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Introduction 

Scale invariant infra-red quantum fluctuations of  
minimally coupled massless scalar field and gravitons  
may be the origin of large scale structures of the Universe. 

In interacting field theory in de Sitter space, such an  
effect may dynamically break the symmetry of the  
de Sitter space and makes physical constants time  
dependent. 

Such an effect may be relevant to understand the very  
mysterious cosmological constant and its apparent time  
variation problem. 



The Schwinger-Keldysh formalism 

When                   , we evaluate the vacuum expectation value as 
the transition amplitude.  

But when                 , we can’t prefix       . 
So we expand              by the vev at the infinite past. 

in-out formalism 

in-in formalism 
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We need to use Schwinger-Keldysh formalism 
to evaluate expectation values of the energy- 
momentum tensor in a time dependent background 
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Integration contour 

Non-equilibrium physics may play an  
important role in this problem 
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Scalar field in de Sitter space 

Poincare coordinate 



Physical momentum 

In Bunch-Davies vacuum 



Energy-momentum tensor 

dS invariant distance 

Onemli, Woodard 02  



From the propagator 

From the Einstein equation 

Contribution from the  
conformal anomaly (UV effect) 



Effects of the interaction 

In Schwinger-Keldysh perturbation  
theory, there arise as many log factors  
as the number of the propagators  
in a diagram             Weinberg 06 



Energy-momentum tensor is conserved 



Non-perturbative effect 

Equation of motion 

We retain super horizon modes only 



We obtain Langevin equation 

Fokker-Planck equation 

Final equilibrium state may  
be understood by the zero  
mode dynamics In Euclidean  
field theory on S4  

Starobinsky, Yokoyama 94 

Rajaraman 10 



We consider Large N limit 

At early times 

At late times 

In a non-perturbative analysis 
we also find 



Non-linear sigma model 

The coupling constant grows with cosmic time 





There are contributions from 8 different tensors  

Each 2 loop contribution contains a log factor in  
agreement with power counting argument. 
They cancel each other to leave no interaction effect 



Large N limit 

At early times 

The effective coupling 

From equation of motion 



At late times, 
the same mass term  
is self-consistent 

Mass term is dynamically generated 

The interaction in the non-linear sigma model does not  
contribute to the cosmological constant in the large N limit 
We have found complete cancelation of IR logarithms which  
is not expected from the power counting arguments 



The trace of energy-momentum tensor is evaluated as 



Trace of energy-momentum 

tensor 
We may simply evaluate the trace of the energy-momentum tensor 



At late times 

Non-linear sigma model 



Conclusions 
In field theory with scalars and gravitons in de Sitter  

space, there could arise large IR logarithms  

In scalar field theory with polynomial interactions, 

we can sum them by a stochastic method 

In non-linear sigma models, we find cancellations 

of IR logarithms in perturbation theory and in the 

large N limit  

It may be related to the triviality of zero mode  

dynamics of the Euclidean non-linear sigma model  

on S4 



It is important to understand the IR quantum effects 
in dS space due to gravitons in more detail  

They may provide screening effects of the cosmological 
constant                             Tsamis, Woodard 96 

Development of a new non-perturbative method is 
required 

It may be fruitful to investigate a connection to  
critical phenomena in non-equilibrium physics  


