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From the first lecture …



• Quadratic action for δgij=a2 hij : 

• In terms of the canonically normalized polarization modes:                                                

• The action reads:

• For an approximate dS background: 
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2 polarizations

26 1 Inflation: Theory and Observations

1.2.4 Gravitational Waves

Arguably the cleanest prediction of inflation is a spectrum of primordial
gravitational waves. These are tensor perturbations to the spatial metric,

gij = a2(t)(�ij + 2hij) , (1.31)

where hij is transverse and traceless. Expanding the Einstein-Hilbert action
leads to the quadratic action for the tensor fluctuations:
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The structure of the action is identical to that of the scalar fluctuations,
eq. (1.17), except that tensors do not have a nontrivial sound speed and
the relation to the canonically-normalized field does not include ", because
at linear order tensors do not feel the symmetry breaking due to the back-
ground evolution. The quantization of tensor fluctuations is therefore the
same as for the scalar fluctuations. In particular, eq. (1.26) applies to each
polarization mode of the gravitational field. Adding the power spectra of
the two polarization modes, one finds [61]
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where the right-hand side is evaluated at horizon crossing, k = aH. While
the power spectrum of scalar fluctuations, eq. (1.28), depends on H, Ḣ, and
cs, the power spectrum of tensor fluctuations is only a function of the de
Sitter expansion rate H. Tensor fluctuations are therefore a direct probe of
the energy scale at which inflation took place. The scale-dependence of the
tensor modes is determined by the time-dependence of H,
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Observational constraints on tensor modes are usually expressed in terms
of the tensor-to-scalar ratio
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Since the amplitude of scalar fluctuations has been measured, the tensor-
to-scalar ratio quantifies the size of the tensor fluctuations. Using (1.34),
we can write
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⇒



• Tensor tilt:                                      (consistency condition)

• Tensor-to-scalar ratio:

• On substituting                                    (measured)

Tensor Perturbations
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which on substituting �R(k?) = 4.7⇥ 10�5 becomes

H = 3⇥ 10�5
⇣ r

0.1

⌘1/2
Mpl . (1.38)

Detecting inflationary tensor perturbations at the level r & 0.1 would im-
ply that the expansion rate during inflation was about 10�5Mpl. This is
sometimes expressed in terms of the energy scale of inflation

Einf ⌘ (3H2M2
pl)

1/4 = 8⇥ 10�3
⇣ r

0.1

⌘1/4
Mpl . (1.39)

Note that reducing r by four orders of magnitude reduces Einf by only one
order of magnitude. Gravitational waves from inflation are only observable
if inflation occurred near the GUT scale, Einf ⇠ 10�2Mpl ⇠ 1016 GeV.

1.3 Cosmological Observables

When the curvature perturbation R re-enters the horizon it sources fluc-
tuations in the primordial plasma. These matter perturbations evolve into
anisotropies in the cosmic microwave background (CMB) [57,62] and inho-
mogeneities in the large-scale structure (LSS). In this section, we describe
these key cosmological observables. In the next section, we will show how
these observables are used to constrain both the composition of the universe
and its initial conditions.

1.3.1 CMB Anisotropies

In the very early universe, photons had a small mean free path due to the
high density of charged particles. At a temperature of about 0.3 eV, the
formation of neutral hydrogen,

e+ p ! H + � , (1.40)

termed recombination, became entropically favored. The free electron den-
sity dropped rapidly and Thomson scattering between electrons and pho-
tons, e + � $ e + �, became ine�cient: the photons decoupled. Since the
moment of last scattering at t ⇡ 380, 000 yrs, these primordial photons have
been streaming freely through the universe, reaching our detectors 13.7 bil-
lion years later [63]. The observed frequency spectrum is that of an almost
perfect black body with a mean temperature T̄ = 2.72548± 0.00057 K [64].
Fig. 1.5 shows the variation of the CMB temperature as a function of direc-
tion n on the sky,

�T (n) ⌘ T (n)� T̄ . (1.41)
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(ḣij)
2 � 1

a2
(@khij)

2

�

, (1.32)

where

y2 ⌘ 1

4
M2

pl . (1.33)

The structure of the action is identical to that of the scalar fluctuations,
eq. (1.17), except that tensors do not have a nontrivial sound speed and
the relation to the canonically-normalized field does not include ", because
at linear order tensors do not feel the symmetry breaking due to the back-
ground evolution. The quantization of tensor fluctuations is therefore the
same as for the scalar fluctuations. In particular, eq. (1.26) applies to each
polarization mode of the gravitational field. Adding the power spectra of
the two polarization modes, one finds [61]

�2
h(k) ⌘

k3

2⇡2Ph(k) =
2

⇡2

H2

M2
pl

, (1.34)

where the right-hand side is evaluated at horizon crossing, k = aH. While
the power spectrum of scalar fluctuations, eq. (1.28), depends on H, Ḣ, and
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Note that reducing r by four orders of magnitude reduces Einf by only one
order of magnitude. Gravitational waves from inflation are only observable
if inflation occurred near the GUT scale, Einf ⇠ 10�2Mpl ⇠ 1016 GeV.

1.3 Cosmological Observables

When the curvature perturbation R re-enters the horizon it sources fluc-
tuations in the primordial plasma. These matter perturbations evolve into
anisotropies in the cosmic microwave background (CMB) [57,62] and inho-
mogeneities in the large-scale structure (LSS). In this section, we describe
these key cosmological observables. In the next section, we will show how
these observables are used to constrain both the composition of the universe
and its initial conditions.

