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ABSTRACT: We study the scalar sector of type IIB superstring theory compactified on
Calabi-Yau orientifolds as a place to find a mechanism of inflation in the early universe. In
the large volume limit, one can stabilize the moduli in stages using perturbative method.
We relate the systematics of moduli stabilization with methods to reduce the number of
possible inflatons, which in turn lead to a simpler inflation analysis. Calculating the order-
of-magnitude of terms in the equation of motion, we show that the methods are in fact
valid. We then give the examples where these methods are used in the literature. We
also show that there are effects of non-inflaton scalar fields on the scalar power spectrum.
For one of the two methods, these effects can be observed with the current precision in
experiments, while for the other method, the effects might never be observable.
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1. Introduction

The use of both RR and NS-NS fluxes to generate potentials for the moduli appearing in
Calabi-Yau compactifications of Type IIB string theory [ll, f] has breathed new vigor into
attempts to find inflation in the effective 4-D field theory associated with such compacti-
fications. The generic expectation is that the potentials for the moduli fields could be flat
enough to allow for a phase of slow-roll inflation for at least one, if not more, moduli. This
expectation has been borne out in a number of examples [f—f, B

The idea of modular inflation from string theory has been around for some time. The
earlier attempts on modular cosmology concentrated on potentials for the dilaton. However,
a detailed study of general properties of these potentials shows that they are either of
the runaway type or too steep for inflation.

One of the difficulties in trying to find inflationary regimes for these potentials is that
typically, more than one field will participate in the slow-roll phase. As an example, in [J],
four fields were relevant to generating inflation. Following such a system is a complex
task, and it is not unreasonable to ask whether there are ways to reduce the number of
inflaton fields that need to be tracked. In this paper, we will list two ways of simplifying



the analysis by reducing the number of possible inflatons. These methods have strong ties
to the systematics of moduli stabilization in the large volume scheme that were discussed
in ref. [f.

We will start by reviewing the scalar sector of type IIB superstring compactified on
a large volume Calabi-Yau orientifolds. Following ref. [f], we will show that on the large
volume limit, the potential for the moduli will have a scale hierarchy. We then exploit this
hierarchy to approach the problem of moduli stabilization in several stages. It turns out
that this hierarchy also allows us to integrate out some of the moduli from the theory and
simplify the analysis for inflation.

The existence of more than one modulus in the problem can also influence the power
spectrum of metric perturbations observed in the CMB. If these moduli have not yet settled
into their minima during the inflationary phase, their oscillations about these minima could
imprint itself into the power spectrum [§]. Given the new WMAP [[J] results, we may be
able to place bounds on how quickly these fields had to have reached their minima. Once we
establish the hierarchical scale structure alluded to in the previous paragraph, we estimate
the size of these effects. We find that in some cases, the effect could be detectable.

2. Review of the scalar sector of type I1IB superstring theory

Type IIB superstring theory compactified on Calabi-Yau orientifolds M yields the following
four dimensional effective theory:

L= /d4x\/_—g (Gaﬁ—aucbaaﬂ@ﬁ + v) , (2.1)

where «, 8 run over all moduli, G5 = 0,05K is the Kahler metric on the moduli space,
and where K is the Kéahler potential, including the o/ corrections [[L0]:

K = —log [—z‘/MQ A Q] —log[—i(T — 7)] — 2log [g (#)3/2 4+ e 3¢0/2 (v)2/3] .

(2:2)
Here 7 is the axion-dilaton field, 2 is the (3,0)-form of the Calabi-Yau, (V)Z/ % is the
classical volume of M in units of I, = (27)v/a/, and &€ = —((3)x(M)/(2(27)3). We require
that &€ > 0, or ! > pL1L.
The scalar potential is given by:

V=K (GO‘BDQWEQW - 3|W|2) , (2.3)

where the superpotential W is
W = / GaAQ+ ) Ajelre, (2.4)
M i

The first term is the Gukov-Vafa-Witten term [[[J] and the second one is the non-perturba-
tive part due to D3-brane instantons [[[J] or gaugino condensation from wrapped D7-branes
(see [[[J] and references therein). Here G3 = F3 — 7H3, with F3 and Hjz are RR and NS-
NS 3-form fluxes, respectively, A; is a one-loop determinant and a; = 27/N, with N is a
positive integer. Also, p; = b; + i7; is the complexified Kéhler modulus consisting of the



four-cycle modulus 7;:

1 .
T, — 8t¢ (V)2/3 == §D”k tjtk, (25)

and the axion b;. The ' measures the area of two-cycle, D;jj; are the triple intersection
numbers of the divisor basis [[[4] and the classical volume is expressed as

(V)23 = %Dljk LItk (2.6)

Equations (.3) and (2.4) completely specify the theory and the problem of moduli
stabilization becomes the problem of finding solutions to 9,V = 0. However, visualizing
the full potential and finding its minima is a difficult task as is using the full potential to
look for inflationary phases. To do this, we would have to solve the following equations of
motion in an FRW background

A 4 3HPA + T4 0B dC + 2648V 3 = 0, (2.7)
3H? = Gopd1dB 4V, (2.8)

where T'4 go is the connection on the metric of the moduli space!. The slow-roll condition
is e < 1 (for more details, see Appendix [A]), where the slow-roll parameter is given by

Gap®1dP
€ = T

As discussed in the previous section, it is almost impossible to deal with the plethora

(2.9)

of moduli that appear in these compactifications, at least as far as inflationary dynamics is
concerned. What we need is a controlled way to “freeze” some of these into place at their
minima, while leaving a subset of them free to induce an inflationary state for the requisite
amount of time.

Thus, we want to somehow consistently decouple some fields, collectively labeled {wA},
from the inflationary dynamics by putting them at the minima of the potential and let the

rest of the field {¢4} be the inflatons, i.e.:
¢ + 3H + T4pcdP ¢ +264PV g = 0, (2.10)
3H? = Gupd?éP + V. (2.11)
In this scenario, the slow-roll condition now becomes
G (A B
. Gapd’o <
2
The problem in doing this is that there is no reason to expect that a given choice of
{44} will work. In general, the solution {¢?, .} to OyaV = 0 will be {¢*}-dependent. If
¢Amin = TzZ)Amin ({QSB}) then

1. (2.12)

. oA
A min
Tzz)min - B gb B

Thus, a careless choice of {1/} could give the false impression that the slow-roll parameter

B £0. (2.13)

is small, i.e. inflation is occurring, when in reality € might not be small.

LCapitalized Roman letters denote real scalar fields as opposed to the complex ones indicated by the
Greek indices.



Furthermore, even if ¢4 = 0, there is the possibility that Q,Z}A will feed on the last two
terms of the equation of motion (2.7), such that on a later time Q,Z}A will deviate significantly
from O.

A valid choice of {1/} should not have the above problems. We will show that the
systematics of moduli stabilization in the large volume scenario is strongly related to finding
the valid choice of {1)4}.

3. Systematics of moduli stabilization in the large volume limit

Following [fj], we will be working on the large volume limit, which is defined as the limit
where all 7, — oo except one, which we denote by 75, with 75 ~ In (V)Z/ 3. In this limit, the
potential becomes

V= X <G“EDGWDI,W + GT?DTWDTW>

+ (eK S5 (WD 4 TWDI0) 4+ Vi + Vg + Vigo + Vupnft>

2(V)/3
+ (‘/suppl + Véupr + ‘/supp?) + ‘/éupp4) ) (31)
where
2 2/3 2/32
Vo/ — 3§€K 5 + 7£(V) + (V) W‘Q,

\
(VP =W +¢)?
Vnpl = eKGpSﬁSa§|AS|2672asTs’
Vip2 = eKGpsﬁziaS(Aseiasps Wap,lK — A e~iasPs W((“)pl[?),
€uplift
(V)
‘/Sllppl = eK Gplp;n <a,lAla,mA7mel'(alpl7amp;n))
Vsupp2 — eKi Gplp;n (alAleiaml Wap;nK _ amA_me—iamp;n Wale)
Vsupps = eXGPiPs 2 Re [azAlasASei(ale—asﬁs)} :
Vauppa = €51 GO q) (A" W, K — Aje " P W9, K). (3.2)

Vuplift =

The indices a, b run over the complex structure moduli, and the Kahler moduli indices
l,m # s. The uplift potential Vjpie > 0 is obtained by adding anti-D3-branes 4] or by
using the supersymmetric D-terms [[]. For simplicity, let us assume that all a;’s are of
O(1), which corresponds to the gauge rank N g 10 (we will discuss the case for smaller a;
in the last section). The first term is positive definite and of (’)((V)Q/ 372)
(’)((V)z/?’is), and the third is O((V)2/372/3e*(v)2/3).

