?

<latexit sha1_base64="1yxqWn9FNTc3cpniElr7a1Ms4x8="></latexit>
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Species Thermodynamics:

Definition of species entropy:<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•

Species temperature                <latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•

The species entropy is defined as the entropy of the associated minimal BH:
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d�2Md�2

P

The species temperature is defined as the temperature of the 
associated minimal BH:
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Tsp := TBH,min ' (Lsp)
�1 = ⇤sp

[N. Cribiori, D.L., C. Montella (2013); I. Basile, D.L. C. Montella (2013); I. Basile, N. Cribiori, D.L. C. Montella (2014);
A. Herraez, D.L. , J. Masias, M. Scalisi, to appear]



Species Thermodynamics:

Definition of species entropy:<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•

We will require that species entropy and species temperature 
follow the known laws of black hole thermodynamics.

Species temperature                <latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•

The species entropy is defined as the entropy of the associated minimal BH:
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The species temperature is defined as the temperature of the 
associated minimal BH:
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[N. Cribiori, D.L., C. Montella (2013); I. Basile, D.L. C. Montella (2013); I. Basile, N. Cribiori, D.L. C. Montella (2014);
A. Herraez, D.L. , J. Masias, M. Scalisi, to appear]



Quantum Gravity moduli space:
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Large species entropy limit:
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BH-species entropy conjecture:
[Q. Bonnefoy, L. Ciambelli, S. Lüst, D.L. (2019);  

N. Cribiori, M. Dierigl,  A. Gnecchi,  M. Scalisi, D.L. (2022)]
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Mass, temperature and entropy of Schwarzschild-like BHs satisfy 
the following general thermodynamic laws:
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These relations are consistent with the first law of thermodynamics:
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Black Hole - Species Correspondence

BH thermodynamic laws must be fulfilled in order
for the BH - Species Correspondence to work !
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Ssp = ⇤2�d
sp , Esp = ⇤3�d

sp

Species thermodynamics will help to a provide bottom-up 
evidences of the emergent string conjecture.

[I. Basile, D.L. C. Montella (2013)]



General species tower and emergent string conjecture:

Species scale: 

(No binding energy
and no thermal fluctuations)

General ansatz for species tower:

Species number: 
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Mass spectrum:

Degeneracy at each level:
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mn = mf(n) , n = 1, . . . , N

Moduli dependent tower mass scale:  
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Species energy: 
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Bottum-up solution:
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All thermodynamic BH relations are satisfied                 
 



KK tower and string tower

<latexit sha1_base64="tv7NgJuPFR/Rw50JT7oy6zeD248="></latexit>

⇤sp ⌘ ⇤UV = M (d+p)
P

Two possible interpretations of the tower:

(i) p is finite            KK tower
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m ⌘ mkk = 1/R , p : # of compact dimensions
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KK tower and string tower
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KK tower and string tower
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Emergent string conjecture.
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At which energy scale does the transition from species to 
black holes take place? 



At which energy scale does the transition from species to 
black holes take place? 

Energy of the particles     =     Mass of the black hole
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(Entropy of weakly coupled strings agrees with BH entropy)
[G. Horowitz, J. Polchinski (1996)]
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At which energy scale does the transition from species to 
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Hierarchy of scales:
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Summary :

This correspondence might be also related to the emergence proposal: 
               species build space-time geometry

Strong constraints on the form of the species tower.

There is a correspondence picture:  species as particles  -  species as minimal 
black hole. 
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Emergent string conjecture.
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The thermodynamic conditions on the species are systematic and rigorous.

One should complement these results from string S-matrix approach. 



Warm and very helpful person

Faithful and reliable colleague and collaborator

Enthusiastic physicist

Anamaria as a person :

Very good friend of mine



Thank you Anamaria for your outstanding work in science 
and for being a very nice person and very good friend.