1.3.1 CMB Anisotropies

In the very early universe, photons had a small mean free path due to the
high density of charged particles. At a temperature of about 0.3 eV, the
formation of neutral hydrogen,

e+ p ! H + � , (1.40)

termed recombination, became entropically favored. The free electron den-
sity dropped rapidly and Thomson scattering between electrons and pho-
tons, e + � $ e + �, became ine�cient: the photons decoupled. Since the
moment of last scattering at t ⇡ 380, 000 yrs, these primordial photons have
been streaming freely through the universe, reaching our detectors 13.7 bil-
lion years later [63]. The observed frequency spectrum is that of an almost
perfect black body with a mean temperature T̄ = 2.72548± 0.00057 K [64].
Fig. 1.5 shows the variation of the CMB temperature as a function of direc-
tion n on the sky,

�T (n) ⌘ T (n)� T̄ . (1.41)

GUT scale physics

⇒

direct probe of inflation scale



• Tensor-to-scalar ratio:

• The inflaton field range:

• r cannot change greatly (at least for single-field slow-roll):

• Taking a conservative estimate Neff ≳ 30 (while typically Neff ≳ 50)

• Example: Chaotic m2!2 inflation requires Δ!=15MP for ΔN=60.

Lyth Bound
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• EFT is sensitive to massive dofs. when ΔΦ > MP, consider e.g.,

• Mass shifted by ΔM ~ Λ for ΔΦ= Λ/g

• Super-Planckian field range requires g<<Λ/MP (weaker than GN strength)!

• Why does Φ couple so weakly? → a question for Planck scale theory!

Super-Planckian Field Range?

• Inflationary scenario tied to moduli stabilization:

Moduli Stabilization
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• Small Field Inflation ΔΦ < MP 

• Unobservable tensors (r << 0.01)

• dim-6 Planck suppressed operator O6/MP
2 can give Δη~ 1

• higher-dim. operators are harmless as Δη ≲ (ΔΦ/MP)Δ-6<<1

• can systematically enumerate all OΔ with Δ≥6 and balance them 
against each other (tuning)

• Large Field Inflation ΔΦ > MP

• Detectable tensors (r >> 0.01)

• OΔ becomes more and more important for larger Δ
• enumeration is hopeless, need a powerful symmetry!

Small vs Large Field Inflation



Lecture 2



Inflation in String Theory

proposed symmetry of the low-energy e↵ective action should admit a UV-completion. Hence, large-

field inflation should be formulated in a theory that has access to information about approximate

symmetries at the Planck scale. Let us remark that in e↵ective field theory in general, UV-completion

of an assumed low-energy symmetry is rarely an urgent question. The present situation is di↵erent

because we do not know whether all reasonable e↵ective actions can in fact arise as low-energy

limits of string theory, and indeed it has been conjectured that many e↵ective theories do not admit

UV-completion in string theory [109–111]. Therefore, it is important to verify that any proposed

symmetry of Planck-scale physics can be realized in string theory.

To construct an inflationary model with detectable gravitational waves, we are therefore inter-

ested in finding, in string theory, a configuration that has both a large kinematic range, and a

potential protected by a shift symmetry that is approximately preserved by the full string theory.

29 Inflation in String Theory

29.1 From String Compactifications to the Inflaton Action

String Compactification

Inflationary 
Lagrangians

4d Lagrangians

Observables

branes
fluxes

moduli

geometry of M6

potential V(φ)

Figure 35: From 10d Compactification Data to 4d Action.

29.1.1 Elements of String Compactifications

It is a famous fact that the quantum theory of strings is naturally defined in more than four spacetime

dimensions, with four-dimensional physics emerging upon compactification of the additional spatial

dimensions. For concreteness, we will focus on compactifications of the critical ten-dimensional type

IIB string theory on six-dimensional Calabi-Yau spaces.26

The vast number of distinct compactifications in this class are distinguished by their topology,

geometry, and discrete data such as quantized fluxes and wrapped D-branes. A central task in

string theory model-building is to understand in detail how the ten-dimensional sources determine

26Readers unfamiliar with this terminology may find a useful Stringlish-to-English dictionary in [112].

107

• Inflation is UV sensitive in any case!

• Though string inflation ⊂ inflation, some models/signatures would not 
have been uncovered if not ∵ string theory, e.g., unusual V(Φ)~Φ√28-2

 , 
DBI inflation, NG, cosmic strings, oscillations in power/bi-spectrum, …

• Is there a swampland beyond the landscape? (Lecture 4)



• Embedding inflation in string theory requires understanding 
fully moduli stabilization & its effects on 4D EFT: difficult task!

• Two approaches to inflation in string theory:

Inflation in String Theory

Compute the inflaton action by 
brute force, in a tractable example

Find a symmetry that
simplifies the task



[Dvali and Tye]; [Burgess, Majumdar, Nolte, Quevedo, Rajesh, Zhang];[Dvali, Shafi, Solganik];

[Shiu, Tye];[Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi] and many others.

D3-brane Inflation 
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[Shiu, Tye];[Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi] and many others.

