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Inflation in large volume scenarios
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Some General Motivations

Some basic requirements for (semi-)realistic model building in
string cosmology

* Moduli stabilization and realizing de-Sitter solution

* Embedding inflationary scenarios (solving n-problem)
and consistent realization of cosmological observables;

scalar power spectrum P, ~ 10~ and spectral index
Ins — 1] < 0.05.

After BICEP2
* Realizing large tensor-to-scalar ratio r = 0.16f8j82

By now significant amount of progress has been made in

addressing many of the aforementioned issues via various

string/M/F theoretic frameworks !
However, it is fair to say that models developed so far are still

far from being realistic |
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Relevant Ingredients of type |IB orietifolds
Consider type |IB superstring theory compactified on CY3/O.

® Depending on the choice of orientifold involution, the following complexified

fields are part of the low energy spectrum
1 _ 1 1 ~ ~
T, = iﬁ;a57 P + 4 (pa — iliaab cabb> ~ 3 e® Koab G*(G + G)b

S=iCo+e ®, G*=ic"—Sb*; aeh ' (CYs/o), a€hl (CYs/0)

® The most general form of Kihler potential K and the superpotential W are
K=—-In(S+S5)—In <—z/ Q3 A Qg) —2In (Y (S,G* Ta,-..))
X
W = / GsAQ3+ Y Ag(z",G" Fp,..)e" “ETo = Wy + W,
X E

® Model dependent computations for CY volume Y.

LARGE volume scenario [Balasubramanian+Berglund+Conlon+Quevedo’05]: For

example, a swiss-cheese CY compactification with V = (7’5/2 — 7'3/2) leading to
K=-=2In(V+C,), W=Wy+ As;e % Ts

results in a scalar potential which stabilizes the overall volume of the Calabi Yau to

exponentially large volume: LVS minimum: as7s >~ gs_1 and V ~ |Wy|e%s s
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Why people like LARGE volume scenarios ?

In general, the Kahler potential K and the superpotential YW can have several correction

induced from various sources,

K=Ko+ Ko +Kg, + ..., W=Wo+ W=+ W24
and one has to have control over these (un)known o’ and ¢. corrections for having
trustful EFT description 7

® Models based on LARGE volume scenario look promising due to “Extended No

scale structure” !

® Effects of string loop-corrections [Berg, Haack, Kors], [Cicoli, Conlon, Quevedo],
[Gersdorff, Hebecker], [Berg, Haack, Kang, Sjors].

® Effects of a’-corrections [Anguelova, Quigley, Sethi], [Garcia-Etxebarria, Hayashi,
Savelli, Shiu], [Grimm, Savelli, Weissenbacher]+[Pedro, Rummel, Westphal],
[Junghans,Shiu]

Thus, working within the LVS framework provides better control over such corrections

and makes the results more robust.
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Embedding inflationary models in LVS framework

To explain inflationary process, one has to find flat directions and has to ensure that the
flatness is protected long enough.

® String compactification = Many flat directions being protected by certain
symmetries.

® These symmetries are broken at sub-leading orders to generate a flat enough
inflationary potential.

Consider the case of multiple-hole Swiss-Cheese CY compacti{iclation in LVS with

h )

_|_
K==2In(V+Cy);V=m (Tb —I—Tb)3/2 — sz (TS —I—TS)3/2

s=2

1,1
ny

W =Wy + Z Ase % Ts =K (Kij (DZW)(EJ—W) — 3 |W\2) =V, {7s}).
s=2

This setup at tree level has shift symmetry for axions I'm(7Ts), Vs along with a peculiar
“No-scale structure” to be broken via subleading corrections, for example K/ and W,,.
Based on geometric nature of the divisor volume modulus, three sub-classes of large
volume inflationary models have been studied; (i) Blow-up inflation [Conlon4Quevedo]
(ii) Fibre inflation [Cicoli+Burgess+Quevedo] (iii) Poly-instanton inflation
[Cicoli+Pedro+Tasinato; Blumenhagen+Gao+Rahn-+PS].
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Pre-BICEP2 status and Post-BiCEP2 developments

®  Prior to BICEP2, the most of the attention was towards the divisor volume
modulus inflation in LVS. This has been pretty attractive due to controlled and
trustworthy computation in the EFT framework.