The hierarchy between terms in the potential allows us to approach the problem of

, the second is of

-1
moduli stabilization in three stages perturbatively using the inverse volume (V)2/ 377 as
our expansion parameter. First, we will stabilize the axion-dilaton and complex structure
moduli {®;} by minimizing the leading term in the potential. Next, by including the second



term, we will stabilize by, 75, and (V)2/ 3 which we denote collectively by {®;}. Lastly, we
will stabilize the rest of the Kéhler moduli {®;77} by including the exponentially-suppressed
last term.

Let ®&; = &7 correspond to the minimum of
eX <G“BDGWDbW + GT?DTWﬁTm‘/) . (3.3)

Since this is positive definite, this means that {®;q} is the solution to D,WW = D, W = 0.
We can evaluate the GVW superpotential and the first two terms of the Kéahler potential
at {®r} = {Po}; write these values as Wy and K, respectively.

Next, let us include the (’)((V)Z/?’_g) terms in the potential. Substituting ®; = ®79 +
®;1/(V)?3, where {®;;} can depend on {®;}, gives us

K

e cs

V)
~ Va’ + Vnpl + Vnp2 + Vuplifta (34)

V= > Fi(®10) @11 + Vi + Vapt + Vipz + Vipiite,

where now

Va’ ~ 5 GKCS ’WO ‘2

(V)2/33 ’
Vo~ (—Dysjt?)a2| Ag|?e2asTs eles
’ (v)*/? ’
eKcs _ ia _ P _
Vipz = (V)2/32 GPPlias(Ase' P W05 K — Age P W50, K). (3.5)

-3
The minimum of the potential up to O((V)*3 ) is then given by

@ rmin = P10,
q)llmin = q)IIO, (36)

with &7 = ®77¢ the solution to J,, (Vor + Vapt + Vap2 + Viplirr) = 0. Of course, we can
continue this systematically order by order. Let the minimum value of the potential at the
end of this second stage be Vj.

Now, let us include the exponentially suppressed part of the potential. Substituting?®

Dry
b =P+ + —=——,
I 10 SETENOEEN
2/3 1/3
Grp =P+ + ‘%120072/03, (3.7)
e 0

2Since the volume is also a modulus we stabilized in the second stage, instead of using the full solution
(V)*?, we use the leading term (]))2/3O in our perturbation.



where @79 and @79 can be dependent on {®;77} we get

K
. 6 cs 2
V="W+ T TESITS > Fo®r0, r10)®r2” +
0 €

(&

~ Vb + ‘/éuppl + ‘/;upp2a (38)

Kcs

> Fa(®r0, @r10)®r12” + Veuppt + Veuppz,

where Vgupp1 and Viypp2 are independent of ®75 and ®775. Thus, we have the minimum of
the full potential at

1

q)lmin:q)10+"'+0( )7
(V)2/302/36(V)2/30
1/3
Vy2/3
@rrmin = ®rro+ -+ O(()TOO)7
@rrrmin = Prr10, (3.9)

where @77 is the solution to 0v,,; (Vsupp1 + Veupp2) = 0.

Neglecting volume suppressed terms, solution (B.J) can be written as

@ rmin = Pro; Primin = Prro, Prrrmin = Prrro- (3.10)

This means that solving 9,V = 0 perturbatively can also be understood as an effective
field theory approach: stabilize {®;} by using only the leading term of the potential,
integrate {®;} out, stabilize {®;;} with the O((V)2/373) terms, integrate them out, and
lastly stabilize {®;7;7} by the remaining potential.

4. Toward modular inflation

Understanding the moduli stabilization problem using the language of effective theory, one
can guess that the following will be valid approaches to simplify inflation analysis:

1. Integrating out the complex structure moduli and the axion-dilaton and then using
the remaining theory to find inflation.

2. Integrating out the complex structure moduli, axion-dilaton, bs, 75, and (V)Q/ 3 and
then using the remaining theory to find inflation.

We will see that these approaches are valid by analyzing the equations of motion from
the full theory. The necessary metric, inverse metric, and connection for the following
subsections are given in Appendix [B



4.1 First approach

Basically, we are trying to decouple complex structure moduli and the axion-dilaton from
inflationary dynamics. First, we turn on only the fluxes needed to stabilize the complex
structure moduli and the axion-dilaton, so that ®; = ®;y. Then, we incorporate the
non-perturbative effects to create a potential for the Kéahler moduli, which will be the
inflatons.

