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Outline 
 
§   Why perturbative strings with broken SUSY ? 
 
§  The weak gravity conjecture (WGC) 
 
§   Brane interactions in string theory 
 
§   Supersymmetry breaking and WGC 
 
§   Perspectives 
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        Why perturbative strings with  
                      broken SUSY ? 
 (talks:  perturbative  Bonnefoy,Cribiori,Coudarchet, Faraggi, Roupec,Wrase… 
nonperturbative (KKLT): Blumenhagen,Buratti, Grana, Hebecker, Klaewer, S.Lust, McAllister, 
Moritz,Sethi, Soler, Van RIet …           
 
- Since consistency/conceptual issues are similar in both  
perturbative/nonperturbative cases 

Ex: hierarchies from fluxes             long throats  
Bena, Dudas, M.G., Lust 18

(more details in Severin’s talk)
• First step

Using warped effective field theory Douglas, Torroba 08

The potential for the complex structure modulus S involves the fluxes M and K, while

it depends on the other fluxes only indirectly through the axion-dilaton ⌧ , whose vev is

determined by all fluxes. Furthermore, unlike the other “bulk” moduli, the potential for S

is highly a↵ected by the warp factor. Its functional form, derived in [16,17] is

VKS =
⇡1/2
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where gs is the stabilized vev of the dilaton, Im ⇢ = (Vol6)3/2 (see Appendix B for more

details), c denotes the constant value of the warp factor at the UV and will not be relevant

here, whereas the constant c0, multiplying the term coming solely from the warp factor,

denotes an order one coe�cient, whose approximate numerical value was determined in [16]

to be

c0 ⇡ 1.18 . (2.18)

The potential VKS is plotted in Figure 1.

Figure 1: The potential VKS of [16] for the complex structure modulus S of the Klebanov-

Strassler throat given in (2.17). The solid blue line corresponds to the full potential, while

the dotted orange line does shows the näıve potential that does not take into account the

e↵ects of warping (c0 = 0). Both potentials have the same supersymmetric minimum but

di↵er drastically at small S.

The potential (2.17) has a supersymmetric minimum, corresponding to @SW = 0, which,

for S ⌧ ⇤3
0, is at

sKS ' ⇤3
0 exp
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• First and third step: D3 wants to collapse the S3! 

Full flux + D3
warped
potential
for size of S3

Need                     to avoid collapse
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whereas the positive sign correspondents to a local minimum and the negative sign to a local

maximum. Thus, the total potential for N anti-D3 branes has extrema only for

M > Mmin with Mmin =
8⇡

3

p

c0c00 ⇡ 12
p

N . (3.3)

Otherwise the potential becomes monotonically increasing and the only minimum lies at

s = 0. This is illustrated in Figure 3, where we plot the combined potential for di↵erent

values of M for a single anti-D3 brane, which we restrict to from now on since it gives the

least strong constraint on M . As we will show, this minimum value for M is in strong tension

with the tadpole cancelation condition and the requirement of a large hierarchy.

Figure 3: The combined potential VKS + V
D3 for one anti-D3 brane and M = 8, 12 and 20.

All three graphs are drawn for the same ratio K/M = 5. A local minimum only exists if M

is larger than the threshold value Mmin ⇡ 12.

3.1 de Sitter minima and hierarchy

Requiring the potential to have a critical point forces the lower bound M > 12. In turn, this

bounds K from above by the tadpole cancelation condition (2.13)

K 

��Qloc
3

��
Mmin

. (3.4)

Of course, this bound can only be saturated if there is one complex structure modulus since

the flux required to stabilize additional moduli would contribute to the tadpole cancellation

condition as well (moreover, the bound might not be integer). Inserting this in the quantity
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Possible way out: F-theory tadpole

Warping redshifts mass of a complex structure modulus, 
probably generically the case for any long thoat  
Affects steps I and III of KKLT (Bena,E.D.,Grana,S.Lust, ‘18;  
Blumenhagen, Klaewer, Schechter, ‘19;  
Talks: Blumenhagen, Grana,Klaewer,S.Lust) 
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- Since there a landscape of perturbative strings with broken 
 SUSY and  non-SUSY strings: 
 
•  Strings broken SUSY: Scherk-Schwarz comp., brane  
SUSY breaking, internal magnetic fields/intersecting branes 
 
•  non-SUSY:  comp. of                                   heterotic strings,  
            orientifolds 
 
- Since scale of SUSY breaking higher than expected (LHC) 
 
- Important to understand their role in the swampland  
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        The weak gravity conjecture (WGC) 
         Arkani-Hamed, Motl,Nicolis, Vafa, 2006 

Loose form:      . 
 