D3-brane Inflation 



• A specific (and tractable) example of small-field inflation

• Inflaton: can be an open string or closed string scalar

• Type IIB strings on a CY 3-fold with O3/O7-planes (easy lift to 
F-theory), promising choice: ϕ = D3-brane position [Dvali, Tye]

• 10D SUGRA action contains the bulk terms:

where 

D-brane Inflation

3.1 Fundamentals 101

with Fp = dCp�1, F̃3 = F3 �C0 ^H3, and F̃5 = F5 � 1
2C2 ^H3 +

1
2B2 ^ F3.

In addition, one must impose the self-duality constraint

F̃5 = ?F̃5 . (3.18)

We have written the NS-NS sector (3.10) of the actions (3.12) and (3.15)
in ‘string frame’, meaning that the Ricci scalar R appears with the dilaton-
dependent prefactor e�2�. This frame is convenient for comparing to the
results of string perturbation theory. However, for many questions involving
gravity, it is more practical to work in Einstein frame, in which the dilaton
prefactor is absent. The action can be written in the Einstein frame by
performing the Weyl rescaling

GE,MN ⌘ e��/2GMN .

In type IIB string theory, it is convenient to define the combinations

G3 ⌘ F3 � ⌧H3 , (3.19)

⌧ ⌘ C0 + ie�� , (3.20)

in terms of which the action (3.15), written in Einstein frame, takes the
form

SIIB =
1

22

Z

d10X
p

�GE

"

RE � |@⌧ |2

2(Im(⌧))2
� |G3|2

2Im(⌧)
� |F̃5|2

4

#

� i

82

Z

C4 ^G3 ^ Ḡ3

Im(⌧)
. (3.21)

The action (3.21) is the starting point for our discussion of type IIB flux
compactifications in §3.3.1.

3.1.2 D-branes

In addition to fundamental strings, string theory contains solitonic objects.
Most famous are D-branes, which are charged under the gauge symmetry
of the R-R fields. A Dp-brane is an object with p spatial dimensions that
is charged under Cp+1 via the electric coupling3

SCS = µp

Z

⌃p+1

Cp+1 , (3.22)

3 Type IIA string theory contains stable Dp-branes with p even, while type IIB string
theory contains stable Dp-branes with p odd. Type I string theory has stable Dp-branes
with p = 1, 5, 9. Dp-branes and D(6� p)-branes are charged under R-R potentials Cp+1

and C
7�p, whose field strengths Fp+2

and F
8�p are dual to each other, ?F

8�p = Fp+2

.
Thus, D(6�p)-branes carry magnetic charge under Cp+1

. In string theories with an NS-
NS two-form B

2

, fundamental strings carry charge under B
2

and are stable. Moreover,
there is an additional soliton, the NS5-brane, which is magnetically charged under B

2

.
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• This bulk action is supplemented by Slocalized (more later).

• This is leading SUGRA, of course, ∃ gs, α’ corrections.

• Compacitifcation on a warped CY, e.g., [Giddings, Kachru, Polchinski]:

the breathing mode u(x) is defined s.t. kinetic terms don’t mix, and

• For moduli dynamics, need a better ansatz to solve the Einstein 
constraint equations [Shiu, Torroba, Underwood, Douglas (STUD)]:

Warped Compactification
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mdyn (71)
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• For our purpose, the simpler ansatz suffices. We also take:

• In general, compact warped solutions are not easily found.

• For IIB flux compactification, Bianchi id. for " + trace of EE:

• One finds solutions if the BPS-like condition is satisfied:

Background Solutions

3.3 Moduli Stabilization 117

3.3.1 Classical Solutions

In this section, we will review the essential features of type IIB flux com-
pactifications on Calabi-Yau orientifolds, following the pioneering work by
Giddings, Kachru, and Polchinski (GKP) [295]. Space limitations prevent
us from detailing the many advances generalizing and extending the analy-
sis of [295], most notably to time-dependent backgrounds and to solutions
with strong warping (see [310–313]). The literature on flux compactifica-
tions beyond type IIB orientifolds is so extensive that we will not attempt
to summarize it: more complete discussions of flux compactifications, where
the original references can be found, include [44,314,315].

Type IIB supergravity.—At leading order in ↵0 and gs, the ten-dimensional
action for the bosonic fields in Einstein frame is given by (3.21). In addition,
there may be local sources, such as D-branes and orientifold planes, with
corresponding action Sloc. We search for warped solutions with the ansatz15

(3.36), but now taking gµ⌫ = ⌘µ⌫ :

ds2 = e2A(y)⌘µ⌫dx
µdx⌫ + e�2A(y)gmndy

mdyn . (3.82)

Four-dimensional Poincaré invariance requires that the three-form flux G3

has no nonvanishing components in the noncompact spacetime, while the
self-dual five-form flux takes the form

F̃5 = (1 + ?10) d↵(y) ^ dx0 ^ dx1 ^ dx2 ^ dx3 , (3.83)

where ?10 is the ten-dimensional Hodge star and ↵(y) is a scalar function
on X6.