Let &7 = ®7g + x, where ®75 > x and x(t = 0) = 0. Let us also assume that the
inflatons are in the inflationary regime. Then, the fluctuations of the complex structure
moduli about their minima satisfy the following equation at ¢t = O:

X+ 2G®V, +2GV, = 0. (4.1)

-3
Since @7 is at the minimum of the leading terms of the potential @ ~ O((V)¥? ).

Similarly, for the axion-dilaton, at t = 0,

>'<'T + FTTle ¢l¢m + FTT[TS qZquZBS +FTTSTS QZBSQ.SS +2 (GT?‘/,? + GTaVa + G ‘/:Tl + GTs VTs) — 0’
(4.2)
where ¢! can be either the axion b; or the 4-cycle modulus 7;. Again, since ®j, is at
_ -3
the minimum of the leading terms of the potential, G""Vz ~ G™V, ~ O((W)?3 7,
-13/3 —4
while GTV,, ~ o((V)*3 / ) and GV ~ O((V)¥3 7). Furthermore, since we are
assuming that slow-roll obtains,
1 % 1
7/3 ~ 1
W37 G ()23
1 \%4 1
8/3 ~ 1
(V)23 Cnry ()23
1 \% 1

"% < ————— ~ —. 4.
s qu QS ~ (V)2/32 GTSTS V4 ( 3)

I 9™ <

I d'0” S

Putting all these results together tells us that Y7 (¢t = 0) ~ O((V)2/373).

At the next instant At > 0, x(At) = x(0) + YAt = YAt. This Taylor’s expansion
is valid only for small At, and since H~! ~ (V)2/ 33/2, the only small time scale in the
theory is the string scale, which is equal to 1. Therefore, Y* ~ X7 ~ O((V)¥ 373). The
terms 3Hx ~ O((V)2/379/2), I'xx ~ O((V)2/376), and T x¢ ~ O((V)2/3714/3) still cannot
compete with the derivative of the potential. Thus, as long as we are in the inflationary

-3
regime, ¥ ~ O((V)¥® ") and x ~ O(V=3). Therefore, the contribution of the complex
structure moduli and the axion-dilaton to the slow-roll parameter € is

— Gxx 1
cs Vv (V)2/33.

(4.4)

Thus, as long as % < 1, we do not have to worry about the contribution from {®;}.

Therefore, we can decouple them from inflation analysis.



Furthermore, calculating order of magnitudes, one should be able to see that the
contributions of y in the equation of motion of the inflatons are in fact negligible, thus
validating equation (R.10).

An example of inflationary model where only the complex structure moduli and the

axion-dilaton are stabilized can be found in [fJ.

4.2 Second approach

In this approach, after fixing {®;}, instead of turning on all the non-perturbative effects
at once, we turn on only the one that corresponds to 75, so that &5 = &7y + O((V);Q/?’) and
®r;r = Prrg. Next, we turn on the rest of the non-perturbative effects to switch on the
potential for {®r7r}. Let ®; = ®rg + 7, where x5 < (V)%/g and x7(t = 0) = 0, and let
O = Prro + x11, where 77> xyr and x77(t = 0) = 0. Let us also assume that {®;77} is
in the inflationary regime.

Note that the potential is exponentially suppressed. On the other hand, all geometry
related quantities are ~ (V)Q/ 3 and even if a > 0, the geometrical quantities cannot
compete with eM** in the denominator. Because all we want to say is that the contribution
from the kinetic energy of {®;} and {®;;} terms toward e is negligible, we can neglect the
(V)Q/ 3% factor and concentrate only on the exponential factor.

This allows us to infer that, X7 ;7(t = 0) ~ e W*?, Following the analysis done above
for the first approach, we can say that a string time later x7 ;7 ~ e~ o that 3Hx ~

e—20)7 *Q(V)Qm, which means that these terms are negligible compared to

and I'yx ~ e
the other terms in the equation of motion. Thus, as long as {®77} are in the inflationary
regime, ¥ ~ e~ and ¥ ~ e=M*"*. Therefore, the contribution of {®7} and {77} to e
is
G xx 1

V e(v)Q/S :

Therefore, we can decouple {®;} and {®;;} from inflation analysis, and only worry about

(4.5)

€Dy rr ™

finding inflationary regime for {®777}.
An example where one can get a single-field inflation from this approach is given in [4].

