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Strings and Moduli
• String theory predicts (6 or 7) extra dimensions

• Major problem: Fixing size and shape of extra dimensions (moduli)

• Progress to fix all moduli: only this century (GKP, KKLT, LVS,...)

• In some cases the 4D space = de Sitter space (ᴧ>0)



Physics of Moduli
• Moduli: scalar particles in 4D: candidates for inflatons

• Gravitational strength couplings 

• Mass of moduli ~ gravitino mass

• Each modulus equivalent to saxion+axion

• Number of moduli order 100-1000



Moduli Stabilisation in IIB

• Moduli S, Ti, Ua

• Quantum corrections
• Three options: Runaway: Dine-Seiberg problem

Fix T-modulus: KKLT

Fix T-moduli: LVS

No-scale

Fix S,U but T arbitrary



Inflation and Strings

• Some inflationary EFTs describe CMB + other 
data very well.

• Inflation needs an UV completion.
• Some EFTs of string compactification can 

describe inflation
• Challenges: Moduli stabilisation and 

Mplanck>Mstring>Mkk>Minf .



Inflation and Strings 2
• Epochs: Pre-inflation, inflation, post-inflation (pre-BBN)

• Chiral spectrum implies N=0,1 in 4D (work with  N=1)

• Strings relevant in postinflation? (yes: moduli).

“Generically”: If eft is suspersymmetric then the

moduli survive at low energies until susy breaks:

mass
moduli

≈ m
gravitino. 

(but interesting exceptions!)



Kahler moduli
• Overall volume

• Blow-up

• Fibre moduli

LV SV1 SV2

C0 5.8 · 10−8 0.012 0.023

C1 292.4 20629.4 39786.9

C2 73.1 5157.35 9946.73

Cup 219.3 1200.8 29840.2

R = C0/C2 8 · 10−10 2.3 · 10−6 2.3 · 10−6

Table 3: Coefficients of the inflationary potential for the various parameter sets

discussed in the text.
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Figure 2: V (in arbitrary units) versus ϕ̂, with V and τ3 fixed at their minima. The plot assumes
the parameters used in the text (for which ϕ̂ip ≃ 0.80, ϕ̂end = 1.0, and R ≡ C0/C2 ∼ 10−6).

3.3 Inflationary slow roll

We next ask whether the scalar potential (3.31) can support a slow roll, working in the

most natural limit identified above, with A,C ≪ B and B > 0. As we have seen, this case

also implies 0 < C0 ≪ C1 = 4C2, leaving a potential well approximated by

V ≃ C2
⟨V⟩10/3

[

(3−R)− 4

(

1 +
1

6
R

)

e−κϕ̂/2 +

(
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2

3
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)

e−2κϕ̂ +R eκϕ̂
]

(3.33)

which uses Cup ≃ C1 − C0 − C2 and C1/C2 ≃ 4, and works to linear order in

R :=
C0
C2

= 2g4s

(
CKK
1 CKK

2

CW
12

)2

≪ 1 . (3.34)

The normalization of the potential may instead be traded for the mass of the inflaton field

at its minimum: m2
ϕ = V ′′(0) = 4

(

1 + 7
6 R
)

C2/⟨V⟩10/3.
In practice the powers of R can be neglected in all but the last term in the potential,

where it multiplies a positive exponential which must eventually become important for

– 22 –

V~A-Be-√2/3α



Inflation: Fibre+Blow-up
↵ = 1, r ⇠ 0.13

↵ = 1, r = 3⇥ 10�3

↵ = 1/9, r = 4⇥ 10�4

↵ = 1/3, r = 10�3
N=4$supergravity,$
unit$size$Poincare$disk$

Goncharov:Linde$model$

ns#

log10r#

Starobinsky$model,$
conformal$aAractors$$

↵ = 1, r = 3⇥ 10�3

a=2 fiber inflation

a<<1 Kahler(blow-up)
PolyinstantonAdapted from 

Kallosh, Linde
α-attractors



Post Inflation
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Moduli and cosmology

Moduli Domination
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Moduli and cosmology

Coughlan et al 1983, Banks et al, de Carlos et al 1993



Oscillons* from String Moduli
Antusch, Cefalá, Krippendorf, Muia, Orani, FQ
arXiv:1708.08922

*localised, long-lived, non-linear excitations of the scalar fields. 

http://arXiv.org/abs/arXiv:1708.08922


Generalities
• Exponentially growing solutions:

• Conditions for unstable solutions:
i. parametric resonance
ii. tachyonic preheating (modulus displaced in I)

iii. tachyonic oscillations (oscillations reach I)

I



Necessary Conditions for 
Oscillons production

• Quantum fluctuations of the field grow as it oscillates around the 
minimum.

