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Old Inflation 

  Temperature- 
dependent 
potential 

  Initially at global 
minimum φ = 0 

  When T < Tc, no longer global minimum 
 ⇒ false vacuum 

Guth (1981) 
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Old Inflation 

  Universe goes 
from false vacuum 
to true vacuum. 

 How? 

  Bubbles of true vacuum nucleate in a universe of 
false vacuum 
 (first order phase transition) 

Guth (1981) 
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Old Inflation 

  Vacuum decay 

Entire universe is in false 
vacuum (F) 

Nucleate bubbles of true 
vacuum (T) 
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Old Inflation 

  Vacuum decay: “swiss cheese problem” 

Entire universe is in 
false vacuum 

Nucleate bubbles of 
true vacuum 

Problem: bubbles never percolate & thermalize 
 ⇒ NO REHEATING 
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Old Inflation 

  Vacuum decay: “swiss cheese problem” 

Entire universe is in 
false vacuum 

Nucleate bubbles of 
true vacuum 

Want rapid percolation 
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Old Inflation 

  Bubbles inflate away faster than they form & grow 
     ⇒ no end to inflation & no reheating 





        Rapid phase transition leads to 
percolation (entire universe goes through                      
phase transition at once) 

  Vacuum decay: “swiss cheese problem” 

Entire universe is in 
false vacuum 

Nucleate bubbles of 
true vacuum 



This is what  
 we want: 
 Percolation 



What is needed for tunneling 
inflation to work? 

•  Probability of a point remaining in false vacuum phase: 

where        is the nucleation rate of  bubbles and H is the 
expansion rate of the universe 

•  The number of e-foldings per tunneling event is 

•  Graceful exit: Critical value of                                  is 
required to get percolation and reheating. In terms of 
number of efolds, this is 

•  Sufficient Inflation requires   



Graceful Exit Achieved 



Two Requirements for 
Inflation 

•  Lifetime of field  
in metastable state: 
•  Number of e-folds from  
single tunneling event: 
•  Sufficient Inflation: 
•  Reheating:  



How to achieve both criteria: 

•  Sufficient inflation: 
•  Reheating: 
•  With single tunneling event: 
•  “Double Field Inflation” (Adams + Freese 91; Linde 

91) : time-dependent nucleation rate, couple two 
scalar fields 

•  With multiple tunneling events:  
            CHAIN INFLATION 
 get a fraction of an e-fold at each stage, adds to more 

than 60 in the end 



Double Field Inflation  
Adams and Freese; Linde (1990) 

•  Time dependent nucleation rate 
•  Couple 2 scalar fields 

•  Once the roller reaches its min, 
•                           grows, tunneling rate 

increases. The tunneling rate is zero 
for     at top of potential, large as   
approaches min (then, nucleation)          



Required time dependence  

 Need small     initially 
to inflate. 

Then, suddenly,    gets 
larger so that all of 
universe goes from 
false to true vacuum 
at once. All bubbles 
of same size, get 
percolation and 
thermalization. 

No Swiss Cheese! 



Asymmetric Well 

•                                              is energy                                                   

d                                                        difference between vacua               

(thin wall) 

(Callan and Coleman; Voloshin, Okun, and Obzarev)) 

Nucleation rate of true vacuum: 



Sensitivity of nucleation rate to 
parameters in the potential  

  Sufficient inflation: 
     number of e-folds= 
  Followed by rapid nucleation: 

  Both achieved by small change in 

e.g. consider        TeV, 100 fields: 

N=1000 for 
N=0.01 for   
To go from enough inflation to percolation, need this 

ratio to change by less than 2% 



Toy model: 
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Psi is a roliing field.  At first its value is small, epsilon is small,  
Phi does not tunnel. Then Psi rolls to its minimum, epsilon is large,  
               Phi tunnels suddenly everywhere at once 



Probability of remaining in the false vacuum  
as a function of time in old inflation (dotted line) vs.  
in double field inflation (solid line) 



Double Field Inflation: 
Summary 

  Time dependent nucleation rate allows the tunneling 
field to sit for a long time in a false vacuum while the 
tunneling rate is slow. 

  Then, the tunneling rate suddenly speeds up e.g. due 
to increased energy difference between vacua or 
decreased barrier. 

  The field tunnels immediately, allowing for percolation 
and reheating 

  Other way to look at: field is rolling in one direction, 
suddenly it notices it can tunnel in a different direction 
because the barrier in that direction has decreased. 

  The rolling field must take 60 efolds to get to the 
bottom: use axion to do it 10/10/11 23 



Inflation Requires Two Basic 
Ingredients 

•  1. Sufficient e-foldings of inflation 
•  2. The universe must thermalize and reheat 

•  With single tunneling event: 
   “Double Field Inflation”: time-dependent nucleation 

rate, couple two scalar fields (one tunneling and one 
rolling direction) 

•  With multiple tunneling events:  
            CHAIN INFLATION 
 get a fraction of an e-fold at each stage, adds to more 

than 60 in the end 



Chain Inflation 

  Graceful exit: 
requires that the number of e-foldings per stage is N < 1/3 

  Sufficient inflation: 
total number of e-foldings is Ntot > 60 

Freese & Spolyar (2005) 
Freese, Liu, & Spolyar (2005) 

