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Introduction
• Let’s consider a massless scalar field       . The two point 

function is given by
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• Two point function becomes constant on super horizon 
scales
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Introduction
• Let’s consider a massless scalar field       . The two point 

function is given by
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• Let’s consider interactions. This are computed using the 
In-In formalism
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Introduction
• Let’s consider a massless scalar field       . The two point 

function is given by
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V =
g

3!
�3• Let’s include a cubic interaction
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Introduction
• Interaction does not decay after horizon exit

• This problem implies that now loops get a time 
dependence
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IR divergences

• Different types of IR divergences

• This arise due to interactions not decaying after horizon 
exit.

• For example, interactions with two derivatives are IR safe

• Time integrals

• Momentum integrals
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IR divergences and inflation

• The existence of IR divergences imply that perturbation 
theory breaks down at late times.

• IR divergences do not appear in single field inflation due 
to the non-linearly realised shift symmetry.

• Eg. In 

• Curvature field is constant on superhorizon scales
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Light spectator fields

• IR divergences can be important for phenomenology

• Superhorizon growth of all correlation functions

• If the field has a mass the superhorizon growth will eventually 

stop
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Figure 6: The bootstrap results of the bispectrum shapes (with k1 = k2) demonstrate mild logarithmic
deviations from the local ansatz. Left panel: the shape functions from the dS-invariant cubic vertex
and two boost-breaking ones with cs = 1. Right panel: boost-breaking bispectrum shapes with various
sound speed ratios. In this figure we have reintroduced the � sound speed by cs ! cs/c�. We choose
⌘0 = �10�3 for demonstration. The dimensionless shape functions Ŝ = (k1k2k3)2S are normalized to be
1 at k3/k12 = 10�3.

with �̃ = �/H and P�(k) = H
2

2k3 being the two-point function of a free massless scalar. We also see

the appearance of the IR-divergent term, which dominates the correction to the power spectrum.

This result agrees with the in-in computation presented in Ref. [94]. Here the logarithmic function

can be rewritten in terms of the number of e-folds Nk counting from the horizon-exit of the k-

mode. Then the size of this correction is approximately given by �̃2N2
k
. For massive exchange,

this correction is order of �̃2, and �̃ < 1 is su�cient to have perturbative control. For massless

exchange, we need �̃Nk < 1 to ensure perturbativity, and thus this coupling with additional light

scalars is further constrained. As a consequence, we find a suppressed signal for the massless-

exchange bispectrum in dS-invariant scenarios. This also explains the observation from many

multi-field examples that it is usually di�cult to generate large local fNL in models with nearly

scale-invariant perturbations.

4.2 Boost-Breaking Correlators

To achieve larger levels of non-Gaussianity, we need to consider the strong breaking of the dS

boost isometry. In these scenarios, the field interactions can become significantly enhanced,

and perturbations have small sound speeds. Now we provide a systematic classification of the

inflationary massless-exchange correlators in the boost-breaking theories. By using the mixed

propagator and three-point scalar seed derived in Section 3.4, we mainly focus on the scalar

bispectra, while similar analysis applies for the inflationary four-point function. In the following

we show that there are two classes of massless-exchange bispectra: one has IR-divergent terms

caused by the �̇� linear mixing, and others are rational functions of momenta due to the higher

derivative quadratic interactions. We comment on the comparison with previous studies of multi-

field inflation in Section 5.

32

Chen and Wang ’09 
Arkani-Hamed and Maldacena ’15 
Wang, Pimentel and Achucarro ‘22
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IR divergences
• IR Divergences are ubiquitous in dS spaces, but do not 

appear on single-field inflation. 


• They appear also with massive fields (Eg. Three point 
function with conformally coupled fields)


• The history is different for other fields coupled to inflation


• Two different origins. At tree-level only ‘time’ IR secular 
divergences


• It is possible to regularise them using boundary counterterms 
(very similar to renormalised perturbation theory in AdS/CFT)

SC, Davis and Melville 2020
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Stochastic inflation



Fluctuations during inflation

• Fluctuations grow until they become 
super horizon
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• Once there they freeze

• New perturbations keep leaving the 
horizon

Superhorizons perturbations can be thought of as classical 
perturbations being seeded by quantum short wavelength 

perturbations 



Stochastic inflation

• Dynamics of long wavelength perturbations as brownian 
motion

• Short modes act as random Gaussian noise encoding 
short distance effects.



