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Outline 

•  Anisotropic stress τij in inflation 
•  Classical source – particle production 
•  <τij>=0, quantum fluctuations of stress 

tensor  
•  Effects on gravity waves or tensor modes  
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I. INTRODUCTION

The spatial flatness and homogeneity of the present Universe strongly suggest that a

period of de Sitter expansion or inflation had occurred in the early Universe [1]. During

inflation quantum fluctuations of the inflaton field may give rise to energy density pertur-

bations (scalar modes) [2], which can serve as the seeds for the formation of large-scale

structures of the Universe. In addition, a spectrum of gravitational waves (tensor modes) is

produced from the de Sitter vacuum [3].

Since gravitational waves are weakly coupled to matter, the tensor modes remain as a

stochastic background of gravitational waves at present and provide a potentially important

probe of the inflationary epoch. Detection of these primordial gravitational waves by using

terrestrial wave detectors or the timing of millisecond pulsars [4] would indeed require a

sensitivity of several orders of magnitude beyond the current experimental reach. However,

like scalar perturbations, horizon-sized tensor perturbations induce large-scale temperature

anisotropy of the cosmic microwave background (CMB) via the Sachs-Wolfe effect [5]. The
recent seven-year WMAP anisotropy data has placed an upper limit on the contribution of

tensor modes to the CMB anisotropy or in terms of the tensor-to-scalar ratio, giving that

r < 0.3 [6]. In addition, the tensor modes uniquely induce CMB B-mode polarization that

is the primary aim of on-going and future CMB experiments [7].

As is well-known, a gravitational wave propagates freely in the expanding Universe [8].

This has assumed that the Universe is a perfect fluid. In the presence of non-vanishing

anisotropic stress, an additional source term to the gravitational wave equation should be

included [9]. The effect of anisotropic stress due to free-streaming neutrinos on cosmological

gravitational waves was firstly numerically calculated in Ref. [10], and incorporated in an

integro-differential equation for the wave propagation [11]. In fact, this equation is also

applied for any unknown free-streaming relativistic particles [12]. It was found that the

anisotropic stress reduces the wave amplitude, thus lowering the tensor-mode induced CMB

anisotropy and polarization [10–13].

In this paper, we will discuss the effect of anisotropic stress on tensor modes in infla-

tion. Here the anisotropic stress is due to the free-streaming of relativistic particles during

inflation. The generating source of these relativistic particles could be de Sitter quantum

fluctuations of the inflaton itself in standard slow-roll inflation [2], a thermal component in

warm inflation [21], bursts of particle production via the infra-red cascading mechanism [23],

particle production in trapped inflation in which the inflaton rolls slowly down a steep po-

tential by dumping its kinetic energy into light particles at the trapping points along the

inflaton trajectory [16, 17], or electromagnetic dissipation in natural inflation [25].

II. GRAVITATIONAL WAVE EQUATION

The propagation of gravitational waves in an expanding space-time is well studied. In

the presence of anisotropic stress, the gravitational wave equation is given by

ḧij + 2
ȧ

a
ḣij + k2hij = 16πGa2πij. (1)

There has been a lot of studies on inflationary models that go beyond the simplest single-

field, slow-roll inflation. A class of models has considered a new source for generating inflaton

fluctuations during inflation through a Yukawa-type or gravitational interaction between
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There has been a lot of studies on inflationary models that go beyond the simplest single-
field, slow-roll inflation. A class of models has considered a new source for generating inflaton
fluctuations during inflation through a Yukawa-type or gravitational interaction between
the inflaton and other quantum fields. This leads to very interesting results such as the so-
called warm inflation [21], the suppression of large-scale density fluctuations [22], the bursts
of particle production via the infra-red cascading mechanism [23], the trapped inflation
in which the inflaton rolls slowly down a steep potential by dumping its kinetic energy
into particle production [24, 25], and possible constraints on the duration of inflationary
expansion [26].

In Refs. [23, 24],the authors analyzed a model in which the inflaton Φ couples to another
scalar field χ via the interaction,

g
2

2
(Φ− Φ0)

2χ2
, (10)

where g is a coupling constant and Φ0 is a constant field value. When Φ rolls down to Φ0, the
χ particles become instantaneously massless and are produced with a number density that
increases with Φ’s velocity. As Φ dumps its kinetic energy into the χ particles, it is slowed
down and the produced χ particles are diluted due to the inflationary expansion. As shown
in Ref. [24], a viable inflationary model (the so-called trapped inflation) can be achieved by
assuming sufficiently closely spaced trapping points like Φ0 along the Φ trajectory even on a
potential which is too steep for slow-roll inflation. In their approach, the backreaction of the
χ particle production to the inflaton field and the associated effect of particle number density
fluctuations in the process of particle production are simply introduced in the equation of
motion for Φ by use of the mean field approximation:

−∇µ∇µΦ+ V
�(Φ) + g

2�χ2�(Φ− Φ0) = g
2
�
�χ2� − χ2

�
(Φ− Φ0), (11)

where V (Φ) is the inflaton potential and we will go back to this equation later on.
In this paper, we will develop a Lagrangian approach based on the influence functional

method in which the χ field is integrated out. This will enable us to derive self-consistently
the equation of motion for the Φ field that incorporates the backreaction of the χ particle
production and the particle number density fluctuations in the particle production. We will
find that the particle number density fluctuations should be replaced by a colored noise
term. In addition, there exists a new dissipative effect that is closely related to the noise. In
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Summary 

•  Classical anisotropic stress (model dependent) 
damps tensor modes 

•  Quantum anisotropic stress (intrinsic) generates 
tensor modes 

   - non-Gaussian and a blue spectrum 
   -  this spectrum may imply a limit on inflation e-folds 
   -  may also offer a test of trans-planckian physics 