5. Oscillation effects on the spectrum

We have seen that the large volume limit allows us to decouple a sufficient number of the
moduli so that the problem of finding inflationary phases becomes tractable. However,
when we say that the stabilized moduli are at the potential minimum, we mean that the
zero mode is frozen. The fluctuations around this zero mode could be oscillating about the
minimum and this may give rise to interesting effects [§]. In particular, these oscillations
could imprint themselves on the CMB power spectrum; it should be noted that the exact
nature of the effect depends on the model.

We need to be mindful of the requirement that the amplitude of oscillations be small
enough that the energy density contained in them not disrupt the inflationary phase. This

3Even though [E] does not include the o’ corrections, it should be possible to extend their analysis to
include them.



can be accomplished by just waiting long enough, since the energy density in these oscilla-
tions decays as that of non-relativistic matter.

What we would like to do is to calculate the power spectrum of the inflatons in the
presence of these oscillations of the complex-structure moduli. To do this completely is a
difficult problem, but we can at least estimate the order of magnitude of the effect within
the large volume approximation scheme used above. We will see that the two approaches
dealt with above can give rise to very different, and potentially measurable results.

5.1 First approach

Let us consider the quantum fluctuations of the inflatons, d¢!. A mode with wave number
k has the following equation of motion

6k + BHOM + T ((§1005 + 004" ) + T 10016065 + (G7V,0 + G V) 363
+ [k|? e g = 2T X80 + 2Ty X7 36,
+ (P XX + GV + G,V 1) 6, (5.1)
where t, u, and v can be 75 or 7, with m # s. If there were no oscillating x fields, the

equation for the fluctuations would be the one above, but with the right hand side set
to zero. Now let’s turn to estimating the order of magnitude of the various terms in the

Eq. (B.1):

. 1 s 1 s 1 cm 1 m
LHS G0kt <O((V)2/34/3)6¢k ! O((V)2/37/3) Mk) ! g (O((V)2/33/2) ot O((V)2/33)6¢k>

+ [k[* e 001,

1 A 1 1 : 1
RHS ~ | O(———37) 66k + O(5775)0%k | + O(———) 0% + O(———7=) 808 | . (5.2
( ((V)2/3 75) ($ii7s) ) m%:( ((V)Q/B) ((V)2/3 7) ) (5:2)

Similarly, for the mode d¢y, we get
6bic + BHOG + T (0005 + 004" ) + T™ 0066065 + GV, + G V1) 665

+ k2 e 2505 = 2T X6 + 207 1y W X7 GO
+ (O™ XX + G™ Vi + G™7 V1) 0. (5.3)

Examining the left and right hand sides of this equation gives us:

s 1 i s 1 s 1 ;m 1 m
LHS ~ d¢x + <O(W) oo + O(w)&ﬁk) + "%:S (O(W) o1 + O(W)5¢k )
+ [k[* e ok,
1 ‘s s 1 m m
RHS ~ O(W) (5<Z5k + 5¢k) + %O(W) (5¢k + 5<Z5k) : (5.4)

The equations of motion for the modes then become

06k + k| e o0 +

1 1 . 1 1 s
O(W) <1 + O((V)WO S + O( (V)2/37/3) (1 + O(V4/3 )> 5%]



1 . 1 1
O(————) ) 6 + O(—— o(—)) oo | =05,
+ Z |: 2/33/2 <1+ ((V)2/35/2)> P + ((V)2/3 ) <1+ ((V)2/3 7 )> ¢ :| 0(5.5)

m#s
1 1 . 1 1
Ol—mr) | 110 5/2 ipx + O z) | 1+0 3) | 9%
(W/“ : ( (<v>2/3/ )> REE )< o )> }

1 m 1 1 m|

m#s

06k + IK[* e™* o0+

and we can neglect the contributions from x. Therefore, in order to calculate the spectrum,
we only need to solve

LHS of eq. (p-1) = LHS of eq. (p.3) = 0. (5.7)

In this paper, we have assumed the use of non-perturbative effects from D3-instantons
or gaugino condensations with low rank gauge group (i.e.: small N, a; of O(1)). However,
there are many models where N needs to be large. For moderate N, as long as all a;’s
are of the same order of magnitude, the hierarchy we have described still exist, only with
smaller gaps between the stages. Therefore, most of our arguments here are applicable to
the cases with larger IV, with the exception that there is a possibility that the modification
of the power spectrum in the second method can be larger and thus, observable. If N gets
to a comparable size as the stabilized volume, then not only our arguments are no longer
valid, but terms from higher order instantons will also no longer be suppressed.