Fokker-Planck equation
• Langevin equation can be written as a Fokker-Planck equation 


• Solving the associated Fokker-Planck equation we find that,
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• Probability for the field 
depends on the classical 
potential.


• Highly non linear and goes 
beyond perturbation theory

<latexit sha1_base64="IQJiSrSfj4nrAOurt+SiXBzBC9w="></latexit>

P (�) ⇠ exp

✓
� ⇡

2

6H4
��

4

◆

<latexit sha1_base64="9hn53djN3RcNj5WZakS2KvkotPw="></latexit>

V (�) =
�

4
�4Eg

<latexit sha1_base64="H5AdTVMnLWXVcYIGscLK8YVMjAM="></latexit>

d

dt
P (�, t) =

1

3H

@

@�
(V 0(�)P (�, t)) +

H
3

8⇡2

@
2

@�2
P (�, t)

<latexit sha1_base64="VN/UV06Ij+GzR4EzIBKZnk3kckg="></latexit>

d

dt
P (�, t) =

1

3H

@

@�
(V 0(�)P (�, t)) +

H
3

8⇡2

@
2

@�2
P (�, t)



Loops from FP equation
• We can solve the Fokker-Planck equation 

pertubatively

Starobinsky ’83,  
Starobinsky and Yokoyama ‘92
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Loops from FP equation
• We can solve the Fokker-Planck equation 

pertubatively

• Second correspond to loop correction to the two point function
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• Time dependence also comes from the loop IR divergence
Tsamis and Woodard ‘05 
Tokuda and Tanaka ’19 

Baumgart and Sundrum ‘19



• The common lore is that stochastic inflation sums all 
loops rendering finite results

Perturbation theory vs 
stochastic inflation

• Perturbation theory breaks down for
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• Perturbation theory contains IR divergences associated to 
the fact that perturbations keep entering the horizon
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• At late times there is an equilibrium solution

Starobinsky and Yokoyama 1994 
Baumgart and Sundrum 2019 
Gorbenko and Senatore 2019 

Cohen and Green 2020
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• Equilibrium solution is de Sitter invariant



• We would like to understand better how to go from perturbation 
theory to the stochastic theory


• This can be phrased as ‘’what does the stochastic theory 
computes’’


• Might look like the semiclassical regime but we would like to 
understand this better

Fokker-Planck Equation
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•  stochastic effects


• non-perturbative


• equilibrium from re sum

Cosmological bootstrap
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•  related to correlators


• perturbative


• secular growth

<latexit sha1_base64="lx4GVsC8REO3Mf19VDAu1cgN8QQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVS9C0YvHCPYD21g22027dLMJuxuhpP0XXjwo4tV/481/47bNQVsfDDzem2Fmnh9zprRtf1u5ldW19Y38ZmFre2d3r7h/0FBRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7yZ+s0nKhWLxL0exdQLcV+wgBGsjfTgXo07rmLjx0q3WLLL9gxomTgZKUEGt1v86vQikoRUaMKxUm3HjrWXYqkZ4XRS6CSKxpgMcZ+2DRU4pMpLZxdP0IlReiiIpCmh0Uz9PZHiUKlR6JvOEOuBWvSm4n9eO9HBpZcyESeaCjJfFCQc6QhN30c9JinRfGQIJpKZWxEZYImJNiEVTAjO4svLpFEpO+fl6t1ZqXadxZGHIziGU3DgAmpwCy7UgYCAZ3iFN0tZL9a79TFvzVnZzCH8gfX5AwpzkIU=</latexit>

P = | |2

Burgess et al ’09, ’10, ’14 
Gorbenko and Senatore ’19 

SC, Davis and Wang ‘23



Wavefunction method



Semiclassical approximation 
• When dealing with a quantum system, when we expect the 

nature of the system to be well approximated by the classical 
trajectory

<latexit sha1_base64="BmsA649UYoQIHPEYrlNN7T7ydfQ="></latexit>
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<latexit sha1_base64="TeUreehs4MMpgwY+6FaER1NW8QE="></latexit>

S[�] = S0[�cl] + ~S1[�cl] + . . .
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• The semiclassical action can be non linear and the approximation 
can go beyond perturbation theory

• Our goal: In which sense are is stochastic inflation related to the 
semiclassical approximation.