Equations of motion.—The trace of the ten-dimensional Einstein equation
yields

r2e4A =
e8A

2Im(⌧)
|G3|2 + e�4A

⇣

|@↵|2 + |@e4A|2
⌘

+ 22e2AJloc , (3.84)

where r2 is the Laplacian on X6, and the e↵ects of local sources are pa-
rameterized as

Jloc ⌘
1

4

 

9
X

M=4

TM
M �

3
X

M=0

TM
M

!

loc

, (3.85)

with TMN the stress-energy tensor derived from Sloc. In the absence of local
sources, i.e. for Jloc = 0, the solution is trivial, with constant A, constant
↵, and vanishing G3. (To see this, note that the l.h.s. of (3.84) integrates

15 For time-dependent solutions, we would require a more general ansatz [310].
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to zero on X6, while the first three terms on the r.h.s. are all non-negative.)
A non-trivial warped compactification requires one or more sources with
Jloc < 0 [316], for example orientifold planes.
Next, the Bianchi identity for the five-form flux is

dF̃5 = H3 ^ F3 + 22T3⇢
loc
3 , (3.86)

where ⇢loc3 is the D3-brane charge density due to the local sources. Because
F̃5 is self-dual, (3.86) may also be thought of as an equation of motion. Inte-
grating (3.86) over X6 leads to a tadpole-cancellation condition (i.e. Gauss’s
law constraint)

1

22T3

Z

X
6

H3 ^ F3 +Qloc
3 = 0 , (3.87)

where Qloc
3 is the total charge associated with ⇢loc3 . Substituting (3.83) into

(3.86) and combining with (3.84), we get16

r2
⇣

e4A � ↵
⌘

=
e8A

24Im(⌧)
|iG3 � ?6G3|2 + e�4A|@(e4A � ↵)|2

+ 22e2A (Jloc �Qloc) , (3.88)

where ?6 is the six-dimensional Hodge star and Qloc ⌘ T3⇢
loc
3 . The l.h.s. of

(3.88) integrates to zero on X6, while the non-localized sources on the
r.h.s. are non-negative. As for the localized contribution Jloc �Qloc, many
well-understood localized sources satisfy the BPS-like condition

Jloc � Qloc . (3.89)

The condition (3.89) is saturated by D3-branes and O3-planes, and by D7-
branes wrapping four-cycles (in such a way as to respect the N = 1 super-
symmetry preserved by D3-branes). It is satisfied, but not saturated, by
anti-D3-branes and by D5-branes wrapped on collapsed two-cycles. How-
ever, O3-planes and O5-planes violate (3.89), because they are incompatible
with the supersymmetry preserved by D3-branes.
Consider a compactification in which all sources satisfy (3.89). Integrating

(3.88) reveals that we must in fact demand that all sources saturate (3.89)
— i.e. only D3-branes, O3-planes, and D7-branes are allowed — and that
the three-form flux is imaginary self-dual (ISD),

?6G3 = iG3 , (3.90)

while the warp factor is equal to the four-form potential

e4A = ↵ . (3.91)

16 This corrects the numerical factor appearing in [295], cf. [317].
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The condition (3.89) is saturated by D3-branes and O3-planes, and by D7-
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symmetry preserved by D3-branes). It is satisfied, but not saturated, by
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ever, O3-planes and O5-planes violate (3.89), because they are incompatible
with the supersymmetry preserved by D3-branes.
Consider a compactification in which all sources satisfy (3.89). Integrating

(3.88) reveals that we must in fact demand that all sources saturate (3.89)
— i.e. only D3-branes, O3-planes, and D7-branes are allowed — and that
the three-form flux is imaginary self-dual (ISD),

?6G3 = iG3 , (3.90)

while the warp factor is equal to the four-form potential

e4A = ↵ . (3.91)

16 This corrects the numerical factor appearing in [295], cf. [317].
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with TMN the stress-energy tensor derived from Sloc. In the absence of local
sources, i.e. for Jloc = 0, the solution is trivial, with constant A, constant
↵, and vanishing G3. (To see this, note that the l.h.s. of (3.84) integrates

15 For time-dependent solutions, we would require a more general ansatz [310].

stress-energy tensor 
from localized sources

where

saturated by D3, O3,
 & D7 on calibrated Σ4



• If all sources satisfy the inequality, the 3-form flux is ISD:

and all localized sources saturate 

• We refer to these solutions as ISD compactifications. 

• u(x) is unconstrained, and the moduli space M of D3 =CY.

• The action for the localized sources: Slocalized = SDBI + SCS
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Next, we recall Born-Infeld theory, a non-linear generalization of Max-
well’s electromagnetism. The Born-Infeld action in p + 1 flat spacetime
dimensions, for an Abelian gauge field Aa with field strength strength Fab,
is

SBI = �Qp

Z

dp+1�
q

� det(⌘ab + 2⇡↵0Fab)

= �Qp

Z

dp+1�

 

1 +
(2⇡↵0)2

4
FabF

ab + · · ·
!

, (3.25)

where Qp is a constant with the dimensions of a p-brane tension.
By computing open string amplitudes, and open+closed amplitudes, one

finds that the action for a Dp-brane in a general closed string background
involves a combination of the Dirac and Born-Infeld actions, the Dirac-
Born-Infeld action

SDBI = �gsTp

Z

dp+1� e��
p

� det(Gab + Fab) , (3.26)

where Fab is the gauge-invariant field strength

Fab ⌘ Bab + 2⇡↵0Fab , (3.27)

and Bab is the pullback of BMN onto the D-brane worldvolume. From the
string amplitude computations one infers that the Dp-brane tension is5