For a theory with a massless photon coupled to gravity, it 
implies that there should exist one charged particle with 
      

Some arguments in favor of WGC: 
 
a) Avoidance of stable charged black hole remnants  
b) Absence of global symmetries in string theory/quantum gravity 
 
 

|q|MP � m

Talks: Andriolo,Bonnefoy, Buratti, Gonzalo, Heidenreich,Heisteeg,Ibanez,Palti,Vafa… 
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a) A charged (RN) black hole has                       
It can evaporate by emitting particles  with 
 
b)  In the limit                 gauge symmetry becomes global. 
This should be forbidden, at least in string theory.   
 
There are potential intriguing connections between WGC and 
 
-  The hierarchy problem (Cheung-Remmen)  : quadratically div. 

contributions  to a charged scalar could violate WGC  
 
-   Cosmic censorship (Horowitz et al.) : bad singularities in 
geometries violating CC are forbidden by WGC 

|Q| < M
|q|MP � m

q ! 0
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      Brane interactions in string theory  

T = |Q|
-  Charged BPS D-branes have mass/tension and in  
    superstrings they do not interact, since                                 
 
What about non-BPS charged ones ?  
 
A simple way to generate them is putting internal magnetic 
fluxes on DP branes            generate lower-dim. charges, 
bound states  of branes 
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Interesting example: D6 branes in type IIA, wrapping  
the whole internal space:  

0 1 2 3 4 5 6 7 8 9 
x 0 0 0 x x x x x x 

Coord. 
D6 

Such D6 branes behave as particles in spacetime. We compute 
the interaction potential of two such objects, separated by a 
distance       in space (string formulae). Then take the limits: 
-  Large distance                        :   tree-level exchange of           

SUGRA modes 
-   Small distance                        :   one-loop of charged states  
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•  Magnetic fields are quantized:  

Defining                                                        , one finds                                    

•  large distances  
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•  short distances  
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•  No interaction if                                             
 
In this case there is some partial SUSY preserved by the branes. 
If SUSY broken, there are potential tachyons in the charged  
open string spectrum.   They can be avoided  (any     )   
 provided triangle  inequalities are satisfied :  
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•  Necessary condition: all  

Easy to check that : 
 
- Absence of tachyons any                        repulsive brane   
interactions     
 
- Tachyons short distances                       attractive brane   
interactions  
 

§  Any connection with the existence of black holes in type IIA 
(WGC)  ?  
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       WGC and SUSY breaking in  
                        string theory 
(more details: talk Q. Bonnefoy)  

E. Dudas – CNRS and E. Polytechnique   

 
-  Charged BPS D-branes have mass/tension and in  
    superstrings they satisfy marginally WGC  
 
- Our « particles » are D1 branes (in type I strings) wrapping 
  a circle. They behave like particles after compactification.  
 
-  SUSY broken by compactification along the circle  
   (Scherk-Schwarz),  different boundary conditions fermions /bosons 
(heterotic strings: Rohm, Ferrara, Kounnas,Porrati:  
type I/II Blum,Dienes; Antoniadis,E.D., Sagnotti…)     

T = |Q|
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                                                       ,            
 
                   mass splittings (               = Wilson line )   
 
                                               ,  
 
 
•  SUSY breaking generates a runaway potential for the radius R 

L = (@RR )2 � c
R9

similar to quintessence models,                 .   
 