Wavefunction method
Let’s consider scalar field 
on de Sitter evolving 
through the Schrödinger 
equation

<latexit sha1_base64="BmsA649UYoQIHPEYrlNN7T7ydfQ="></latexit>
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We expand the action

Boundary 
conditions

<latexit sha1_base64="TeUreehs4MMpgwY+6FaER1NW8QE="></latexit>

S[�] = S0[�cl] + ~S1[�cl] + . . .
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Bunch-Davies vacuum

Asymptotic future
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<latexit sha1_base64="DCtHnZDxwI3YWjoQbpwgTRIKWx8=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahXkoiUvUgFLx4rGA/oAlhs900SzebsLsRSqh/xYsHRbz6Q7z5b9y2OWjrg4HHezPMzAtSRqWy7W+jtLa+sblV3q7s7O7tH5iHR12ZZAKTDk5YIvoBkoRRTjqKKkb6qSAoDhjpBePbmd97JELShD+oSUq8GI04DSlGSku+WXXbEa27RCHfPrtx04j6tm/W7IY9h7VKnILUoEDbN7/cYYKzmHCFGZJy4Nip8nIkFMWMTCtuJkmK8BiNyEBTjmIivXx+/NQ61crQChOhiytrrv6eyFEs5SQOdGeMVCSXvZn4nzfIVHjl5ZSnmSIcLxaFGbNUYs2SsIZUEKzYRBOEBdW3WjhCAmGl86roEJzll1dJ97zhNBvN+4ta67qIowzHcAJ1cOASWnAHbegAhgk8wyu8GU/Gi/FufCxaS0YxU4U/MD5/ACD6k8c=</latexit>

�(⌘0) = �0
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Wavefunction method
<latexit sha1_base64="BmsA649UYoQIHPEYrlNN7T7ydfQ="></latexit>
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Given a classical 
solution

bulk-to-boundary

bulk-to-
bulk
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Path integral 
Boundary 
conditions <latexit sha1_base64="hwOjEHMHi2TDmqX/6X2BhCuCU6E="></latexit>
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G(x, x0) = 0
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(⇤�m2)K'(x, t) = 0, with lim
t!t0
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Ki(x, t) = 0



Wavefunction method
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• The semiclassical action generates only tree-level 
wavefunction coefficients
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Wavefunction coefficients
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+

<latexit sha1_base64="4MDrp19x5Q9/H7KBU1WAyHoISXQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DXvSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZKjXK/WHIr7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV1WvGql2rgq1e6zOPJwBudQBg+uoQZ3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXKmjL4=</latexit>

(
<latexit sha1_base64="wjhc0tCQzOSnASR42vDnUvwHUfM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArEj0GvOgtAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3P4sjDCZzCOXhwDVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3QqjL8=</latexit>

)
<latexit sha1_base64="3bVDTErgK/sl8vHmkCbZ+YCSsNo=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUSkuiy40V0F+4AkhMl00g6dSYaZiVhCd278FTcuFHHrL7jzb5y0WWjrgQuHc+7l3nsiwajSjvNtLS2vrK6tVzaqm1vbO7v23n5HpZnEpI1TlspehBRhNCFtTTUjPSEJ4hEj3Wh0VfjdeyIVTZM7PRYk4GiQ0JhipI0U2kd+S1HPF0Ma+hzpoeQ5ZpPAV5T75EGEds2pO1PAReKWpAZKtEL7y++nOOMk0ZghpTzXETrIkdQUMzKp+pkiAuERGhDP0ARxooJ8+scEnhilD+NUmko0nKq/J3LElRrzyHQWt6p5rxD/87xMx5dBThORaZLg2aI4Y1CnsAgF9qkkWLOxIQhLam6FeIgkwtpEVzUhuPMvL5LOWd1t1Bu357XmTRlHBRyCY3AKXHABmuAatEAbYPAInsEreLOerBfr3fqYtS5Z5cwB+APr8wcRMpof</latexit>

