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Abstract Brane inflation can provide a promising framework for solving the fine-tuning
problem in standard inflationary models. The aim of this paper is to illustrate the mechanism
by which this can be achieved. By considering the supersymmetric two-stage inflation model
we show that the initial fine-tuning of the coupling parameter can be controlled through a
relation between the coupling parameter and the brane tension.

1 Introduction

Inflation has been initially invoked as a remedy for the conceptual problems of the cosmo-
logical hot big-bang model [1, 2]. These problems are essentially related to the fine-tuning of
the initial conditions. However, inflation itself has given rise to another fine-tuning problem.
Indeed, small values of the parameters of the theory are usually required in order to guar-
antee a sufficiently long period of inflation (i.e. flat potential) to solve the problems of the
standard cosmological model (as the horizon and flatness ones), and to generate the correct
magnitude of the density perturbations supposed to be the origin of the structure formation
in the universe. This has been a great challenge for physicists.

It has been shown that this problem can be removed in the context of the hybrid inflation
[3, 4] which is one of the most attractive models of inflation, and is particularly relevant to
the supersymmetric realization of inflation [5] where a flat potential is naturally obtained.
However, the problem reappears in some variants of hybrid inflation. Indeed, in reference [6]
we have proposed a model of supersymmetric hybrid inflation which describes a scenario of
two disconnected stages of inflation, but this can be only achieved with a severe fine-tuning
of the coupling parameter. The same fine-tuning is required in order to generate the correct
amplitude of the density perturbations.

Recently there has been a great deal of interest in conceiving our universe to be confined
in a brane embedded in a higher dimensional space-time [7]. Such models are motivated
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by superstring theory solutions where matter fields (related to open string modes) live on
the brane, while gravity (closed string modes) can propagate in the bulk [8—10]. In these
scenarios extra dimensions need not be small [11, 12]. Another important consequence of
these ideas is that the fundamental Planck scale M4, in (4 + d) dimensions can be consid-
erably smaller than the effective Planck scale M, = 1.2 x 10" GeV in our four dimensional
space-time.

It has also been noticed that in the context of extra dimensions and the brane world
scenario the effective four-dimensional cosmology may deviate from the standard Big-Bang
cosmology [13-17], which could lead to a different physics of the early universe. The origin
of this difference is the correction to the Friedmann equation which becomes [14—17]

87 0
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where A is the brane tension. The new term in p? is dominant at high energies, but at low
energies we must recover the standard cosmology, in particular during the nucleosynthesis,
which leads to a lower bound on the value of the brane tension A > (1 MeV)*.

With this modified Friedmann equation and within the slow-rolling paradigm the two
slow-rolling parameters become [18]
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where, as usually assumed in the slow-roll approximation, the energy density is dominated
by the potential energy V. It is clear that at low energies, V < A, the two parameters reduce
to the standard form [1], but at high energies, V > A, this extra contribution to the Hubble
expansion helps damp the rolling of the scalar field as € and n are suppressed. Thus, brane
effects ease the condition for slow-roll inflation for a given potential [18].

In the same way the number of e-folds during inflation become [18]
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Similarly, at high energies this expression yields more inflation between any two values
of the inflaton for a given potential. It follows from these two remarks that we can hope to
solve or to reduce the fine-tuning problem in the inflationary models in the context of the
braneworld scenario.

The possibility of solving the fine-tuning problem in extra dimensions theories has also
been studied in reference [19] where the authors have proposed a generalization of the so-
called assisted inflation [20] (see also [21]) for power law potentials where the Kaluza—Klein
modes of the 5-dimensional scalar field constitute the source of the necessary multiplicity
of scalar fields. In this model the 4-dimensional coupling constant of the K-K fields is deter-
mined by the 5-dimensional one divided by the number of the K-K modes. As a result the
effective coupling constant is suppressed by the number of scalar fields present in the theory,
which means that it becomes naturally small (to satisfy the COBE constraint) without the
need of any fine-tuning of the fundamental coupling constants.
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Our purpose in this paper is to illustrate a mechanism by which this problem can be
solved in the braneworld picture. Indeed, the cosmological constraint gives rise to a relation
between the brane tension and the coupling parameter through which the latter can take a
natural value while the value of the former remains acceptable.