• The growth of fluctuations is sufficiently strong for non-linear 
interactions to become important.

• The potential is shallower than quadratic away from the 
minimum in some field space region relevant for the dynamics of 
the field.

Attractive ‘force’ 
for λ > 0i λ+ . . .



Lattice simulations*
• LatticeEasy: to analyse strong growth of 

perturbations.

• Modified version to calculate also metric 
perturbations:

*Plus Floquet analysis



KKLT Oscillons



KKLT results

5123 points

W0=10-12

(no oscillons)

W0=10-5 

oscillons 
generated



Snapshots

6x <ρ>
12 x <ρ>

W0=10-5

A=10
a=2π



GW spectrum: KKLT

*Overall scaling can lower frequency but also lower the amplitude



Blow-up Oscillations



Oscillons from Blow-up mode



Gravitational Waves

*No oscillons for volume nor fibre moduli but also no overshooting!



Moduli Stars

Krippendorf, Muia + FQ 
JHEP {1808} (2018) 070, [arXiv:1806.04690].



Boson and Fermion Stars

• Fermion stars: Gravity vs fermion pressure

• Boson stars: Gravitational BEC

310 T. D. Lee and V. Pang. Nontopologica/ soliion,s

optimal values of (i), (ii) and (iii) for the “key” experimental data mentioned in section 5.1. The result
[95] is reasonably satisfactory.
There are many applications of soliton models in the study of hadronic structure and hadron—hadron

interactions. Many of these solitons are variations of the Friedberg—Lee model described in this section
[107—113].A nontopological soliton model based on the linear sigma model was developed by Kahana,
Ripka and Soni [114]. It contains a pion field in addition to the scalar field a-. Subsequent study by
Kahana and Ripka [1151demonstrated the importance of the pion degrees of freedom. A similar model
has also been studied by Birse and Banerjee [1161and by Celenza and Shakin [117].Among topological
solitons, the Skyrme model [118,1191 is the most widely used.

6. Soliton stars

6.1. General discussion

So far, our analysis does not include gravity. Since the existence of soliton solutions depends
sensitively on the nonlinearity of the field theory and since general relativity is highly nonlinear, it is
natural to inquire whether the introduction of the gravitational interaction may alter significantly the
previously discussed solutions, especially when their masses become astronomically large. This problem
is also of interest from another point of view: any (cold) stable star is, by definition, a nontopological
soliton. Its equilibrium configuration has been calculated based on the equation of state of normal
matter and the gravitational attraction. On the other hand, a major fraction of the total mass of the
universe is believed to be in the form of “dark matter”, of which very little is known except its
existence. Now, nontopological solutions already can exist without gravity and (in that case) with no
upper bound on their masses; therefore, they may be of astronomical sizes. It is reasonable to explore
whether such solutions with gravity may account for structures outside our usual concept of normal
stars. As we shall see, the interplay between the gravitational field and other nonlinear matter fields can
lead to several novel types of stellar configurations, such as boson stars, mini-boson stars and fermion
soliton stars. These solutions will be discussed in this chapter.
We begin with a brief review of the equilibrium configurations of (cold) normal stars: the solutions

for white dwarfs by Chandrasekhar [120]and neutron stars by Oppenheimer and Volkoff [291.

6. 1.1. Chandrasekhar limit (review)
Consider a white dwarf, or a neutron star, of radius R, mass M and fermion number N. The

gravitational force is balanced by the Fermi pressure. From the equipartition of energy we expect, for
the equilibrium state, the magnitude of the gravitational energy to be comparable to that of the kinetic
energy. For ultrarelativistic fermions, we have

GM2/R—N4”3/R. (6.1)

where G is Newton’s constant. Let m be the effective mass, defined by

N=M/m. (6.2)

For a neutron star, the fermions are neutrons andm is the neutron mass mN; for a white dwarf, they are
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the possibility that condensates of these particles may form and survive at late times in

the form of boson or fermion Stars.