Relevant to: 

 • stringy landscape 

 • axionic particles 
Multiple tunneling 

events 



Chain Inflation: Basic Setup 
•  The universe transitions from an initially high vacuum 

down towards zero, through a series of tunneling events. 
•  The picture to consider: tilted cosine 
•  Solves old inflation problem: Graceful Exit requires 

that the number of e-folds per stage < 1/3 
•  Sufficient Inflation requires a total number of e-folds > 

60, hence there are many tunneling events 



Rapid Tunneling 

•  Extreme sensitivity of tunneling rate to 
parameters in the potential is due to the 
exponential dependence on the bounce 
action 

•  Thus for natural parameter choices 
there will always be a direction of fast 
tunneling (e.g. in the landscape) 



    INFLATION AT ANY SCALE 

  The tunneling rate depends on three parameters: 
     energy difference between vacua 
     barrier height 
     width of potential 

  When these numbers are comparable, the tunneling rate 
is just on the border between fast and slow tunneling.  
They can have any numbers you like. i.e. they can be 
GUT scale, GeV scale… as long as you reheat at the 
end. 



               NO fine-tuning 

  The height and the width of the potential can be the 
same. In fact, it is when these two quantities are 
roughly comparable that the field is on the border of 
tunneling rapidly or never tunneling at all, so that any 
interaction is likely to cause the phase transition to 
proceed rapidly. 



The String Landscape 
•  Long been recognized:  
        vacua are not unique 
•  Degeneracy arises from: 
         different Calabi Yau manifolds 
         background fluxes 
•  Rough estimates can yield 10^200 to 10^500 vacua 
•  These vacua with different fluxes are disconnected in 

the mutidimensional landscape, with barriers in 
between them. Thus the only way to proceed from 
one to the other is via tunneling. Chain inflation is the 
result of rapid tunneling through a series of these 
vacua. 



Analogy to Brown Teitelboim 
Mechanism 

•  1+1 electrodynamics: in strong 
background E field, creation of e+e- pair 

•  Physically pulled apart; region between 
them has reduced value of field 

•  World lines of particles can be thought 
of as membranes, with E fluxes reduced 
by quantized amounts 

•  Series of nucleation of membranes in 
presence of background field, each time 
lowering the flux 



Four Dimensional 
Generalization 

•  Four form field strength changes its value 
through bubble nucleation,  

changing value of cosmological constant by 
quantized value 



Four Dimensional 
Generalization 



•  Four form field strength changes its value 
through bubble nucleation,  

changing value of cosmological constant by 
quantized value      













Signatures of Chain Inflation 

•  Density Perturbations (Chialva and 
Danielsson) 

•  Gravity Waves: from bubble collisions 
as well as quantum fluctuations (A. 
Ashoorioon, J. Liu, A. Lopez, and K. 
Freese, in progress) 

   Depending on parameters, detectable in 
Advanced LIGO 

   n.b. prior work by Turner, Kosowsky, 
Watkins, Durrer 



(Kosowsky, Turner, Watkins 1992) 



Work with 
Alejandro  
Lopez and 
Jim Liu 

(using 
results of 
Caprini, 
Durrer, 
Servant GW 
due to 
bubble 
collsions for 
single step) 



Tensor spectral 
Index has  
 inflection point 

(from adding  
 multiple steps 
 with f = H/chi. 
 As you go 
 down in the  
 potential H 
 is smaller but 
 less redshifting) 

Work with Alejandro 
Lopez 

Green: single step 
Red: chain inflation with 
   multiple steps 



Chain Inflation with QCD 
Axion: would have been very 

economical 
•  Low scale inflation at 200 MeV: axion 

can simultaneously solve strong CP 
problem and provide inflation 

•  In addition to standard QCD axion, 
need (i) new heavy fermions to get 
many bumps in the theta field and (ii) tilt 
from soft breaking of underlying PQ 
symmetry 



Inflating with the QCD axion 



Exact Tunneling Calculations 
(beyond thin wall) 

•  1) General solution for quartic potentials 
     (Adams 1993) 
   2) Triangular Potentials (Duncan and             

Jensen 199 Jensen 1992) 
     jkjkjkjkjkjkj      In the case of the QCD 

aaxion     kj      axion, tunneling is too slow                  
slow (potent    (potential is too wide): 

Jkjkj           wi    Can’t chain inflate with it.  
Amjad Ashoorioon, KF, and Jim Liu 2009 



•  Though chain inflation with QCD axion 
doesn’t seem to work, still it could work 
with axionic particle 



TUNNELING INFLATION 

•  Need 60 efolds in total 
•  Need percolation for reheating: 
•      double field inflation 
•      chain inflation  
           in string landscape 
           with axionic particle 
           can take place at low mass scales 
           no fine tuning 



Bubble Bubble Toil and Trouble 
•  Bubble bubble toil and trouble 
•  Fire burn and cauldron bubble 
•  Fillet of a fenny snake 
•  In the cauldron boil and bake 
•  Eye of newt and toe of frog 
•  Wool of bat and tongue of dog 
•  Adder’s fork and blind-worm’s sting 
•  Lizards’s leg and howlet’s wing 
•  For a charm of powerful trouble 
•  Like a hell-broth boil and bubble 
                                              Shakespeare (Macbeth) 