 [�cl] ⇠ exp
<latexit sha1_base64="RxRjIGsbwuBzeDTRTZtr9nLjY/A="></latexit>. . .<latexit sha1_base64="lnljgs6cgrhIWG9QVHBCGurVScA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10roue5VypXFTqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3IVjLA=</latexit>

+

<latexit sha1_base64="BUkgzVrN33C/lL+NXfWESBQ1CB8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqR6LXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r3E8H6tX654VW8OvEr8nFQgR7Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdBVkXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRrVb9erd9dVBrXeRxFOIFTOAcfLqEBt9CEFlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnD1Epjvo=</latexit>

 2
<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3

<latexit sha1_base64="MHCwWn86iR0Xsiv12mUtvaZMPJU="></latexit>
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• Exchange diagrams are in general very cumbersome

• All IR divergent terms except the last one are phases



1-loop wavefunction
• Loop corrections are generated by quantum terms and are 

proportional to higher powers of 
<latexit sha1_base64="LEtKUIvY6rdo/k8IbC9O7NqlNrc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF71VMG2hDWWy3bRLN5uwuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSq4Nq775ZTW1jc2t8rblZ3dvf2D6uFRWyeZosyniUhUN0TNBJfMN9wI1k0VwzgUrBNObuZ+55EpzRP5YKYpC2IcSR5xisZKfn8cohpUa27dXYD8JV5BalCgNah+9ocJzWImDRWodc9zUxPkqAyngs0q/UyzFOkER6xnqcSY6SBfHDsjZ1YZkihRtqQhC/XnRI6x1tM4tJ0xmrFe9ebif14vM9F1kHOZZoZJulwUZYKYhMw/J0OuGDViaglSxe2thI5RITU2n4oNwVt9+S9pX9S9Rr1xf1lr3hVxlOEETuEcPLiCJtxCC3ygwOEJXuDVkc6z8+a8L1tLTjFzDL/gfHwDywCOtw==</latexit>

~

<latexit sha1_base64="fSyreoIODJGTRRCLBNfYBm5ja+s="></latexit>

 1�loop
2

<latexit sha1_base64="2LwN7L097Mm7GUSQX0sljthbARM="></latexit>

 1�loop
3

<latexit sha1_base64="lnljgs6cgrhIWG9QVHBCGurVScA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10roue5VypXFTqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3IVjLA=</latexit>

+

<latexit sha1_base64="7CVq7oHvtdXaWB0ArUUO3Gusfj4="></latexit>

 1�loop
4

<latexit sha1_base64="lnljgs6cgrhIWG9QVHBCGurVScA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10roue5VypXFTqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3IVjLA=</latexit>

+
<latexit sha1_base64="lnljgs6cgrhIWG9QVHBCGurVScA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10roue5VypXFTqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3IVjLA=</latexit>

+ …

<latexit sha1_base64="VzV12YrDfYuvfZYtJEnpj3o8+fw="></latexit>

 [�(~x)] ' exp

✓
� i

~ (S0[�cl] + ~S1[�cl] + . . .

◆

• Quantum corrections are generated by the functional determinant 
as in the usual Wilsonian EFT

<latexit sha1_base64="X7d+j61OUzinwvnIC4bilKXBQKA="></latexit>

S1[�cl] = iTr log

✓
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◆

<latexit sha1_base64="ti6ZRJMQiR2cbr5/Sg8/6hNHK5o="></latexit>
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Correlation functions
• The wave function is not an observable by itself but we can 

define

<latexit sha1_base64="J54Dl0Kr2ZNtEBO6/Yms7VVJacI="></latexit>

h�~k1
· · ·�~kn

i =

Z
D� �~k1

· · ·�~kn
| [�, ⌘0]|2

Z
D� | [�, ⌘0]|2

.

• The correct prescription is defined using the In-In formalism

<latexit sha1_base64="IzrvYTMOZlLKQ3eieHOX8l3riS0="></latexit>⌘

<latexit sha1_base64="RI7IY9OPToWW+vmFZC0xImvY6Rw="></latexit>⌘0

<latexit sha1_base64="FKBMBBZH1oZlTHf6Un70pDwmDfc="></latexit>

 [�]

<latexit sha1_base64="tm8B21il2wjMfGUrFtuxjwL5BEs="></latexit>

 ⇤[�]
<latexit sha1_base64="u2uENlydumO78ihdRi6GlmV9EgI="></latexit>⌘ = �1

• Correlation functions are computed 
using the Born rule

<latexit sha1_base64="LlXiTKc+xyWr67c0KBxqkX5865s="></latexit>

h�2ki =
1

2Re( 2)
=

H
2

2k3• Eg.