•  SUSY restored in the                       limit.  Assume R is rolling 
    slowly towards the runaway (             with appropriate WL: 
stability subtle:   Abel,E.D.,Lewis,Partouche)      

R ! 1
R = e

�
2

,  
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We are interested in D1-D1 interactions, for branes separated 
by a distance                  in space (and             on the circle) 
 
•   For superstrings, cancelation between NS-NS and RR 

exchanges, for   

r = |~r|

T1,eff = T1 + gsT 0
1 + · · ·

Q1,eff = Q1 + gsQ0
1 + · · ·

T1 = |Q1|
•  SUSY breaking generates quantum corrections to      and    T1 Q1

u Naive implementation of WGC: repulsive D1-D1 interaction 
long distances                        (repulsive force conjecture:  

     Palti;  talk Heidenreich) 
                                                                                                      

r �
p
↵0
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One-loop brane-brane interactions can be expressed as tree-
level exchange of closed-string modes (for              )  
The result is (one needs 
                            string methods)  

brane amplitudes leads to the one-loop amplitude
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Written in the (closed string) tree-level channel, the amplitude becomes
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It is more illuminating to write the tree-level channel exchange potential in a way which
involves an integral over the noncompact momenta of the closed strings exchanged, by
using the identity
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Notice that only massive states contribute to the D1-D1 brane interactions. In the
region of interest r, R �

p
↵0 a standard field theory computation does not capture the

string result (16). Indeed, in the region r �
p
↵0 the main contribution to the brane-

brane interaction comes from the region of a long thin tube l ! 1 and therefore from
the lightest closed string states. However, since the even winding contribution which
include the supergravity states vanishes due to a cancellation between the NS-NS and
the RR sectors, the main contribution to the interaction comes from odd windings
containing the would-be tachyon scalar in the closed string spectrum (in character
language, O8). The D1-D1 brane interactions as seen from the tree-level closed-string
(“gravitational”) exchange are given by
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02
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d
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k e
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↵02 � 2
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#
. (18)

The contribution of the zero-mode vanishes at one-loop, according to our computation,
which implies that at one-loop the D1 branes are still BPS T1 = Q1. Indeed, since
the one-loop contributions come exclusively from massive states, it is short ranged
and therefore does not modify the tension and charge of the branes. Actually, since
the would-be tachyonic scalar for large radius R �

p
↵0 is much heavier than the

supergravity modes and also heavier than string states, one should only keep the term

10

windings closed      momenta perp.         
     strings                  to D1 branes 

masses closed string states 
(would-be tachyon, wrong GSO projection) 

Massless exchange cancels:    Yukawa attraction 
                                                  violation of WGC ? V ⇠ � 1

r e
�mr

field-theory gravity (closed string) states 
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We believe NO : large-distance interactions governed by 
 
          Quantum corrections to brane tension  
                 
   massless exchange generated at the next perturbative order 

Quantum correction to D1-brane tension = brane self-energy  

T 0
1 = V11(r = 0) < 0

One finds 

n = 0 in the formula above for consistency.
If one fixes the values of the Wilson lines and only considers the dynamics in the

dimensions perpendicular to the branes, the short-range one-loop D1-D1 brane interac-
tions are attractive (negative potential) for coincident position of branes on the circle
(zero relative Wilson line ai = aj) and are repulsive (positive potential) if the branes are
separated, for example if one sits at ai = 0 and the second brane sits at the other end
of the interval aj = 1/2. However, once the dynamics of the Wilson lines is taken into
account, one sees that the potential is such that the only stable point is the attractive
one ai = aj.

An important output of the computation above is the D1 brane self-energy, obtained
by considering a single D1 brane of Wilson line a and setting the spacetime distance
r = 0. If the result would be divergent, more care would be needed for its interpretation.
However, since the result is completely finite and is a contribution localized on the D1
brane worldvolume, it can safely interpreted as a self-energy quantum correction to
the brane tension, that we compute here. The interaction is dominated in this case by
the integration region l = 0, which is the UV region of the closed string exchange (IR
region of one-loop open strings). In this case one gets the approximate result
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(19)
This amplitude contains brane-brane and brane-image brane interactions. By extract-
ing the brane-brane self-energy, one obtains a correction to the brane tension. One
obtains then the one-loop corrected tension of the D1 brane wrapping the circle, which
can be written either as a corrected D1 brane tension or as the mass M0 of the wrapped
brane on the circle

T1,e↵ = T1 �
2

⇡3R2

X

n

1

(2n+ 1)2
= T1 �

1

2⇡R2
, M0 = 2⇡RT1,e↵ , (20)

where T1 =
p
⇡p

210
(4⇡2

↵
0) is the standard type I D1 brane tension. Notice that this one-

loop corrected tension is lower than the tree-level one, due to supersymmetry breaking.
The tension becomes zero for the special value R

2 ⇠ gs↵
0, which is actually in the

regime where type I tachyon condenses and the theory is not anymore under control.
Notice that in a realistic compactification only four spacetime dimensions are non-

compact. In this case, the brane-brane potential for r �
p
↵0 becomes
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, (21)

where
P

p is the sum over all Kaluza-Klein masses in the five additional internal di-
mensions.