2 The Initial Model

In Ref. [6] we have contributed to the resolution of the problem encountered in the first
realization of the hybrid inflation model in supersymmetry: the generation of a slope for the
scalar potential. Indeed, the initial version of the supersymmetric hybrid inflation was based
on a superpotential of the form [22, 23]

W =k S(—p* + ¢¢) ®)

where ¢, ¢ is a conjugate pair of superfields transforming as non-trivial representation of
some gauge group G under which the superfield S is neutrally charged, the coupling para-
meter « and the mass scale p can be taken to be real and positive.

Such a superpotential gives a scalar potential which is identical to the potential of the
initial non-supersymmetric hybrid model [3, 4] but without the mass-term of the inflaton
field. Such a mass-term is necessary for inflation since it gives the slope of the valley of
minima, and then drives the inflaton to its critical value where inflation ends.

Our approach was based on the modified superpotential [6]

- A
W =k S(—u> + ¢¢) + ?553. (©6)
From the above superpotential we have derived an effective potential of the form
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(where A, = A%) which is the same as the one of the initial Linde’s model but the mass-term
has been replaced by a quartic self-coupling one.'

In the resulting model a first phase of inflation occurs where the potential is dominated
by the o*-term, and ends when the inflaton reaches a value o, ~ O(M ») (e(0.) ~ 1) which
is much greater than o, = +/2k /g . The inflaton undergoes a phase of oscillations about
its minimum during which its energy decreases until the vacuum energy V = x?11* becomes
dominant, then a second stage of inflation begins. The achievement of such a scenario re-
quires

e =5 x 10712, ®)

3 The Brane Version

This model describes a cosmologically rich scenario since the first inflationary phase may
produce the homogeneity beyond the Hubble radius which makes natural the onset of the

IThe scalar fields ¢ and o are proportional to the real parts of the scalar components of the superfields ¢, ¢
and S respectively.
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second stage during which the interesting length scales leave the horizon. However, a severe
fine-tuning of the self-coupling constant is required to achieve such a second stage and to
generate the correct magnitude of the spectrum of density perturbations.

The above result may be interpreted as reflecting the simple fact that the two-stage sce-
nario is less favorable in the standard inflationary cosmology. As it was explained in the
introduction this situation can be improved in the context of the braneworld scenario where
inflation occurs more easily [see (2), (3)].

In this section we shall restrict ourselves to the simple picture of the so-called Randall-
Sundrum II model [24] where the matter of the universe is confined in a (3 + 1) brane
with positive tension (the bulk space being empty), and the higher dimensional space is
non-compact. The fundamental equations in this case are (1-4).

There are two different ways in which inflation may end:

(i) When o reaches the critical value o, = +/2 11/ g inflation ends by instability of the field
¢ and o drops towards the global minimum of the potential.

(i) If the slow-rolling conditions are no longer valid (¢, n ~ O(1)). This may occur at some
value o > o,.

In the two-stage inflationary model the first stage occurs at large values of o when the
quartic term is dominant, and ends in the second way. In the present case the two slow-
rolling parameters (2) and (3) are related by the relation € = 4/3#, and then the condition
for the end of inflation is reduced to € ~ O(1), the corresponding value of o is given by

2
6=16Mp A
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When the energy of the inflaton field decreases and the vacuum term becomes dominant
the second stage of inflation begins. Assuming that in the brane inflationary models (as in
the standard ones) the relevant scales leave the horizon about 60 e-foldings before the end of
inflation, we shall be interested in the inflaton values o < oy Where oy is the corresponding
value. Hence, the condition for the second stage of inflation to take place is:

rod
=0 it (10)
4
The value of og is determined in our model by the equation:
8t % V?
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which gives
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The condition (10) then becomes
i g% > 60M3rg A (13)

In the brane inflation context the main cosmological constraint comes from the amplitude
of the scalar perturbations which is given by [18]:
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In our model we obtain

) 8 (mi’ubg? — 60M§kgk)3

s T5M8A2 137 (15
The COBE observed value of Ay is
A;=2x107° (16)
implies
3

where we have used the condition (13) to neglect small terms.

If we take the same values of the different parameters as in Ref. [6] (i.e. u >~ 10" GeV
and «, g ~ 107!) a value of A, ~ 10~! is obtained by taking A ~ (10'> GeV)*. This value of
the brane tension is compatible with the upper bound [25]:

A< (7 x 10" Gev)* (18)

and ensures that the potential energy remains dominant in the early Universe: k2 /2 ~
10'°.