Tp ⌘
1

(2⇡)pgs (↵
0)(p+1)/2

, (3.28)

leading to the important result that Dp-branes are heavy at weak string
coupling, gs ⌧ 1. Next, the D-brane tension Tp can be related to the charge
µp appearing in (3.22). The stable D-branes of type I and type II string the-
ories are BPS objects, and preserve half of the spacetime supersymmetries.
A BPS Dp-brane (p > 0) corresponds to a higher-dimensional generalization
of an extremal black hole, with tension equal to its charge when expressed
in appropriate units. In our conventions, one finds µp = gsTp.
The Chern-Simons action in the presence of background fields in the tar-

get space and on the D-brane worldvolume takes the form

SCS = i µp

Z

⌃p+1

X

n

Cn ^ eF , (3.29)

where the sum runs over the R-R n-forms of the theory in question, and
only (p+1)-forms contribute to the integral in (3.29). The complete bosonic

5 In a background with constant dilaton �, one has g
s

e�� = 1.
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• The induced metric on the D3-brane:

• For homogeneous config., the localized source terms give:

• For low velocities:

• Define:                        and                      (mass dim. 1) 

• For Φ− =0 (ISD soln), we have V(ϕ)≡ 0, D3 moves freely in CY.
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1� e8u�4Aĝmnẏmẏn + T3 ↵e�12u

(75)

LDBI+CS = �T3
�
e4A � ↵

�
e�12u

+

1

2

T3 ĝmnẏ
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ĝ = a CY metric, A = warp factor (72)

ds2 ! ds2 + 2e2A(y)
�
@µ@⌫u

I
(x)KI(y)dx

µdx⌫ + @µu
I
(x)BmIdx

µdym
�

(73)

Gab =
@xM

@⇠a
@xN

@⇠b
gMN where M,N = 0, . . . , 9, and a, b = 0, . . . , 3 (74)

LDBI+CS = �T3 e4A�12u
p
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Taking the metric ansatz

ds2 = e2A(y)gµ⌫dx
µdx⌫ + e�2A(y)gmndy

mdyn , (5.49)

where gµ⌫ is the metric of a maximally symmetric four-dimensional space-
time, the field equations of ten-dimensional type IIB supergravity imply the
master equation7

r2�� = R4 +
gs
96

|⇤|2 + e�4A|r��|2 + Sloc , (5.50)

where r2 is the Laplacian constructed using the conifold metric (5.12), Sloc

is a localized source due to anti-D3-branes, and

⇤ ⌘ �+G� + ��G+ , (5.51)

with
G± ⌘ (?6 ± i)G3 and �± ⌘ e4A ± ↵ . (5.52)

At the same time, the three-form flux must satisfy the equation of motion

d⇤+
i

2

d⌧

Im⌧
^ (⇤+ ⇤̄) = 0 . (5.53)

The solutions to (5.50) can be organized as follows:

V (x, ) = V0 + VC(x) + VR(x) + VB(x, ) , (5.54)

where x ⌘ r/r
UV

and  stands collectively for all five angular coordinates.
We will describe each of the terms in (5.54) in turn.

Constant contributions.—The constant V0 represents possible contributions
from distant sources of supersymmetry breaking — in the bulk of the com-
pactification, or in other throats — that exert negligible forces on the D3-
brane, and only contribute to the inflationary vacuum energy. This situation
corresponds to maximal decoupling of the source of supersymmetry break-
ing from the D3-brane action: the two sectors communicate only through
four-dimensional curvature. As explained in §4.2, complete decoupling of
this sort is very rare. We have in fact made an artificial but convenient
division, using V0 to represent the sum of all8 constant contributions to the
potential, from diverse sources, each of which will in general also contribute
non-constant terms in other categories described below.

7 In comparison to (3.88), we have now allowed the four-dimensional curvature R
4

to be
nonvanishing: compare (3.82) and (5.49).

8 In fact, one constant contribution is grouped in VC rather than in V
0

: this is the vacuum
energy contributed by the brane-antibrane pair, denoted D

0

in (5.55).
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T3 ĝmnẏ
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• Package these results in terms of 4D N=1 SUGRA data:

4D SUGRA

3.3 Moduli Stabilization 119

A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term

Vflux =
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#

, (3.92)

which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln

✓
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Z

⌦ ^ ⌦̄
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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Z
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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G3 ^ ⌦ , (3.94)
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orientifold planes have three or seven spatial dimensions, and are known as
O3-planes and O7-planes, respectively.

Under the action (3.55), the cohomology group H1,1 can be decomposed
as

H1,1 = H1,1
+ �H1,1

� , (3.56)

with the subscript denoting the parity of the corresponding two-forms under
the orientifold action. Correspondingly, the basis !I , I = 1, . . . , h1,1 forH1,1

decomposes into a basis for the even eigenspace, !i, i = 1, . . . , h1,1+ , and a

basis for the odd eigenspace !↵, ↵ = 1, . . . , h1,1� .
To understand the e↵ect of orientifolding on the four-dimensional fields,

we note that vI , #I , �, C0 are even under the orientifold action, while ⇣A,
bI , cI , B2(x), C2(x) are odd. Invariant four-dimensional fields arise from
even ten-dimensional fields expanded in terms of even forms, or from odd
ten-dimensional fields expanded in terms of odd forms. The Kähler form
can be written

J = ti(x)!i , (3.57)

so that the orientifold-invariant Kähler moduli are the h1,1+ real scalars ti,
which measure the volumes of two-cycles that are even under the involu-
tion. Similarly, noting that the orientifold action projects out the four-
dimensional two-forms B2(x) and C2(x), we have the invariant fields (again
omitting vector contributions)

B2 = b↵(x)!↵ , (3.58)

C2 = c↵(x)!↵ , (3.59)

C4 = #i(x)!̃i . (3.60)

Likewise, the invariant complex structure moduli are ⇣↵, for ↵ = 1, . . . , h1,2� .
Finally, � and C0 are automatically invariant.