Furthermore, we can estimate the effect of the oscillation of {x} in the spectrum. Since
all the coefficients in front of d¢y and d¢y are in the form of A(1 + B) with B < 1, the
ratio of the effect of {x} in the spectrum with the spectrum will be the biggest B. Thus,

0P 1
?(’ )~ SIVER (5.8)
For the model in [§], the volume is (V)2/3 = 99 in string units. Thus, the change in the
spectrum from complex-structure moduli and the axion-dilaton is of order 10~2. Since the
current experiment can measure §P/P up to order 1072 — 1072, it is necessary to calculate
this effect in model [f*.

5.2 Second approach

For the second approach, since x ~ e and V ~ e M then in the equation of
motion, the contribution of y will also be of order e~ On the other hand, the other
—V/2

terms are of order V'V ~ e . Thus, the effect of x’s oscillation on the spectrum is

oP 1

= (D) ~ =575 59)

Since the volume is at least 10> — 103 string units, this effect is too small to be measured.

4To do so, one has to extend the analysis in [E] to include the o’ corrections.

,10,



6. Discussion

Motivated by the scale hierarchy of the moduli in the large volume scheme, we have
approached the problem of moduli stabilization by dividing it into several stages. We
would like to emphasize that the decoupling in the moduli stabilization procedure does
not come from any underlying assumptions such as suggested in the original KKLT pro-
cedure [@] The decoupling comes from approaching this problem perturbatively using
1/(V)2/3—expansion.

We also have shown that the fields that are stabilized in the earlier stage(s) can be
integrated out of the theory, thus reducing the number of possible inflatons and rendering
the search for an inflationary phase in this theory easier [{].

While we did not pursue the detailed analysis of this possibility, we also have seen that
the oscillation of the stabilized fields could, at least in principle, modify the scalar power
spectrum. For the second method, this modification is small and cannot be measured by
our current experiments. Thus, we can calculate the power spectrum as if there is no
oscillating fields in the background. However, we saw that in the first approach, there is
the possibility that an effect could be observable. This merits further study.

As noted in [fl], our arguments may not be completely airtight. The treatment of the
the loop determinant A; as a constant, may not be warranted. In particular, if A; depends
on the Kéahler moduli, our argument might not be valid. Since polynomial dependence on
the Kéhler moduli is unlikely, we only have to worry for the case Ag ~ V¢ (we do not have
to worry for A; due to the exponential-suppression on the denominator). In that case, we
can save our argument by redefining 75 ~ (o + 1) In V.

As noted in [ff], our arguments may not be completely airtight. The treatment of the
the loop determinant A; as a constant, may not be warranted. In particular, if A; depends
on the Kéhler moduli, our argument might not be valid. If Ay ~ V* (we do not have
to worry for A; due to the exponential-suppression on the denominator), we can save our
argument by redefining 7, ~ (o + 1)In). However, the polynomial dependence on the
Kaéahler moduli is unlikely due to holomorphy and shift symmetry.

From the point of view of inflationary dynamics, there is also an issue of the likelihood
of the initial conditions. Given that {®;} for the first approach (or {®;} and {®;r} for
the second approach) are at the minimum, how likely will it be for the rest of the moduli
to be in the slow-roll regime? This requires further analysis.

We also would like to emphasize that our approaches might not be the only way to
simplify the analysis of inflation in flux compactifications. A different approach would be
to change the definition of the large volume limit. Nevertheless, the trick will be the same,
namely exploitation of the scale hierarchy of the moduli. For example, by defining large
volume limit as the limit where only one 77 — oo and the rest 7; ~ In ), we can get a single-
field inflation like in [[] without having to restrict ourselves to Calabi-Yau orientifolds with
h'1 = 2. Thus, ’decoupling’ a field ¢ from the inflationary dynamics by ’constraining’ it
to the minima, while letting inflaton ¢ rolls over a potential V(¢) that has a comparable
scale to the potential for v will not be valid.
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In the literature, there are inflationary models where only axions are integrated out
(e.g.: BT, if]). This is done under the assumption that the axions are heavier than the
rest of the Kéhler moduli. However, as we have discussed in the previous paragraph, this
assumption might be of suspect. To validate these models, it is crucial to find an approach
where there is a hierarchy between the potential of the axions and the potential for the
rest of the Kéhler moduli.