Standard fermion stars such as neutron stars are prevented from collapsing because of

the Pauli exclusion principle. Their stability is a balance between the fermion degeneracy

pressure and gravitational attraction. Boson stars have been studied using a hypothetical

long-lived complex or real scalar field. In this case the stability is due not to the Pauli

principle, since bosons are subject to the Bose-Einstein statistics, but to the Heisenberg

uncertainty principle that constrains momenta to be bound by the inverse radius of the

star. Several cases of boson stars have been studied depending if the field is complex, for

which a global U(1) may exist and guarantee stability (e.g. Q-stars coming from Q-balls),

or for real scalars in which case the boson star is usually named an ‘oscillaton’ (not to

be confused with the early universe ‘oscillons’ ). If the scalar field is an axion it leads to

axion stars. In each case the structure of the boson star varies substantially depending on

the self couplings of the boson fields. For a free massive scalar field the Compton wave

length � ⇠ 1/m is bound by the radius of the star R � 1/m and being balanced at the

corresponding Schwarzschild radius R
s

= 2M/M2
p

leads to the critical mass M
c

= M2
p

/m.

This can be of order the solar mass M ⇠ M� for scalar masses of order m ⇠ 10�10 eV.

However, if self couplings are relevant the critical mass is of order M
c

⇠ M3
p

/m2 just of

the same order of the Chandrasekhar limit for fermion stars and then solar masses can be

obtained for scalar masses of order the neutron mass m ⇠ 1 GeV.

A typical string compactification has hundreds or thousands of complex moduli fields

that have di↵erent properties and may lead to completely di↵erent physics (e.g. dilaton,

complex structure moduli, Kähler moduli which in turn can be blow-up modes, fibre mod-

uli, etc.). Here we start a systematic study on how some of these moduli may give rise

to particular cases of boson stars which can be called ’moduli stars’. We also explore the

possibility for their fermionic partners, the ‘modulini’ as well as the gravitino can give rise

to a new class of fermion stars.

In order to give rise to a stable star the corresponding particle has to be quasi-stable

and then a candidate for dark matter. At the moment there are plenty of possibilities for

both fermions and scalars to be candidates for dark matter. String theory o↵ers many dark

matter candidates: matter fields from a hidden sector, moduli (including the dilaton and

the many axions), the gravitino, etc.

The most studied boson stars in field theory correspond to the case of a single complex

scalar field � with a global U(1) symmetry � ! ei↵�. The corresponding Noether charge

is conserved and prevents the condensate to decay. Nontopological solitons such as Q-balls

are the prime examples, that are already stable before turning gravity on. Furthermore

the global U(1) symmetry allows for a time dependence of �, �(x, t) = '(x)ei!t while

keeping a static spacetime metric (a constant time translation is compensated by a U(1)

transformation by a choice of the parameter ↵). For real scalars there is no conserved

charge and stability is not automatic.

We may inquire if Q-balls are realised in string theory. In standard string compactifi-

cations global U(1)s are not possible except for the following exceptions:
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(e.g.                     for neutron star)

Heisenberg R>1/m 
Schwarschild R ~ 2GM

But adding interactions 
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Bosonic Compact Objects
• Q-balls
• Oscillons

Gravity vs Repulsive pressure
• Boson stars
• Mini-boson stars
• Oscillatons (e.g. axion stars)

(+ axion miniclusters)

} Repulsive pressure vs attractive interaction



Are there stringy 
boson/fermion stars?

Candidates:
Long-lived (stable) gravitationally coupled  fields: 

• hidden sector fermions/bosons,
• moduli, 
• modulini, 
• gravitini



Stringy Fermion Stars

Gravitino and modulini:

Validity of EFT and Cosmological moduli problem:

Recall:



Volume modulus stars



Q-balls in string theory?

Global symmetries?

1. From (non) anomalous U(1)
2. From Peccei-Quinn symmetries

*Open strings:

MInimum for novanishing:
e.g. Kusenko (1997) for 
MSSM



Closed string sector
• Massive moduli + axion                

(generalised axion stars, m> 1 TeV)

• Axion much lighter                                            
(Ultra-light axion) 

• PQ symmetry  almost exact (PQ-balls?)

4.2.1 An explicit example

The Large volume Scenario [] provides a very concrete example...