® However, ALL such models fail to realize r > 0.1 in their present form.

°

Most of the time, axions were attempted to get sit at the minimum as soon as
possible to devote more focus on volume stabilization while fixing the moduli.

After BICEP2 claims, polynomial and natural inflationary models are among the winners!

® However, now with the present status, the axions seem to be more promising for
providing the possible way out for getting trans-planckian values during

inflationary process proposed in the following recent developments

® “Axion-Monodromy":[Palti + Weigand; Blumenhagen+ Plauschinn;

Hebecker+Kraus+Witkowski; Marchesano+Shiu+Uranga; Arends+
Hebecker+Heimpel+Kraus+ Liist+Mayrhofer+ Schick+Weigand;
Hassler+Liist+Massai;......]

® “N/M-flation” : [Cicoli+Dutta+Maharana; Grimm; Ashoorioon—+
Sheikh-Jabbari; ...... ]

“Aligned Natural inflation”: Kim-Nilles-Peloso model and its extensions
[Choi+Kim—+Yun; Higaki4Takahashi; Kappl+Krippendorf+Nilles;
Czerny+Higaki+Takahashi; Long+McAllister+McGuirk; Tye4+Wong;
Ben-Dayan+Pedro+Westphal; Gao+Li +PS;........ ]
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Standard natural inflation: A snapshot

As the whole buzz is around natural (and chaotic) inflation after BICEP2
announcements, let us quickly recall the relevant features of standard natural inflation

® Natural Inflation: V = 1) [1 — COS (%)}
b«
¢end \/2_6

where N¢7d = 2 In [1 — #] is evaluated by using ¢ = 1 where inflation ends,
and these N¢"d values lies in the range {0.41,0.50} for f € {1,16}.

o

Ne =

dp ~ —2 f? In {cos {%” — N;f“d

015

0.05

® The experimental bounds on the cosmological observable |ns — 1| < 0.05 and
r > 0.1 demand the values of decay constant to be f > 7 M.
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Universal Axion (Monodromy/Natural) inflation

Recently [Blumenhagen + Plauschinn’ 14| proposed the possibility of universal axion Cj
to drive inflation. The idea is to utilize the freedom in choice of background fluxes such
that a mass hierarchy is produced between the Cpy axion and the dilation.

® Utilizing the form of Kahler potential in the axio-dilaton sector K = —In(S + S)
results in the decay constant of Cjy axion to be

> 10 is needed.

fco = \/—

Thus one has to go beyond the perturbative regime where infinitely many
(un-)known corrections have to be take care of !

® Although, it is naively expected that going beyond g5 > 1 for realizing Jcg >1
would spoil everything. However, it might be possible to go in the regime
1 < gs < 10 and still keep things under control.
® For example, At the LVS minimum, leading order string loop corrections appear
as [Berg+Haack+Kors; Cicoli+Conlon+Quevedo]
1 g2
Vo ——, Vg, ~ —2
3/2 » T Ys 10/3
gs/ V3 Y10/
® Thus, if the volume is made sufficiently large and if all such unknown corrections
appears with a suitable suppression of volume factor, it still might be possible to
have control even in the beyond perturbative regime for 1 < g5 < 10.
O

Is there an alternate way to enhance f without going into gs > 1 regime ?
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Review of the standard KNP-Type Natural Inflation

Consider the following two axion potential [Kim+Nilles+Peloso’ 04]

V(pr2) =3 A (1—cos {% T @D,

Pt i i

where f; and g;’s can be sub-Planckian decay constants as the most natural choice.
This will have a flat direction if the following condition holds

h_a
f2 g2

® A small enough deviation from this condition can create a mass hierarchy
between the two axions.

® Moreover, with appropriate axionic rotation, an alignment leading to the
enhancement of decay constant of the lighter combination occurs.

With the following rotation of axions

9191+ f1¢2  fid1— 91 2
— by =

NSEET V T+ 97 |

StrinePheno-2014 TC'TP-Triecste Julv OR 2014 _ . 10/1%

Y1



Review of the standard KNP-Type Natural Inflation

the two-axion potential is reformulated as

V(Y1,¢2) = A1 <l—cos {%}) + Ao (1—COS P:ﬁl + LZ;}) 3

where f1, f} and feg take the form as below

/ J191 , f292\/f12+9% f292\/f12+9%
— ) f2: ) feff_ .