It would be interesting to see whether there is a correlation between the number of left-
over moduli and the power spectrum. If there is, then as cosmological data becomes more
precise, it would not be surprising that one can put constraints on the extra dimensions
using cosmological data (an initial attempt at falsifying stringy inflationary models was

given in ref. [L§]).
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A. Slow-roll condition for multi-field inflation

Consider an FRW background. From Einstein equations, we can get the evolution of the

H255<g>2::§, (A.1)

where assuming homogeneity and isotropy, the energy density of the system p = G4 B(ﬁA(bB

scale factor

+V. Using Friedmann equation ([A.T]) and the mass conservation, we get the equation for
the acceleration of the scale factor

a_ _ptp (A.2)
a 6 ’
where p = Gapd?dP — V.
Inflation is defined as an epoch where d/a > 0. Since
a 9 . H  Gapdt®
a:H(l—E),E:—m:T, (A3)
inflation < € < 1. Notice that from equation ([A.3), inflation also means that
2G 4pd P < V. (A.4)
If we further assume that
QGABVB > ('I')A + FABCq.)Bq.)C, (A5)
we get
GABV 4V
e=— 408 (A.6)
4V2

- 12 —



Up until this point, this analysis resembles the one for the case of single-field inflation.
In single-field inflation, one will get another condition 1 < 1 for inflation by demanding
equation (A4) is consistent with equation ([A.H). However, in multi-field inflation, one is
not able to define 1 in that manner. Since our main discussion does not involve 7, we will
not discuss this matter any further®.

B. The dependence of metric, inverse metric, and connection on classical
volume

In the large volume limit, the Kéhler potential becomes

K = 3¢o — log —i/ QAQ| —log[—i(T — 7)] — 2log
L M J

0 sl =\ 3/2
1+W”5<u77v ]

(V)2/3 9 2
—210g (V)2/3’
- B . B 263¢°/2§ —i(r = 7) o
= 3¢9 — log _—2 /M QA Q_ —log [~i(T — T)] — (V)2/3 p) < T2 - >
o log (V. (B.1)

Noticing that the relation between volume and the four-cycle moduli is like (V)Q/ 3~ omith,
and that (V)2/3 ~ 732, 1 # s in the large volume limit, we get

o(V)*/* ! 1/2 2/31/3
— L~ t et~ (V) ; (B.2)
on
for [ # s, and
2/3
&? ~ 15~ T2~ 01). (B.3)
Ts
Therefore, the components of the metric become
1 1
Crr = O G i O ™ i
1 1 1
Gmp;n ~ Wa pLps ™ Wa Gpsp’s ~ (V)Q/g' (B-4)
The components of the inverse metric are given in [R(].
_ _ 1 . 1
G =01), GPlrn ——  GPo~——
Y ()23 (V)
GPIPm (V)2/34/3, GPIPs (V)2/32/3, GPsPs (V)2/3. (B.5)

Let us remind ourselves that we need to change variables from the complex moduli
fields to the real scalar fields for calculation in Section f]. Since the components of the metric
(and inverse metric) for the real scalar fields are of the same order with the corresponding

®One possibility in defining 7 is given in .

,13,



components for the complex moduli fields, we will adopt a somewhat loose notation for the
connection. The components of the connection necessary for calculation in Section [j and

Section [ are

1
FTTle = 5 GTT (GTl%mi + GTm?ﬂ'l - GTleﬂi)

1
+5 GTTn (GTlTnmi + GTanyTl - GTleyTn )

2
1
+§ G (GTsz,Tm + GTstm - GTLTm,Ts ) )
1 1 1 1 1
~ O(1) + 5+ :
1
-t B.6)
773" (
( )2/3
T 1 TT
r TTs — 5 G (GTﬁ',TS + GTS?,TI - GTZTS,?)
1 1
+§ G (GTleﬂ's + GTsTm,TL - GTLTs,Tm ) + 5 G™™ GTsTsm?
1 1 1 1 1
~ O(1) + + )
1
~— B.7)
873 (
( )2/3
1
FTTSTS = 5 GT ( GTS?7TS - GTsTsj')
1 1
+§ G (QGTst,Ts - GTsTs,TL ) + 5 G GTsTsﬂ's’
1 1 1 1 1
O G TV T o
1
S (B.8)
1 _
ING Tm — 5 GTST ( Gq—ﬁ—,Tm + GTm?,Tl - GTle,?)
1
‘|‘§ GTs™n (GTZTMTm + GTan,Tl — GTle’Tn )
1
+§ G (GTsz,Tm + GTst,TL - GTLTm,Ts ) )
1 1 2/32/3 1 2/3 1
~ + WP — S+ W) ——
(V)Q/g (V)2/37/3 (V)Q/g (V)2/37/3
1
~ B.9)
13 (
(V)?
T, 1 TsT
r ST[TS 5 G s (GTﬁ',TS + GTS?,TZ - GTZTS,?)
1 TsTm 1 TsTs
+§ G™ (Grﬂm,rs + GTsTm,n - GTsz,Tm ) + 5 G GTsTs,Tw
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T. —
r STsTs -

T —
F STTZ -

T. —
r ST’TS -

T. _
FST?—

T —
r TmTn

o
OR
% G'™ ( GTS’F,TS - GTSTS,?)