We consider the simplest setup including just two Kählermoduli T
b

= ⌧
b

+ i 
b

and

T
s

= ⌧
s

+ i 2. The EFT model can be described in terms of a Kähler potential K and a

superpotential W :

K � �2 log

 
V +

⇠̂

2

!
W = W0 +A

s

e�asTs +A
b

e�abTb , (4.5)

where ⇠̂ = ⇠hsi3/2 (s is the dilaton field) and A
b

, A
s

are O(1) coe�cients...

The potential arising in such EFT is well known []:

V =
g
s

8⇡

"
8

3
(a

s

A
s

)2
p
⌧
s

e�2as⌧s

V � 4a
s

A
s

W0
⌧
s

e�as⌧s

V2
+

3⇠W 2
0

4g3/2
s

V3

#
+ �VdS , (4.6)

where �VdS is an additional contribution needed to achieve a de Sitter vacuum and we have

implicitly set  
s

= ⇡. The terms containing  
b

are usually omitted since they are very

suppressed. The leading contribution that includes  
b

takes the form

V � eK
h
KTbT̄bK

Tb@T̄b
W +KTbT̄b@

TbW K
T̄b

i
=

g
s

4⇡
a
b

A
b

⌧
b

eKe�ab⌧b

⇣
eiab b + e�iab b

⌘
=

=
g
s

2⇡
a
b

A
b

e�ab⌧b

⌧2
b

cos (a
b

 
b

) , (4.7)

where we used that eK ' ⌧�3
b

. The mass of the axion is then

m
 

=

s
g
s

A
b

a3
b

2⇡

e�
ab⌧b
2

⌧
b

. (4.8)

Since we want the mass to be of order 10�22 eV, we need to assume that the term �VdS in

the potential uplifts the vacuum energy to a value smaller than the current dark energy

value. For practical purposes, the axion potential becomes

V
 

=
g
s

2⇡
a
b

A
b

e�ab⌧b

⌧2
b

[1 + cos (a
b

 
b

)] , (4.9)

whose vanishing energy minimum is in a
b

 
b

= ⇡. In Fig. 1 we report the value of the mass

for di↵erent values of a
b

(we assumed g
s

= 0.1 and A
b

= 1) to show that it is compatible

with  
b

being an ULA for values of ⌧
b

& 100 (i.e. V & 103).

• Discuss the string scale, KK scale that come out from these values for the volume.
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Q-Balls

which is expected not to di↵er substantially from the one-field case and will be explored

in the future.

The rest of the article is organised as follows: in the next section we briefly review the

Q-ball solutions for complex scalar field theories mostly to provide background for further

sections. In section 3 we present a basic discussion about fermion and boson stars and the
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Complex scalar, U(1) global symmetry

Noether current and conserved charge

Extrema of energy

U minimum at Φ=0

Thin wall approximation (large Q)
extremising now with respect to the volume V leads to V = Q/

p
2'2

0U and:

E = Q

s
2U('0)

'2
0

(2.8)

Therefore the value of '0 can be obtained by extremising the quantity: U/'2. This coin-

cides with the minimum of Û (and therefore solves the equations of motion) for the value

of ! = !0 =
p
2U/'2

0 as it can be easily verified. Notice that for this value of !0 the value

of Û vanishes at the minimum ' = '0 and so the new minimum is degenerate with the one

at ' = 0 which remains a minimum of Û as long as !2 < µ2 = U 00(0). We then have that a

charge Q configuration with constant energy localised in a finite volume (the Q-ball) exists

as long as there is a non zero minimum of the quantity U/|�|2. Since the energy per unit

charge is less than the mass of a single charged particle (!2 < m2), the Q-ball is stable

against decay to a gas of individual particles. Once surface terms are taken into account

due to non-vanishing gradients, the geometry has to be the one with minimal area for a

given volume which is a sphere.

A proper solution with non-vanishing gradient terms can be found numerically but

inferred by standard tunneling solution techniques working with the analogy of a particle

in the inverted Euclidean potential. Furthermore extensions to thick wall cases have also

been found in the literature [? ].