It is important to assemble the invariant scalars into the bosonic compo-
nents of chiral multiplets of four-dimensional N = 1 supersymmetry, i.e. to
determine the proper Kähler coordinates on the moduli space. First of all,
the axion C0 and dilaton � combine to form the complex axiodilaton,

⌧ = C0 + ie�� . (3.61)

The complex structure moduli ⇣↵ are automatically good Kähler coordi-
nates. The ‘two-form scalars’ b↵ and c↵ form the complex combination

G↵ ⌘ c↵ � ⌧ b↵ . (3.62)

To go further, we note that the compactification volume V can be written
in terms of the Kähler form J as follows:

V =
1

6

Z

X
6

J ^ J ^ J =
1

6
cijkt

itjtk , (3.63)
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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3.2 Compactification 111

orientifold planes have three or seven spatial dimensions, and are known as
O3-planes and O7-planes, respectively.

Under the action (3.55), the cohomology group H1,1 can be decomposed
as

H1,1 = H1,1
+ �H1,1

� , (3.56)

with the subscript denoting the parity of the corresponding two-forms under
the orientifold action. Correspondingly, the basis !I , I = 1, . . . , h1,1 forH1,1

decomposes into a basis for the even eigenspace, !i, i = 1, . . . , h1,1+ , and a

basis for the odd eigenspace !↵, ↵ = 1, . . . , h1,1� .
To understand the e↵ect of orientifolding on the four-dimensional fields,

we note that vI , #I , �, C0 are even under the orientifold action, while ⇣A,
bI , cI , B2(x), C2(x) are odd. Invariant four-dimensional fields arise from
even ten-dimensional fields expanded in terms of even forms, or from odd
ten-dimensional fields expanded in terms of odd forms. The Kähler form
can be written

J = ti(x)!i , (3.57)

so that the orientifold-invariant Kähler moduli are the h1,1+ real scalars ti,
which measure the volumes of two-cycles that are even under the involu-
tion. Similarly, noting that the orientifold action projects out the four-
dimensional two-forms B2(x) and C2(x), we have the invariant fields (again
omitting vector contributions)

B2 = b↵(x)!↵ , (3.58)

C2 = c↵(x)!↵ , (3.59)

C4 = #i(x)!̃i . (3.60)

Likewise, the invariant complex structure moduli are ⇣↵, for ↵ = 1, . . . , h1,2� .
Finally, � and C0 are automatically invariant.

It is important to assemble the invariant scalars into the bosonic compo-
nents of chiral multiplets of four-dimensional N = 1 supersymmetry, i.e. to
determine the proper Kähler coordinates on the moduli space. First of all,
the axion C0 and dilaton � combine to form the complex axiodilaton,

⌧ = C0 + ie�� . (3.61)

The complex structure moduli ⇣↵ are automatically good Kähler coordi-
nates. The ‘two-form scalars’ b↵ and c↵ form the complex combination

G↵ ⌘ c↵ � ⌧ b↵ . (3.62)

To go further, we note that the compactification volume V can be written
in terms of the Kähler form J as follows:
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
are allowed. Because well-understood supersymmetric configurations of O3-
planes and O7-planes (as well as D3-branes and D7-branes) yield negative
tension without violating (3.89), it is straightforward to exhibit ISD warped
solutions. Non-ISD solutions are much less studied at present, because of
the di�culty of controlling the comparatively exotic orientifold planes that
violate (3.89).

A significant property of compactifications with three-form flux, including
ISD solutions, is that the complex structure moduli ⇣↵ and the axiodilaton
⌧ experience a potential. To see this, we note that the ten-dimensional type
IIB action (3.21) contains the term

Vflux =
1

22

Z

d10X
p

�GE

"

� |G3|2

2Im(⌧)

#
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
of the ⇣↵ receive masses at the classical level, i.e. at leading order in ↵0.

E↵ective supergravity.—The data of the four-dimensional e↵ective theory of
an ISD compactification can be usefully repackaged in terms of a Kähler
potential and superpotential of N = 1 supergravity. At leading order in the
↵0 and string loop expansions, the Kähler potential is

K0 = �2 ln(V)� ln (�i(⌧ � ⌧̄))� ln
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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A configuration meeting these criteria is called an ISD solution.

To recapitulate, the Einstein equation and five-form Bianchi identity can
be combined to give, at leading order in ↵0 and gs, the key relations (3.84)
and (3.88). These expressions are parallel in form: the l.h.s. expressions in-
tegrate to zero, while the r.h.s. in each case involves a sum of non-localized
(‘bulk’) terms that are everywhere non-negative, as well as a localized con-
tribution. If the localized contribution is non-negative, it must in fact be
zero, and then the bulk terms must be identically zero. In the case of
the Einstein equation (3.84), this implies that in the absence of negative
tension sources, only unwarped solutions (without positive tension sources)
are allowed. From the Einstein equation minus Bianchi identity (3.88),
we learn that in the absence of sources violating (3.89), only ISD solutions
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which involves the complex structure moduli via the metric contraction, and
the axiodilaton both through the denominator and through the definition
(3.19) of G3. As a result, for a generic choice of quantized fluxes, ⌧ and all
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Here, the volume V and the holomorphic three-form ⌦ depend implicitly
on the Kähler moduli Ti and the complex structure moduli ⇣↵, respectively.
The ISD condition (3.90) can be derived from the Gukov-Vafa-Witten flux
superpotential [318]
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orientifold planes have three or seven spatial dimensions, and are known as
O3-planes and O7-planes, respectively.
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� , (3.56)