<latexit sha1_base64="y8ZJRUEZ1zizYQiARUnG25QP3dc="></latexit>

P [�k] ⇠ | [�]|2



Correlation functions
• Then we have

<latexit sha1_base64="+/ei1ugmxbwcVVK/LXwzxuPojKY="></latexit>

h�k��ki0 = � 1

2Re 0
2(k)

,

h�k1�k2�k3i0 = � Re 0
3(k1,k2,k3)

4Re 0
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2(k2) Re 

0
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a=1 Re 
0
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� h�k1�k2�k3�k4i0d ,

<latexit sha1_base64="3VMR/06saW3CJP/gvwXY2ZF4hUo="></latexit>

h�k1�k2�k3i0 ⇠
H

3

12

(k31 + k
3
2 + k

3
3)

k
3
1k

3
2k

3
3

(�2/3 + �E + log(k1 + k2 + k3)⌘0)

• Eg. 3-point correlation

• Phases do not contribute to the correlation function

• Correlation function has a secular divergence



Loops from wavefunctions
• Different wave functions coefficients gets mixed up when 

computing correlation functions


• Loop corrections contains term from the classical and the 
quantum effective action

<latexit sha1_base64="GbgylKg59Z/N0u0/ESZ6lBAYoh0=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLKjHxhC0Y9GJC4kVvmMhHApVsly1s2G7r7paENPwOLx40xqs/xpv/xgV6UPAlk7y8N5OZeV7EmdK2/W1lVlbX1jeym7mt7Z3dvfz+QUOFsSS0TkIeypaHFeVM0LpmmtNWJCkOPE6b3vBm6jdHVCoWigc9jqgb4L5gPiNYG8ltXKN+pzZgj+Xz8nE3X7CL9gxomTgpKUCKWjf/1emFJA6o0IRjpdqOHWk3wVIzwukk14kVjTAZ4j5tGypwQJWbzI6eoFOj9JAfSlNCo5n6eyLBgVLjwDOdAdYDtehNxf+8dqz9KzdhIoo1FWS+yI850iGaJoB6TFKi+dgQTCQztyIywBITbXLKmRCcxZeXSaNUdCrFyv1FoXqXxpGFIziBM3DgEqpwCzWoA4EneIZXeLNG1ov1bn3MWzNWOnMIf2B9/gCYhJC5</latexit>

V = g�3/3!
<latexit sha1_base64="yrX3aUQFa1n+x1wyKVS+3EsOqL4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpKUoi6LblxWsA9oYphMJ+3QmUyYmQgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0wYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZVIJSYdLJiQ/RApwmhMOppqRvqJJIiHjPTCyc3M7z0SqaiI73WWEJ+jUUwjipE2UmBXvUTRoPGQe5JD95wJkUwDu+bUnTngKnELUgMF2oH95Q0FTjmJNWZIqYHrJNrPkdQUMzKteKkiCcITNCIDQ2PEifLz+fFTeGqUIYyENBVrOFd/T+SIK5Xx0HRypMdq2ZuJ/3mDVEdXfk7jJNUkxotFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FUxIbjLL6+SbqPuXtSbd81a67qIowyOwQk4Ay64BC1wC9qgAzDIwDN4BW/Wk/VivVsfi9aSVcxUwR9Ynz8jbJR0</latexit>

 1�loop
2

<latexit sha1_base64="r3l9iyY7HjMJpkB6E4eFYW9vML4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOot4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqbxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3JijLE=</latexit>

+

<latexit sha1_base64="VssPfRTQ4rN8RK3b0bgk/P/dg/s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A1ONjvo=</latexit>