The result is particularly simple if the five additional dimensions are very small,
i.e. RI ⌧ R, r, in which case one can neglect the corresponding massive modes con-

11
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   There is no charge renormalization at that order                . 
(gauge invariance) . We obtain therefore                                      
 
At large distances and after compactification, we can write 
brane-brane interactions as 

Q0
1 = 0

following expression for the D1-D1 brane interaction

V11 = V
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The zero-mode contribution can also be written in terms of the supergravity 10d Planck
mass 10 as usually done in the literature8 [81]
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In (28), the corrected tension of the wrapped D1 brane T1,e↵ is defined in (20) and
the relative factor of 1/4 (3/4) denotes the contribution of the dilaton (graviton). The
one-loop corrected charge Q1,e↵ is currently unknown to our knowledge.9 The massive

contributions V
(n)
11 contain the one-loop computation performed in Section 4. Notice

that in a realistic compactification only four spacetime dimensions are noncompact. In
this case, the brane-brane potential becomes
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where
P

p is the sum over all Kaluza-Klein masses in the five additional internal di-
mensions. As we discussed in the previous sections, in the T-dual version D0 branes
energetically prefer to be in the same position and coincident with the D8 branes.
Therefore in what follows we can set their position to zero, i.e. we fix ai = 0. Dis-
tributing D8 branes on the circle, which would change quantitatively the formulae
in this section, raises stability issues and complicates the analysis, without changing
qualitatively the discussion and the conclusions below.

The result is particularly simple if the five additional dimensions are much smaller
than R and r, in which case one can neglect the contributions from the corresponding
massive modes. In this limit, it is more transparent to express the total potential energy

8The extra factor of 4 with respect to the usual formula is due to the fact that branes and their
images contribute.

9A quantum correction to the RR charge would be of the form
R
C2e�. Such a coupling would

violate the gauge symmetry of the RR gauge field, which seems implausible in perturbation theory.
However, corrections to the RR field kinetic terms are possible, and this would generate a renormal-
ization of the RR charge. A similar correction to the dilaton kinetic term should also contribute to
the renormalization of the tension. We thank J. Mourad for suggesting this possibility. We also thank
I. Antoniadis, G. Bossard, H. Partouche, A. Sagnotti for discussions on this issue.
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T1,eff < Q1,eff

RR exchange     dilaton           graviton   

V (0)
11 = 0 at one-loop.  Our arguments  imply 

at next order (genus 3/2).  V (0)
11 > 0
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in terms of the four-dimensional Planck mass MP , for which the graviton exchange
provides the Newton potential in terms of the mass M0 = 2⇡RT1,e↵ and the charge
Q0 = 2⇡RQ1,e↵ of the wrapped D1 brane. In this way, one gets the approximate
potential
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This expression is valid for distances r �
p
↵0, whereas for shorter distances one expects

the one-loop potential to be a good approximation, which has a constant limit when
r ! 0.

The correction V0 to the D1 brane tension is negative being generated by the massive
contributions V (n)

11 between the same brane (r = 0). If the correction to the RR charge
is zero or positive (or small), we find that

T
2
1,e↵ < Q

2
1,e↵ () M

2
0 < Q

2
0 . (32)

We stick to this reasonable assumption in what follows. As a consequence, at short
distances the potential is attractive whereas it is repulsive at large distances. The
leading contribution in this case would come from a genus 3/2 computation, which was
not yet performed to our knowledge. If on the contrary the bound (32) was violated
in the case of a massless dilaton, i.e. if m0 = 0 (or if M2

0 >
4
3Q

2
0 for m0 > 0), the

potential would remain attractive also at large distances. This would definitely violate
the weak gravity conjecture. We believe that this is unlikely to happen and we therefore
conjecture that (32) holds. Clearly a definite check is desirable. An unambiguous proof
would come from a genus 3/2 computation, which would be the leading contribution of
the interaction D1-D1 potential at large distances. This computation is well-defined,
but not yet performed to our knowledge.