with the subscript denoting the parity of the corresponding two-forms under
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we note that vI , #I , �, C0 are even under the orientifold action, while ⇣A,
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the axion C0 and dilaton � combine to form the complex axiodilaton,
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ĝ = a CY metric, A = warp factor (72)

ds2 ! ds2 + 2e2A(y)
�
@µ@⌫u

I
(x)KI(y)dx

µdx⌫ + @µu
I
(x)BmIdx

µdym
�

(73)

Gab =
@xM

@⇠a
@xN

@⇠b
gMN where M,N = 0, . . . , 9, and a, b = 0, . . . , 3 (74)

LDBI+CS = �T3 e4A�12u
p
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where c is a constant (see [319]). Since G3 depends on the dilaton and ⌦
involves the complex structure moduli, the superpotential (3.94) leads to a
non-trivial potential for these moduli. The scalar potential associated with
K0 and W0 is

VF = eK0

h

KIJ̄
0 DIW0DJW0 � 3|W0|2

i

, (3.95)

where I, J run over all the moduli (Ti, ⇣↵ and ⌧). Supersymmetry is pre-
served if all F-terms vanish,17 i.e. if

DIW0 ⌘ @IW0 + (@IK)W0 = 0 , (3.96)

where I runs over all the moduli.

No-scale structure.—The Kähler potential (3.93) is of a specific form that
satisfies

X

I,J=Ti

KIJ̄
0 @IK0@J̄K0 = 3 . (3.97)

Since the superpotential (3.94) is independent of the Kähler moduli, the
scalar potential (3.95) is of the no-scale type, i.e. it is independent of the
F-terms of the Kähler moduli,

VF = eK0

X

I,J 6=Ti

KIJ̄
0 DIW0DJW0 . (3.98)

This potential is positive semi-definite, and VF = 0 when DI 6=Ti
W0 = 0.

The minimum is not necessarily supersymmetric, as in general we may have
DTi

W0 6= 0.

No-scale structure and D3-branes.—Thus far we have discussed the e↵ective
action for massless closed string fields, but the positions of D-branes provide
an important additional class of open string moduli. Consider a D3-brane
that fills spacetime and sits at a point in a flux compactification on a Calabi-
Yau manifold. Evaluating the DBI+CS action (3.30) in an ISD background,
one finds that the potential energy for D3-brane motion vanishes identically:
the complex scalars z↵, ↵ = 1, 2, 3, that parameterize the D3-brane posi-
tion are massless moduli. The four-dimensional action derived from the
dimensional reduction of (3.30) can be expressed in N = 1 supergravity via
the DeWolfe-Giddings Kähler potential, which for a compactification with
a single Kähler modulus T takes the form [320]

K(T, T̄ , z↵, z̄↵) = �3 ln
h

T + T̄ � �k(z↵, z̄↵)
i

, (3.99)

17 When gauge multiplets are present in the e↵ective theory, D-term contributions are an
important alternative source of supersymmetry breaking, but our present discussion is
confined to the moduli sector.
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• D3-branes enter the Kahler potential as:

• The scalar potential remains no-scale (homework):

• What about I=axio-dilaton # & complex-structure moduli ζα?

By eq. counting, # and ζα (α=1,.. h1,2)  are all generically stabilized.

• At tree-level SUGRA, Vmin=0 though W≠0 (generically), SUSY is 
generically broken for all T< ∞.

No-scale Structure
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holds in the classical and large volume approximation, and is modified by quantum and α′

corrections, which are in fact relevant for the Kähler moduli stabilization in Section 15.3.
Despite corrections, the leading no-scale structure plays an important role in supersymme-
try breaking and its (gravity) mediation to the Standard Model, as studied in Sections 15.4
and 15.5.

Let us be more explicit on the conditions for a Minkowski vacuum, and for supersym-
metry. From the dilaton Kähler potential (14.22) and the superpotential (14.21), the dilaton
multiplet auxiliary field is

DSW = − 1
S + S∗

∫

X6

G3 ∧ "3. (14.25)

For the complex structure moduli, we need the relation

∂Ui "3 = −KUi "3 + χi , (14.26)

where KUi = ∂Ui K , and the χi form a complete basis of (2, 1) forms. We obtain

DUi W =
∫

X6

G3 ∧ χi . (14.27)

Therefore, denoting G3|(p,q) the (p, q) component of the complex tensor G3, the condi-
tions DSW = DUi W = 0 to have a (supersymmetric or not) 4d Minkowski vacuum read

G3|(3,0) = 0, G3|(1,2) = 0. (14.28)

These are equivalent to the ISD condition (14.11), as follows. Since the 6d Hodge operation
∗6d on complex tensors introduces a factor ±i for each holomorphic or antiholomorphic
index, respectively, the imaginary (anti)self-dual parts of G3 decompose as

G3|ISD = G3|(2,1),P + G3|(1,2),NP + G3|(0,3),

G3|IASD = G3|(3,0) + G3|(2,1),NP + G3|(1,2),P, (14.29)

where “P” denotes the so-called “primitive” term, obeying G3 ∧ J = 0, and NP stands for
“non-primitive”; in a CY compactification there are no harmonic 5-forms, so G3 ∧ J ≡ 0,
and there are no NP components. The conditions (14.28) therefore imply the vanishing of
the IASD 3-form flux, i.e. we recover that 4d Minkowski vacua require ISD fluxes.