 4

<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
<latexit sha1_base64="aJ6t3OqxJbrzyw85C+hBb55fn/k=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWsB/QhrLZbtq1m2zYnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSqGW8yJZXuBNRwKWLeRIGSdxLNaRRI3g7GtzO//cS1ESp+wEnC/YgOYxEKRtFKrR6KiJt+ueJW3TnIKvFyUoEcjX75qzdQLI14jExSY7qem6CfUY2CST4t9VLDE8rGdMi7lsbULvGz+bVTcmaVAQmVthUjmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UzESYo8ZotFYSoJKjJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1atXa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/twiPNg==</latexit>⇥<latexit sha1_base64="r3l9iyY7HjMJpkB6E4eFYW9vML4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJOot4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKlfpVqXqbxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3JijLE=</latexit>

+
<latexit sha1_base64="1TbZRYIeXELxqU8OZLmdE31gS3c=">AAACLHicbVDLSgMxFM3UV62vqks3wSK4scyIVDdCoRvdVbAP6Iwlk2ba0EwyJBmhDPNBbvwVQVxYxK3fYTodUFsPBE7OuZd77/EjRpW27alVWFldW98obpa2tnd298r7B20lYolJCwsmZNdHijDKSUtTzUg3kgSFPiMdf9yY+Z1HIhUV/F5PIuKFaMhpQDHSRuqXGy5DfMgIdKMR7bsh0iM/SMZp9k3OfoTUlVnhQ+LMVRkmTIgoTa/75YpdtTPAZeLkpAJyNPvlV3cgcBwSrjFDSvUcO9JegqSmmJG05MaKRAiP0ZD0DOUoJMpLsmNTeGKUAQyENI9rmKm/OxIUKjUJfVM5W1MtejPxP68X6+DKSyiPYk04ng8KYga1gLPk4IBKgjWbGIKwpGZXiEdIIqxNviUTgrN48jJpn1edWrV2d1Gp3+ZxFMEROAanwAGXoA5uQBO0AAZP4AW8g6n1bL1ZH9bnvLRg5T2H4A+sr29RRqom</latexit>

h�k��ki1�loop =

<latexit sha1_base64="JZ7W/vngUbr0fj1zU6ksEfc45vo=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSK0i5akSq27ghsXLirYBzRpmEwn6ZDJg5mJUEK+wo2/4saFIm7FnX/jNO1CWw9c7uGce5m5x4kp4ULXv5XC2vrG5lZxu7Szu7d/oB4e9XiUMIS7KKIRGziQY0pC3BVEUDyIGYaBQ3Hf8a9nfv8BM06i8F5MY2wF0AuJSxAUUrLVmslJYLoMotQbNbK05Y/OM5NGXsW/rea91vBNLKCtV0cNWy3rdT2HtkqMBSmDBTq2+mWOI5QEOBSIQs6Hhh4LK4VMEERxVjITjmOIfOjhoaQhDDC30vysTDuTylhzIyYrFFqu/t5IYcD5NHDkZADFhC97M/E/b5gIt2WlJIwTgUM0f8hNqCYibZaRNiYMI0GnkkDEiPyrhiZQZiRkkiUZgrF88irpNepGs968uyi3rxZxFMEJOAUVYIBL0AY3oAO6AIFH8AxewZvypLwo78rHfLSgLHaOwR8onz9v4Z47</latexit>

⇠ g2

8k3
log(kL) log(�2k⌘0)

2

<latexit sha1_base64="ltg+91E6sKhHiaqMe+FeqxMelc4="></latexit>

⇠ � 5g2

18k3
log(kL) log(�2k⌘0)

2

<latexit sha1_base64="302RpzvwCIHkuVADim23if0pbQs=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1YUmiVJdFNy4r2Ac0aZhMJ+nQSSbMTIQS8gVu/BU3LhRx69qdf+O0zUJbD1w4nHMv997jJ5QIaZrf2srq2vrGZmmrvL2zu7evHxx2BEs5wm3EKOM9HwpMSYzbkkiKewnHMPIp7vrjm6nffcBcEBbfy0mC3QiGMQkIglJJnl51BImcgEOUhQM7z+zx4Dx3KAtrZ/bYwRJ65unA9vSKWTdnMJaJVZAKKNDy9C9nyFAa4VgiCoXoW2Yi3QxySRDFedlJBU4gGsMQ9xWNYYSFm83eyY2qUoZGwLiqWBoz9fdEBiMhJpGvOiMoR2LRm4r/ef1UBlduRuIklThG80VBSg3JjGk2xpBwjCSdKAIRJ+pWA42gykaqBMsqBGvx5WXSsetWo964u6g0r4s4SuAYnIAasMAlaIJb0AJtgMAjeAav4E170l60d+1j3rqiFTNH4A+0zx/FS5tI</latexit>

⇠ g2

2k3
log(�2k⌘0)

2

• Eg.