£2 4 g2 fifa+ 9192 | f192 — g1 f2

By engineering an appropriate hierarchy Ao < A1, one can make the field 11 heavier
than o with the respective masses at the minimum given as

mfbl ~ A1

(1 1) 2 NAQ(]C291_]C192)2.

— t+ —= My,
PR T R (e

Stabilizing 1)1 at one of its minimum El = 0 would result in a single axion potential

o= (sl
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Realizing KNP in large volume scenarios [Gao+Li+PS’14]

After introducing a single odd moduli G via the appropriate choice of orientifold
involution, a suitable swiss-cheese form of the Kihler potential can be written as

K=Ke —In(S+S) -2y
= Koo —In(S+5)—2In (gB 32 —gsz§/2+ca,) |

- KB11 1 =~1 1 ~1
Sp=Ts+Ts + —B1 (gl £ GG +GY) |
where B B T B+2(S+S)( +G) (G +GY)
Ng =Ts +Tg + —31__ (G L GG + G,
2(S+95)
°

shift symmetries in various RR axionic directions: namely the universal axion Cp,
the involutively even axion C4 and the involutively odd axion Cs.

Although the presence of o’-corrections break the “no-scale structure”, it still
leaves the direction orthogonal to V (which is 1) flat.

This flatness and axionic shift symmetries are broken via the non-perturbative effects
appearing in the following racetrack form of the superpotential
W =Wes + Ag e~ %0Ts 4 A, e= as(Ts+h1(F) 5+ ha(F) G1)
_ B, ¢ bs(Ts+ha(F) S +ha(F)G)

Here h;(F)'s are gauge flux dependent quantities.
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Towards realizing KNP in large volume scenarios

Utilizing these pieces of information, the F-term scalar potential can be categorically

collected as follows
V(V7 TS;psablyclch) =~ VLVS(VaTs; p87b1) + ‘/rest(vyTS p87b1;claco) )

® Here Vivs(V, Ts; ps,bl) is the large volume potential contributing at the leading

order O (%) With stabilizing the axions at one of their minima ps = 0 = bl,
the stabilized values of volume moduli is obtained by the solutions of following

coupled expressions

C 32 \/ia() €s FS/Q(CL()?S — 1) v 6\/555 Wes V/Ts (CL() Ts — 1) ao T
ol = ; ~ — — e S
(1 —4ag FS)Q ag Ap (4apTs — 1)

® At the sub-leading order, the shift symmetry for the odd axion ¢! is broken and
after stabilizing the heavier moduli and orientifold even axion C4 as well as
orientifold odd axion Bs, the second part of the potential reduces to the form

Vrest (V7 Ts Ps, bl; Cl, CO) = Vrest (Cly CO)
~ Ao + A1 cos [as h1co + as ho cl} + As cos [bs hs co + bs ha cl] + ......
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Towards realizing KNP in large volume scenarios

With adding appropriate uplifting terms and some further rearrangements, we have the
KNP-type potential

V(d1, ¢p2) ~ Aq <1 — CoSs {nl b1 n no ¢2})

f1 f2
+Ao (1 — CoS [

mi @1 M2 @2
f1 + f2 ]>’

where A;'s can be collected in expressions with model dependent parameters as below

_12[Wes|as |As|Ts e—aﬁs—“fq:l
B v2§5 (4asTs — 1)

_ 12|Wes| bs | Bs| Ts e—bs?s—%
Vg (4bs T — 1) |

A

Ao

Further, the other quantities are defined as n; = as h; and m; = bs h;4o for 2 =1, 2.
Now, the canonical normalization of axionic fields ¢1 and ¢5 are as follows

dgs

V2

. vV/—3gskp11 E/3

,qbgzclfgzc NIVE

q51500f1260
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Towards realizing KNP in large volume scenarios

With the following redefinitions of the two-fields (similar to the original KNP-formalism
reviewed as earlier)

ni fo ¢1 + na f1 P2 g = na2 f1 41 —n1 fa P2
V3 3+ n3 f?