In this model the scale dependence of the scalar perturbations which is given by the
spectral tilt

s = L =2n—6 1
=gk T 19
has the value

ng = 0.9965. (20)

Furthermore, the brane tension is involved in the relation between the four and the five
dimensional Planck mass [26]

M,= 3 KSS 21
4 /x
which gives in this case
Ms=0.6 x 10" GeV. (22)
This value is also compatible with the upper bound [26]
Ms<2x107°M,,. (23)

At this point it is interesting to examine the case of a simple hybrid inflation model where
the inflaton energy remains dominant until the instability point o.. In this case the relevant
value of the inflaton field is:

2

6 M[’ A
o = 14401, (24)
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The amplitude of the scalar perturbations then becomes:

2843
A= =2, 25
=i (25)
which is independent of the brane tension. The constraint (16) yields
A 107", (26)

This result can be interpreted as a consequence of the absence of any relation between
the brane tension and the coupling parameter through which one can control this fine tuning,
we then recover the result of the standard case [27].

In this paper the model of supersymmetric two-stage inflation has been reexamined in the
context of the braneworld scenario. The aim of this extension was to relax the fine-tuning of
the coupling parameter in the initial version. This goal has been achieved through a relation
between the coupling parameter and the brane tension. This relation allows us to control the
fine tuning of the parameter while keeping the value of the brane tension in the right bounds.

Acknowledgements I would like to thank the Abdus Salam ictp for hospitality, and S. Khalil for helpful
comments on the manuscript.

References

Kolb, E.W., Turner, M.S.: The Early Universe. Addison—Wesley, Reading (1990)
Linde, A.D.: Particle Physics and Inflationary Cosmology. Harwood, Reading (1990)
Linde, A.D.: Phys. Lett. B 259, 38 (1991)
Linde, A.D.: Phys. Rev. D 49, 748 (1994)
Lyth, D.H., Riotto, A.: Phys. Rep. 314, 1 (1999)
Boutaleb, H., Chafik, A., Marrakchi, A.L.: Acta Phys. Slovaca 51, 297 (2001)
Polchinski, J.: String Theory. Cambridge University Press, Cambridge (1998)
Polchinski, J.: Phys. Rev. Lett. 75, 4724 (1995)
9. Horava, P., Witten, E.: Nucl. Phys. B 460, 506 (1996)
10. Lukas, A., Ovrut, B.A., Waldram, D.: Phys. Rev. D 60, 086001 (1999)
11. Antoniadis, I.: Phys. Lett. B 264, 317 (1990)
12. Arkani-Hamed, N., Dinopoulos, S., Dvali, G.: Phys. Lett. B 429, 263 (1998)
13. Lukas, A., Ovrut, B., Waldram, D.: Phys. Rev. D 61, 023506 (2000)
14. Binetruy, P.: Nucl. Phys. B 565, 269 (2000)
15. Binetruy, P, Deffayet, C., Ellwanger, U., Langlois, D.: Phys. Lett. B 477, 269 (2000)
16. Shiromizu, T., Maeda, K., Sasaki, M.: Phys. Rev. D 62, 024012 (2000)
17. Flangan, E.E., Tye, S.H., Wasserman, L.: Phys. Rev. D 62, 044039 (2000)
18. Maartens, B., Wands, D., Basset, B.A., Heart, .P.C.: Phys. Rev. D 62, 041301 (2000)
19. Kanti, P, Olive, K.A.: Phys. Rev. D 60, 043502 (1999)
20. Liddle, A.D., Mazumdar, A., Svhunck, FE.: Phys. Rev. D 58, 061301 (1998)
21. Malik, K.A., Wands, D.: Phys. Rev. D 59, 123501 (1999)
22. Duvali, G., Shafi, Q., Shaefer, R.: Phys. Rev. Lett. 73, 1886 (1994)
23. Copeland, E.J., Liddle, A.R., Lyth, D.H., Stewart, E.D., Wands, D.: Phys. Rev. D 49, 6410 (1994)
24. Randall, L., Sundrum, R.: Phys. Rev. Lett. 83, 4690 (1999)
25. Shiromizu, T., Maeda, K., Sasaki, M.: Phys. Rev. D 62, 024012 (2000)
26. Boutaleb, H., Chafik, A., Marrakchi, A.L.: Phys. Lett. B 574, 89 (2003)
27. Roberts, D., Liddle, A.D., Lyth, D.: Phys. Rev. D 51, 4122 (1995)

PN NRE RN~

@ Springer



	How Can Brane Inflation Solve the Fine-Tuning Problem?
	Abstract
	Introduction
	The Initial Model
	The Brane Version
	Acknowledgements

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