The ISD condition allows for (2, 1) and (0, 3) flux components. The condition for 4d
N = 1 supersymmetry requires vanishing of

DT W = −3
T + T ∗

∫

X6

G3 ∧ "3. (14.30)

Namely

G3|(0,3) = 0, (14.31)

and hence supersymmetric Minkowski vacua are obtained for (2, 1) fluxes.
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Flat Direction & Runaway

While ∃ (generically) vacua where # and ζα receives a potential,  
T does not …. but for a good reason: 

This is a flat direction in no-scale compactification  

Adding any SUSY breaking sources (IASD flux, or anti D3-brane), 
→ decompactification instability, e.g.,

V=0 only at u=∞ (runaway)!
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and when they are computable, they are not important [351]. To understand
the observation of [352] in more detail, let ⇢ be a modulus that controls a
weak coupling expansion, such that ⇢ ! 1 is the free limit. Concretely, ⇢
could be the Kähler modulus that measures the compactification volume,
⇢ = T + T̄ , so that ⇢ ! 1 corresponds to decompactification to ten di-
mensions; or, for the string loop expansion, ⇢ = g�1

s = e��. We now ask
whether perturbative or nonperturbative corrections generate a potential
for ⇢ that has a minimum at finite ⇢. Because the leading-order classical
action is valid for ⇢ ! 1, the potential V (⇢) generated by perturbative and
nonperturbative corrections must vanish for ⇢ ! 1. In particular, V (⇢)
must approach zero from above or from below as ⇢ ! 1 (see fig. 3.2). If
V (⇢) is positive for large ⇢, then the leading correction term in V (⇢), which
dominates for ⇢ ! 1, creates an instability that drives the theory toward
⇢ = 1. If instead V (⇢) is negative for large ⇢, then the leading correc-
tion to the free theory creates an instability that drives the theory toward
smaller ⇢, and hence toward stronger coupling. Either way, the leading
correction term creates an instability, and a (meta)stable vacuum can arise
only if higher-order corrections make comparably important contributions
that counterbalance the instability. But once two22 consecutive terms in the
weak coupling expansion are comparable, one expects that the entire series
must be included. While it could happen that the first and second non-
vanishing terms are competitive because the second is accidentally large,
verifying that this leads to a consistent solution requires examining higher
terms in the series to rule out unanticipated accidental enhancements at
higher orders. Thus, metastable vacua are quite generally found at points
in moduli space where the weak coupling expansions break down. This fact
presents a major obstacle to the search for metastable string vacua, be-
cause in nearly all cases, at most the first non-vanishing correction in each
expansion (↵0 or gs) is known explicitly.

(c)(a) (b)

Fig. 3.2. The Dine-Seiberg problem [352] for a modulus ⇢. In case (a), there is
a runaway to ⇢ = 1, where the theory is free. In case (b), the leading correction
drives the theory toward small ⇢, where it is strongly coupled. The existence of
the minimum in case (c) requires competition among at least three terms.

22 When V > 0 for large ⇢, three separate terms are required — see [351,353].
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Stabilizing the Volume

W ⊃ T" is forbidden because of the shift symmetry but:

1. WNP = e −T is allowed
2. KP can receive corrections, no longer no-scale ⇒ V( T),  e.g.,  

• leading α’3 ζ(3) R4 term gives upon dim reduction:

• other α’ corrections to K [Garcia-Etxebarria, Hayashi, Savelli, GS];
[Junghans, GS];[Minasian, Pugh, Savelli]; …
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[Becker, Becker, Hack, Louis]

Depending on W0:

W0 ≪1:  WNP dominates [Kachru, Kallosh, Linde, Trivedi] (KKLT)

W0 ≃ 1: KP dominates [Balasubramanian, Berglund, Conlon, Quevedo] (LVS)



Non-Perturbative W

Consider N D7 on Σ4 (holomorphic)  

Deformations on Σ4 ⇔ 

adj. matter in 4D N=1 SYM on D7 

If Σ4 is rigid, D7-theory is pure glue N=1 SYM;
at low energies, confines and generates a <λλ> W: 
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Non-Perturbative W

Similar contribution from ED3

Identifying

Either case, we can write:
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(long story to show this is a good Kahler coordinate, 
see e.g., [Baumann et al];[Chen, Nakayama, GS])
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no-scale is spoiled

Generically solution:                                   (SUSY minima)
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Single vs Multi-Field

Natural question: can ϕD3 be the inflaton?

After all,  V(ϕ)=0 at leading order.

Can this picture be realized upon 
stabilization of T?

• Inflationary scenario tied to moduli stabilization:

Moduli Stabilization

mass

H

φ

χi

H

φ

χi

mass

hard to arrange,
easier to study,

signatures straightforward

easier to arrange,
harder to study,

rich signatures (e.g., Non-Gaussianity)

Mass of ϕ is much lower than that of # 
& ζα but can be comparable to that of T

Can tune mT ≫ mϕ, or

study 2-field inflation 