Y1 =
\/n% f22 + n% f12

)

the expression of two field axionic potential can be adjusted into the form as below

V(1,12) = Ay (1—COS [%}) + Ao (1—COS r;} + V2 }) ,

1 2 feff
£l = f1fe2 - f1f2\/n%f22+n§f12 o — \/”%f22+”%f12
\/n%f§+n§fl2 ’ (nimifZ+ nama f2) 7 77 |Inima —nam|

Assuming a reasonable hierarchy Ao < A1, a justified diagonalization follows with the
splitting into a heavy (1) and a light (¥2) axionic combinations. Further, stabilizing
the heavier axion at its minimum 1); = 0 leads to a single-field natural inflation driven
by a trans-Planckian axion as below

V(th2) = Aa (1—(:05 VQD .

eff
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Towards realizing KNP in large volume scenarios

To exemplify the analysis, one sampling of parameters can be chosen as
Wes =—12, Ng =15, =1=¢&g,C,s =4.6, Ag =0.1,9s = 0.35,kp11 = —1,
N1 =30,N2 =32,h1 =15,ha =1,h3 =16,hy =1, As = 10, Bs = 1.
which results in
V ~ 9257, To~299, f1 ~0.248, f» ~ 0.105,

Vivs| ~5.0x 1077, Aj ~1.78 x 1078, Ao ~ 1.73 x 1077,
f1 ~0.078, f5 ~ 0.078, fog ~ 8.131.

¢'1 -05

0.2 v
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Benchmark samplings for our aligned natural inflation

With N7 = 30, No = 32;h2 =1= h4;€B =1= 55 and k11 = —1, we have

Wes | No | Ao | Cu 9gs % Ts Vivs] J1 J2
S1 | -12 | 15 | 0.1 | 46 | 0.35 || 925.7 | 2.99 | 5.0 x 10~7 || 0.248 | 0.105
S2 | -10 3 |04 ] 51 | 035 8496 | 1.68 | 1.8 x10~7 || 0.248 | 0.108
S3 | -14 6 | 08| 7.5 | 0.28 || 421.3 | 235 | 6.0x 1076 || 0.198 | 0.122
S4 | -20 | 14 | 0.1 | 2.8 | 0.40 || 909.5 | 2.61 | 9.5x 107 || 0.283 | 0.113
S5 | -18 | 16 | 0.1 | 3.5 | 0.30 || 1024.7 | 2.99 | 6.7 x 10~7 || 0.212 | 0.094
S6 | -11 8 | 02| 58 | 029 || 688.6 | 228 | 9.0x 10~7 || 0.205 | 0.105
As | Bs | h1 | h3 Ay Ao fi f3 Jeft
S1 110 | 1 |15 | 16 || 1.8x 1078 | 1.7x 1072 | 0.078 | 0.078 | 8.131
S2 | 14 | 3 | 17 | 18 || 1.7x107? | 3.7x 10710 || 0.069 | 0.069 | 9.452
S3 | 12 | 4 | 15| 16 || 52x 1072 | 1.7x10~? || 0.063 | 0.063 | 9.394
S4 | 8 1 | 19| 20 || 95x107° | 1.3x107° || 0.071 | 0.072 | 11.035
S5 |1 25 | 5 | 18| 19 || 1.6 x107° | 3.6 x 10~10 || 0.056 | 0.057 | 8.694
S6 | 10 | 2 | 13| 14 || 1.1 x1078 | 2.0x10~° || 0.075 | 0.074 | 7.071
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Conclusions and open challenges

® In the lights of BICEP2 observations and a recent proposal of universal axionic
inflation by Blumenhagen et al, | have discussed our recent model of “Aligned
Natural inflation” driven by a combination of C'5 and Cy axion.

®  The effect of combining Cy with Cs facilitates the realization of effectively large
decay constant a la Kim-Nilles-Peloso (KNP) mechanism with a successful
moduli stabilization within the perturbative regime gs < 1.

® We have also presented some benchmark samplings to illustrate that the large
volume stabilization alongwith effectively large decay constant is achieved.

® There are a couple of technicalities yet to be settled, e.g. (i). a consistent
realization of mass hierarchy between dilaton and Cj axion in concrete
orientifold setups; (ii) the fulfillment of tadpole/anomaly cancellations in the
presence of explicit gauge fluxes turned-on on the internal two cycles; (iii).
construction of setup with brane setting to result in the ansatz of superpotential

utilized in our model.

Let us wait for the dust to be settled, and watch this space.
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