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Cosmological perturbation theory

CMB anisotropy

Effects of isocurvature fluctuation on CMB
Effects of moduli fields on CMB

. CMB in models with quintessence
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. Summary and conclusions

abstract

The cosmic microwave background (CMB) anisotropy is a powerful tool to test cosmological scenarios since it
depends on the thermal history of the universe, in addition, it originates to fluctuations in the early universe. Origin
of the CMB anisotropy attributes to two types of fluctuations, “adiabatic fluctuation” and “isocurvature
fluctnation.” In the standard scenario of cosmology, origin of the CMB anisotropy is assumed to be quantum
fluctuation of the inflaton field during inflation. In this case, since the inflaton decays into radiation, quantum
fluctuation of inflaton field is inherited into that of radiation. Hence it becomes that the dominant component
fluctuates initially. This kind of primordial fluctuation is called “adiabatic fluctuation,” which has been well
investigated. On the other hand, from the viewpoint of particle physics, there can exist other fields besides the

inflaton field such as the axion field and the Affleck-Dine (AD) fields. In this case, fluctuation of a subdominant



component can be an origin of the anisotropy, which is called “isocurvature fluctuation.” Thus, in cosmological
scenarios with exotic fields, the CMB anisotropy originates to mixture of adiabatic and isocurvature fluctuation,
which induces non-standard signal on the CMB. Hence, if we observe the CMB anisotropy, we can test
cosmological scenarios with exotic fields. So far the cases where uncorrelated mixture of adiabatic and
isocurvature fluctuations is generated are well studied by many authors. In general, however, adiabatic and
isocurvature fluctuations can be correlated.

In this thesis, we discuss effects of cosmological moduli fields on the CMB. In superstring theory, it is well
known that there are various flat directions parameterized by scalar fields which is often called as “moduli” fields.
Since their potential is usually generated by effects of supersymmetry (SUSY) breaking, their masses are expected to
be of the order of the gravitino mass. Although masses of the moduli fields can be as light as (or even lighter than)
the electroweak scale, moduli fields do not affect collider experiments since their interactions are suppressed by
inverse powers of the gravitational scale. Cosmologically, however, they may cause serious problems. Since the
primordial amplitude of the modulus field ¢ may be displaced from the minimum of the potential, § may dominate
the energy density of the universe. If the mass of the moduli fields m, < O(10TeV), reheating temperature of the
universe becomes lower than ~ [MeV. With such a low reheating temperature, the success of the big bang
nucleosynthesis (BBN) is spoiled. For lighter moduli fields m, < O(100MeV), they survive until today and
overclose the universe. One solution to these difficulties is to push up the mass of the moduli fields. Indeed the
reheating temperature can be higher than 1MeV if m; > O(10TeV). In this case, the BBN occurs after the decay of
the modulus field.

Although the thermal history after the BBN is mostly the same as the standard one, cosmology before the modulus
decay is completely different. Importantly, fluctuations of moduli fields affect the CMB. Thus, by observing the
CMB anisotropy, we can test this scenario. With the cosmological moduli fields, correlated mixture of adiabatic
and isocurvature fluctuations may be generated. In calculating the CMB angular power spectrum C,, we have to
specify the origin of cold dark matter (CDM) and baryon. Here we assume that CDM is generated by the decay of
¢ . In this case, after the decay of the modulus field, there is no entropy between CDM and radiation. On the
contrary we consider two possibilities of generating baryon asymmetry: (i) the other field (here we assume it as the
Affleck-Dine field) generates the baryon or (ii) the baryon is (somehow) generated at the time of (or after) the decay
of ¢ . First, let us discuss the case (i). In this case, fluctuation in the modulus field generates isocurvature
tluctuation between baryon and radiation, which is correlated with adiabatic fluctuation. If we assume that the
fluctuation in the AD field is negligible, the total CMB angular power spectrum C; is given by the sum of

contributions from perturbations in the inflaton field C*®

which is given by the conventional adiabatic one and that
in the modulus field C,'°*’ which is from correlated mixture of adiabatic and isocurvature fluctuations; C, = C,*” +
R’ C/" |, where R parameterizes relative size of contribution from C,'’*’ to C**.

In the left panel of Fig. 1, we plotted the CMB angular power spectrum with cosmological moduli fields C,°*,

(adi) funcorr)

purely adiabatic case C/** and purely baryonic isocurvature case C,*"*". From the figure, we can see that C/°%’ at
higher multipoles is enhanced relative to that of lower ones. In the right panel of Fig. 1, we plotted the total C, with
several values of R. As increasing the value of R, the total C; at higher multipoles is enhanced relative to lower ones.
Such an enhancement can be an evidence of the cosmological moduli fields, and may be observed in on-going and
future experiments. Even with the existing data, we can constrain parameters of R which is one of the main result of
this thesis. We also studied the case where fluctuation in the AD field is not negligible.

Next we discuss the case (ii). In this case, there is no entropy between baryon and radiation, so the cosmic



fluctuations are same as the conventional adiabatic case once the modulus field decays. Thus, when C/*” < C/**' is
realized, the resultant CMB angular power spectrum may be like that from adiabatic perturbation. This fact relax
constraints on models of inflation.

We also investigated effects of quintessence fields on the CMB anisotropy. Recent cosmological observations
suggest that there exists a dark energy which must be added to the matter density in order to reach the critical
density. Although the cosmological constant is usually assumed as the dark energy, in the past years, a slowly
evolving scalar field, dubbed as “quintessence,” has been proposed as the dark energy. Since the quintessence is a
scalar field, it fluctuates. This fluctuation affects the CMB anisotropy. We discuss effects of the quintessence fields
on CMB focusing on effects of their isocurvature fluctuation. The models of quintessence are classified into two
types; the cosine type and tracker type. We study effects of isocurvature fluctuation in both types of model. We
found that, for the cosine type model, the CMB angular power spectrum at low multipoles is significantly affected in
some cases. For the tracker type quintessence models, we showed that effects of isocurvature fluctuation depend on
the initial amplitude of the quintessence fields. In such models, different from the cosine type case, the CMB angular

power spectrum at higher multipoles can be enhanced in some cases. In both types of quintessence case, effects of

isocurvature fluctuation may be detectable in on-going and future experiments.
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Fig. 1: Left: The CMB angular power spectrum C,(6¢), C,(adi) and C’,(unm"). Here we used the normalization
([ +1)Ci/27]1=10 = 1.

Right: The CMB angular power spectrum C; with several values of B. The overall normalization of C is determined
to be best fitted to the observational data. In these figures, the cosmological parameters are taken to be h = 0.65,
Oph? = 0.019, Oy = 0.4, Q4 = 0.6, and scale-invariance is assumed for the initial power spectrum.
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