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“The quantum jumps 
replace the initial conditions 
of the old mechanistic view”

Where the %$@42&*  
did it all come from?



Main actor (so far): The CMB  
Fossil from an epoch when the   
the cosmos was young and hot  

(unlike today) 

   Coherent phases and   
(large-angle) cross-correlations  

suggest a primordial nature  



 Origin: Quantum  
vacuum fluctuations  

during an earlier  
(‘dark-energy’) phase? 

?

Main actor (so far): The CMB  
Fossil from an epoch when the   
the cosmos was young and hot  

(unlike today) 

  



The very-early universe  
resembles a ‘fixed-energy’  

experiment

IR clues to a UV puzzle

clock
scale

clock

UV origin

Observations

primordial
perturbations



What have we learned about the relevant 
scales from the CMB 

“De Sitter
like” 



scale
invariant 

Energy
scale not 

fixed

Inflation must end
dynamically!

What have we learned about the relevant 
scales from the CMB 

“De Sitter
like” 



clock
scale

60H

What have we learned about the relevant 
scales from the CMB 



The theory
is weakly
coupled in 

the IR

‘strong 
coupling’

scale

We have not yet ‘detected’ any other 
scale(s) related to interactions 



r < 0.1

r=T/S

Tensor Modes

We have not yet detected B-
modes either 



CMB-S4 
‘low-energy’ 

may be as high  
as 10^14 GeV

Tensor Modes

We have not yet detected B-
modes either 



It may also constraint the  
UV scales (indirectly) through the 

‘sound speed’  

Baumann 
Green 
RAP

cutoff-scale 
depends on  

speed of sound! 



Effective Field Theory (EFT)

This picture invites us  
to construct a  

bottom-up approach 
to explore where the  

‘new physics’ is hiding!





Class I: ‘Slow-roll’ Inflation 

�̇1/2clock
scaleWeakly coupled scalar 

well-defined 
perturbative expansion



New states to restore  
weak coupling! 
or control over  

UV theory (e.g. DBI) 

Class II: ‘Non-slow-roll’ Inflation 

�̇1/2clock
scale



clock scale
as a 

sym. scale

60H

The EFT approach 
  

Cheung et al. 



The EFT approach 
  

Is there a natural  
threshold between 
the two classes?



The ‘cross-over’ scale 
  

Baumann 
Green 
RAP
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Where are we now? 
  

Baumann 
Green 
RAP



The physics 
of inflation may involve a 
plethora of new scales 

around the corner

Baumann 
Green 
RAP



The nature of the primordial seed 
  

The shape of Non-Gaussianity   
as a ‘particle detector’ 



Excited states 
  

excited? 
resonances?

Physics near threshold:  
The Cosmological Collider

Flauger 
Green 
RAP



Green 
RAP

vs

CAN WE TELL THEM APART?



Signals of a Quantum Universe 
  

“energy pole”interaction

Scattering

�(k1 + k2 + k3) !
1

k1 + k2 + k3
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in-in correlator

Uncertainty principle

Earlier times are 

exponentially suppressed!


Quantum (Vaccum) 

Flauger 
Green 
RAP

There is a manifestation of a more direct connection between 

polology (‘residues’) in flat space and correlators in cosmology!


The 1/kt pole can change if 1) we have particles in the initial state (classical), 

or 2) break of time translations (resonant NG)




Dissipative effects in Inflation 
  

k? ⇠
p

�H
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‘Friction and Noise’

(Semi-)Classical

Nacir 
RAP

Zaldarriaga

energy pole becomes “real”

(also gets a width as expected!)

The n-point functions are

dominated by the noise


(loss of memory of initial conditions)

https://arxiv.org/abs/2001.09149


Signals of a Quantum Universe 
  

vs

ARE THESE GENERIC FEATURES?

(Semi-)ClassicalQuantum (Vaccum) 

Green 
RAP

https://arxiv.org/abs/2001.09149


(Semi-)ClassicalQuantum (Vaccum) 

Green 
RAP

Signals of a Quantum Universe 
  

Vacuum fluctuations 

are observed ‘later’ 


(energy injected through expansion)

Classical fluctuations 

are ‘real’ 


Quantum modes 

carry positive/negative


energy

Classical modes are sines/cosines 

with ‘unknown’ amplitude from


a prob. distribution. 

We can easily reproduce 2pt. 


https://arxiv.org/abs/2001.09149


(Semi-)ClassicalQuantum (Vaccum) 

Signals of a Quantum Universe 
  

Green 
RAP

These are all allowed by  the S-matrix! 
The only difference  

is the overlap with the state

https://arxiv.org/abs/2001.09149


(Semi-)ClassicalQuantum (Vaccum) 

The state has a very large  
number of particles that 


can be ‘annihilated’

There are no particles 
in the vacuum!

Signals of a Quantum Universe 
  

Green 
RAP

The would-be delta-function is now real!

https://arxiv.org/abs/2001.09149


(Semi-)ClassicalQuantum (Vaccum) 

vanishes outside

of the light cone

The correlations are created inside the horizon  
in the intersection of the past light-cones — can’t be changed later!

Signals of a Quantum Universe 
  

Green 
RAP

non-zero 

in QM!

https://arxiv.org/abs/2001.09149


(Semi-)Classical

Hidden variables?

Flips the the signs by decaying to

‘anti-particles’ leading to kt pole    


(only positive modes)

This theory is non-local!

(Semi-)ClassicalNon-Local

both positive/negative modes

Causal Green’s function

Signals of a Quantum Universe 
  

Green 
RAP

https://arxiv.org/abs/2001.09149


(Semi-)Classical

Hidden variables?

Flips the the signs by decaying to

‘anti-particles’ leading to same kt pole    


(only positive modes)

This theory is non-local!

(Semi-)ClassicalNon-Local

Signals of a Quantum Universe 
  

Green 
RAP

This needs a UV completion!

(“slowly moving”)

Can make causal with no anti-particles 

but lack long-range!

https://arxiv.org/abs/2001.09149


Relativistic dynamics must allow  
for all processes (crossing!)

Dan™

https://arxiv.org/abs/2001.09149


• Outlook                                                                        
(Take home message)
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Green 
RAP



A theoretical threshold must be  
an observational target!! 

  

The primordial seed is in the distribution of galaxies!



The situation ‘resembles’  
pre-Large Hadron Collider 

(many possible UV completions  
for cold and/or warm inflation?)

Still far from this!

Particle
Physics
Analogy



Particle
Physics
Analogy

(hopefully sooner!) 



50

Historical lesson 



50

(EFT)

Replace ‘the Higgs boson’ by ‘NG initial conditions’

4 orders of 
magnitude