1 TsTl 1 TsTs
+§ G (QGTSTI Ts GTsTs,TL ) + 5 G GTsTs,Ts7
(V)2/3 (V)2/32 + (V)2/35/3 (V) (V)2/3’

1

T 520

V)2/3

—~

(GT?,TI + GTﬁ',T - GTTlﬁ' )

—|— |~

G™
1 TsT

2 G som (GTTm,Tl + GTle,T - GTT[,Tm )
1

2 GTSTS (G’TTsﬂ'l + GTLTSKT - GTTlv’Ts ) ’

1 1 2/32/3 1 2/3 1
WP ()25 +) ()37 ) (v)2/3%%
1

—~
~—

TsT
s (GT?,TS + GTS’F,T - GTTS,’F)

4+ Nl
N

1
G (GTTlv’Ts + GTsleT - GTTSle ) + 5 Gmr GTsTsﬂ"
1 2/32/3 1 23 1
V —+ (v ,
(V)2/3 (V)2/32 V) (V)2/38/3 V) (V)2/32

1
2/3°

1%

—~
~—

Rl

Ts

1
GT?,? + 5 GTST[ (GTTZ,? + G?TI,T - GT?,T[ )

4+ Nl
=

GTSTS (GTTS,’F + G?TS,T - GTT’,TS ) )

/ 2/3 1 / 1
s OO O+ O

1
2/3°

1%

—~
~—

n ( GTm?ﬂ'n + GTn%mi - GTanﬂi)

+ N
l\.') — DN = Q

T T
G te (GTmToﬂ—n + GTnTme - GTanyTo )

TIT. _
G ° (GTstﬂ'n + G’Tn’T’s,Tm GTmTTMTS ) )
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(B.11)

(B.12)

(B.13)
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1 1 PA/3 1 n (V)2/32/3 1

- (V)2/32/3 (V)2/37/3 * (V)2/32 (V)2/37/3’

2/32/3’

Tl —
r TmTs —

Ul —
r TsTs —

Tl —
r TTm —

Ul —
r TTs —

s —
r T —

! (B.15)

1%

—~
~—

n ( GTmiTs + GTS’T'mi - G’Tstﬂt )

+ ol
DO | = Q

1
T Ty _ - T T.
G " (G’Tanﬂ's + GTs’T'anm G’Tm'rsﬂ'n ) + 9 G SGTs’Ts,TrrU

2/32/3 (V)2/38/3 v (V)2/37/3 * (V) (V)2/35/37

v

—_ ~—

e (B.16)

v
1
B G ( GTS? Ts GTsTs T )
2 b b
L1

2

1
Ty Ty T,
G tm ( GTsTmyTs - GTs’T's,Tm ) + 5 G e GTs’T'sﬂ's?

(V)2/32/3 (V)2/32 +V (V)2/35/3 + ( ) (V)2/37
1

e

(B.17)
1
5 G (GT’F,Tm + Grmi';r - GTTm,i’ )

1
+2 Gnm (GTTn,Tm + GTmeT - GTTmJn )

1
+§ Gne (GTTS,Tm + GTstJ - GTTsz ) )

o o Y T e

—_

D (B.18)

%
1
5 G (GT’F,TS + GTS?,T - GTTS,? )
L1
2

1
GTle (G’T’Tmﬂ's + G’T'sTmyT - GTTSva ) + 5 GTLTS GTsTsﬂ'

(V)23 ()23 ’ ()33 W) (V)2/3%
1
2/34/3’

V)

(B.19)

1
2
+

- 1
GTZT GTT’,T’ + 5 GTle (GTTm,’F + G?Tm,’r - GT’F,Tm )
1
5 GTlTS (GTTS,? + G’FTS,T - GT’F,TS ) )
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1 1 1
o) + (V)2/34/3 _r (V)2/32/3

- (V)2/32/3 (V)2/35/3 (V)2/327
1
~—. B.20
)2 o
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