Even if (32) holds, the one-loop potential (16) between D1 branes is attractive and
unsuppressed at small distances, in tension with the weak gravity conjecture. However,
the latter may only need to be verified at scales comparable with black hole horizons,
in order to connect to black holes stability arguments. To address this question, one
needs to study the regime interpolating between large distances, where higher-order
e↵ects dominate and presumably verify the WGC as argued above, and small distances
where the one-loop potential induces an attraction. Knowing the r = 0 value of the
potential given in (19) and its asymptotic behaviour (31), we understand that it reaches
a maximal value and has the shape depicted in figure 1.

To estimate the location r0 of the maximum, we can use (31) if r0 is in its validity
regime. When m0 = 0, we obtain
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16

We can define the « particle » mass and charge 
 
                             ,  

in terms of the four-dimensional Planck mass MP , for which the graviton exchange
provides the Newton potential in terms of the mass M0 = 2⇡RT1,e↵ and the charge
Q0 = 2⇡RQ1,e↵ of the wrapped D1 brane. In this way, one gets the approximate
potential
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This expression is valid for distances r �
p
↵0, whereas for shorter distances one expects

the one-loop potential to be a good approximation, which has a constant limit when
r ! 0.

The correction V0 to the D1 brane tension is negative being generated by the massive
contributions V (n)

11 between the same brane (r = 0). If the correction to the RR charge
is zero or positive (or small), we find that
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We stick to this reasonable assumption in what follows. As a consequence, at short
distances the potential is attractive whereas it is repulsive at large distances. The
leading contribution in this case would come from a genus 3/2 computation, which was
not yet performed to our knowledge. If on the contrary the bound (32) was violated
in the case of a massless dilaton, i.e. if m0 = 0 (or if M2

0 >
4
3Q

2
0 for m0 > 0), the

potential would remain attractive also at large distances. This would definitely violate
the weak gravity conjecture. We believe that this is unlikely to happen and we therefore
conjecture that (32) holds. Clearly a definite check is desirable. An unambiguous proof
would come from a genus 3/2 computation, which would be the leading contribution of
the interaction D1-D1 potential at large distances. This computation is well-defined,
but not yet performed to our knowledge.

Even if (32) holds, the one-loop potential (16) between D1 branes is attractive and
unsuppressed at small distances, in tension with the weak gravity conjecture. However,
the latter may only need to be verified at scales comparable with black hole horizons,
in order to connect to black holes stability arguments. To address this question, one
needs to study the regime interpolating between large distances, where higher-order
e↵ects dominate and presumably verify the WGC as argued above, and small distances
where the one-loop potential induces an attraction. Knowing the r = 0 value of the
potential given in (19) and its asymptotic behaviour (31), we understand that it reaches
a maximal value and has the shape depicted in figure 1.

To estimate the location r0 of the maximum, we can use (31) if r0 is in its validity
regime. When m0 = 0, we obtain
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p
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the one-loop potential to be a good approximation, which has a constant limit when
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The correction V0 to the D1 brane tension is negative being generated by the massive
contributions V (n)
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potential would remain attractive also at large distances. This would definitely violate
the weak gravity conjecture. We believe that this is unlikely to happen and we therefore
conjecture that (32) holds. Clearly a definite check is desirable. An unambiguous proof
would come from a genus 3/2 computation, which would be the leading contribution of
the interaction D1-D1 potential at large distances. This computation is well-defined,
but not yet performed to our knowledge.

Even if (32) holds, the one-loop potential (16) between D1 branes is attractive and
unsuppressed at small distances, in tension with the weak gravity conjecture. However,
the latter may only need to be verified at scales comparable with black hole horizons,
in order to connect to black holes stability arguments. To address this question, one
needs to study the regime interpolating between large distances, where higher-order
e↵ects dominate and presumably verify the WGC as argued above, and small distances
where the one-loop potential induces an attraction. Knowing the r = 0 value of the
potential given in (19) and its asymptotic behaviour (31), we understand that it reaches
a maximal value and has the shape depicted in figure 1.