3 Fermion and Boson Stars

3.1 Basics of fermion stars

Neutron stars are understood in terms of a gas of fermions for which their degeneracy

compensates for the gravitational attraction. Following the argument of Landau for neutron

stars for N free fermions of mass m
f

, the total energy in a sphere of radius R takes the

form:

E(R) = �
GMm

f

R
+

✓
9⇡

4

◆1/3 N1/3

R
(3.1)

In which the first term is the attractive gravitational potential and the second one is the

(relativistic) kinetic energy of the fermion in the surface of the star. Here M = Nm
f

is

the total mass of the star. We have used the relativistic limit in which the kinetic energy

K ⇠ k
f

� m
f

for a relativistic fermion of momentum k
f

and k
f

is determined by its

relation to the number density in Fermi statistics: N/(43⇡R
3) = k3

f

/(3⇡2). If the second

term of the equation above dominates the star expands until the fermion density is so

small that the kinetic energy term becomes of order m
f

and the gravitational interaction

stabilises it.

A rough estimate of the maximum mass and minimum radius of the star can be made

by noticing that both energies are of the same order (E(R) = 0) for a maximum value of

N = N
max

giving a total mass:

M
max

⇠
M3

p

m2
f

. (3.2)
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...Coleman (1985)...



PQ Balls?



Spinning Axions?

Similar to 
spintessence



Formation Mechanisms?

Enhacement factor!



Properties of Moduli Stars



Size and Mass of Moduli Stars



de Sitter vs Quintessence



de Sitter Challenges
• Define S-matrix (resonance?)

• Classical no-go theorems (atoms are 
unstable classically!)

• No dS solution of string theory under full 
calculational control (KKLT, LVS,...?)



Challenges to KKLT, LVS,...
• Fluxes under control only in SUSY 10D

• All SUSY breaking part is 4D EFT (with string inputs). 

Trust EFT?

• Tuning W0<<1? in KKLT

• Higher correction in LVS?

• Antibranes (by hand, non susy, singularity?)

• T-branes in a control region?

• Antibranes and non-perturbative effects?

Sethi

Bena et al.

Moritz et al.



Swampland conjectures
• Swampland: Quantum gravity vs EFT !

• Weak gravity conjecture

• Distance conjecture                          See M. Reece talk.

• New conjecture: 

(It would imply quintessence and no de Sitter 

and hard to have inflation!).

Vafa et al.

Obied et al 



de Sitter Achievements
• Remarkable: well defined prescription exists that includes 

all stringy ingredients: branes, orientifolds, warping, anti 
(T)-branes, perturbative, non-perturbative effects, etc. 

• IIB with fluxes~ Calabi-Yau (moduli space understood).

• W0<<1 is plausible (not achieved yet) due to the large 
number of fluxes.

• Perturbative effects in LVS in better control as the volume 
is exponentially large. All computed so far harmless. 

• Antibrane: nonlinearly realised SUSY (nilpotent superfield)

• Hierarchies: 



Challenges for the new conjecture

• Higgs potential with quintessence field? (at the <H>=0 
point.

• If V asymptotes to infinite from above even 
supersymmetric AdS forbidden.

• Both addressed if modify conjecture (allow saddle points 
for V>0). 

Denef et al.

Conlon

see e.g. Andriot



Quintessence from Strings?
• Need stabilise all moduli except for quintessence field: 

as difficult as getting de Sitter

• Or have many fields rolling but slower than 

quintessence. Difficult.

• Fifth force and varying couplings constraints (e.g. 

volume modulus or dilaton problematic)



Quintessence Candidates
• Modulus (fibre, blow-up) that does not couple 

directly to SM. It also would require a very small 
string scale (e.g. Ms~TeV)

• Axions 

Cicoli, et al 

K. Choi
Panda et al
Kaloper et al.



Axion Quintessence 1

Naturally very small!

Minimum not necessarily at zero

Slow-roll

Not necessarily



Axion Quintessence 2
• Hilltop Quintessence

• Quasi-natural quintessence

• Oscillating quintessence



Conclusions 1
• Concrete string models of inflation r≤10-2-10-3

• Strings: Inflation  only one component, 
postinflation  is very important

• Strings: Post inflation  (dark energy, matter, 
radiation, different thermal history (moduli domination), 
baryogenesis, cdm,...)

• Correlations (large r no TeV SUSY, etc.)



Conclusions 2
• Rich spectrum of compact objects (oscillons, 

gravitino, modulini, moduli, axion stars) 
Gravitational waves spectrum (‘hear the shape 
of the extra dimensions?’)

• de Sitter vs Quintessence: Many achievements, 
challenges, open questions