To estimate the location r0 of the maximum, we can use (31) if r0 is in its validity
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We can then write the approximate long-distance potential as 

massless exchange                         massive exchange 
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Figure 1: The D1-D1 potential as a function of the distance in the transverse space
(the potentials and distances are expressed in units of ↵0, we fixed R = 8, gS = 0.2,
V5 ⇠ 1.55 and introduced no Wilson lines for the D1 branes)

where W is the Lambert W function.10 This expression, obtained from (31), can be
trusted if r0 �

p
↵0, which can be rewritten as a constraint on the string coupling

gs ⌧
R

3

↵03/2 e
� Rp

↵0 . (34)

In this case, the WGC would be violated at distances smaller than r0, and black holes
of such sizes would be stable remnants. Such black holes could be formed from the
D1 bound states about which we argued in (23) that their formation is energetically
favorable. However, we expect from black holes constructions in string theory that
there should only be a finite number of such remnants: from the bound state argument
in (23) one can guess that if the number of D1 constituents is large and the bound state
size becomes or order r0 or larger, repulsive forces will prevent more D1 branes to bind
and therefore larger charge/mass remnants to form. Calculating this finite number
of bound states is beyond the scope of this paper, but we could try to estimate it by
comparing r0 with the scale at which we expect the D1-branes solutions of supergravity
to break down,11 RS ⇠ N1gS↵

03

V5
, where N1 is the number of stacked D1-branes. Using

(34), we can derive the following bound:
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All D1-branes configurations with N1 < N1,crit correspond to situations where the
attractive force is felt even in the regime where supergravity applies. N1,crit scales

10The LambertW function or product logarithm is defined byW (xex) = x. It has two real branches,
here only the lower branch with W  �1 is relevant.

11This scale is the one for which the harmonic function h(r) = 1 + RS
r , which defines the D1-brane

solution, starts to deviate significantly from one.
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The dangerous case (for WGC)  is when the maximum 
is reliable in the field-theory limit  
 
                                                                        
                                                                                   (*) 

Figure 1: The D1-D1 potential as a function of the distance in the transverse space
(the potentials and distances are expressed in units of ↵0, we fixed R = 8, gS = 0.2,
V5 ⇠ 1.55 and introduced no Wilson lines for the D1 branes)

where W is the Lambert W function.10 This expression, obtained from (31), can be
trusted if r0 �

p
↵0, which can be rewritten as a constraint on the string coupling
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In this case, the WGC would be violated at distances smaller than r0, and black holes
of such sizes would be stable remnants. Such black holes could be formed from the
D1 bound states about which we argued in (23) that their formation is energetically
favorable. However, we expect from black holes constructions in string theory that
there should only be a finite number of such remnants: from the bound state argument
in (23) one can guess that if the number of D1 constituents is large and the bound state
size becomes or order r0 or larger, repulsive forces will prevent more D1 branes to bind
and therefore larger charge/mass remnants to form. Calculating this finite number
of bound states is beyond the scope of this paper, but we could try to estimate it by
comparing r0 with the scale at which we expect the D1-branes solutions of supergravity
to break down,11 RS ⇠ N1gS↵
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All D1-branes configurations with N1 < N1,crit correspond to situations where the
attractive force is felt even in the regime where supergravity applies. N1,crit scales

10The LambertW function or product logarithm is defined byW (xex) = x. It has two real branches,
here only the lower branch with W  �1 is relevant.

11This scale is the one for which the harmonic function h(r) = 1 + RS
r , which defines the D1-brane

solution, starts to deviate significantly from one.
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In this case, WGC is violated for                   and small black 
holes (for ex. D1 bound states) could be stable remnants.   
 
Unclear if really problematic, in any  case (*) is a  
safe condition.   

r < r0

r0 �
p
↵0
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     Perspectives 

•   Swampland : stringy constraints on BSM and cosmological 
models.  Important to test conjecture in perturbative strings 
with broken SUSY and effective field theory models.  

     
•  In superstrings, we checked interactions between non-BPS 

branes with several charges. There is a relation: 
 
- Repulsion                absence of open string (charged) tachyons                     
- Attraction                 tachyons at short brane separation   

-  Interesting to understand the connexion brane repulsion/
interaction  and black holes 

 



                 Thank You ! 
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•  We started to investigate WGC in strings with broken SUSY. 
 We find short-range attraction, but long-range repulsion, since 
    
  
Interesting further possible checks. 
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T1,eff < Q1,eff