30

From Wavefunction to Correlators: One-Loop example for 
<latexit sha1_base64="yrX3aUQFa1n+x1wyKVS+3EsOqL4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpKUoi6LblxWsA9oYphMJ+3QmUyYmQgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0wYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edZVIJSYdLJiQ/RApwmhMOppqRvqJJIiHjPTCyc3M7z0SqaiI73WWEJ+jUUwjipE2UmBXvUTRoPGQe5JD95wJkUwDu+bUnTngKnELUgMF2oH95Q0FTjmJNWZIqYHrJNrPkdQUMzKteKkiCcITNCIDQ2PEifLz+fFTeGqUIYyENBVrOFd/T+SIK5Xx0HRypMdq2ZuJ/3mDVEdXfk7jJNUkxotFUcqgFnCWBBxSSbBmmSEIS2puhXiMJMLa5FUxIbjLL6+SbqPuXtSbd81a67qIowyOwQk4Ay64BC1wC9qgAzDIwDN4BW/Wk/VivVsfi9aSVcxUwR9Ynz8jbJR0</latexit>

 1�loop
2

<latexit sha1_base64="lInSSSd4W06shuQxJO7a5baLJKs=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqA1USKmCsYGEsEn1ITVo5rpNadeLIdpCqKB/Awq+wMIAQKx/Axt/gthmg5UiWjs45V9f3eDGjUpnmt1FYWV1b3yhulra2d3b3yvsHbckTgUkLc8ZF10OSMBqRlqKKkW4sCAo9Rjre+Gbqdx6IkJRH92oSEzdEQUR9ipHS0qBccSQNHV8gnAZ9O0vtcf88cxgPqmf22CEKDcxTnTJr5gxwmVg5qYAczUH5yxlynIQkUpghKXuWGSs3RUJRzEhWchJJYoTHKCA9TSMUEumms2MyeKKVIfS50C9ScKb+nkhRKOUk9HQyRGokF72p+J/XS5R/5aY0ihNFIjxf5CcMKg6nzcAhFQQrNtEEYUH1XyEeId2M0v2VdAnW4snLpG3XrIta/a5eaVzndRTBETgGVWCBS9AAt6AJWgCDR/AMXsGb8WS8GO/GxzxaMPKZQ/AHxucPhkqaog==</latexit>

⇠ g2

2k3
log(�2k⌘0)

<latexit sha1_base64="VssPfRTQ4rN8RK3b0bgk/P/dg/s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A1ONjvo=</latexit>

 4

<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3X

Classical 
loops 

Loops in correlators
<latexit sha1_base64="X6lCWUJxsXRAYwlxAqEsCAeh3Yo="></latexit>

g�3



Wavefunction is IR safe

• What we saw is a consequence of a more 
general result: there are  no IR loop 
divergences in wave function coefficients

Gorbenko and Senatore 2019

• The highest IR divergence terms are in the 
semiclassical wavefunction

• Classical contributions have a IR loop divergence


SC, Davis, Wang (23)<latexit sha1_base64="VzV12YrDfYuvfZYtJEnpj3o8+fw="></latexit>

 [�(~x)] ' exp

✓
� i

~ (S0[�cl] + ~S1[�cl] + . . .

◆

<latexit sha1_base64="/1xnAEXm/GdaAZg2yUb3au+SDKc=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyxiBSkzIlV3BRe6rGAf0A4lk962oZnMkGSEOvRL3LhQxK2f4s6/MZ3OQlsP3MvhnHvJzfEjzpR2nG8rt7K6tr6R3yxsbe/sFu29/aYKY0mhQUMeyrZPFHAmoKGZ5tCOJJDA59Dyxzczv/UIUrFQPOhJBF5AhoINGCXaSD27eFsen3VBk7SdnPbsklNxUuBl4makhDLUe/ZXtx/SOAChKSdKdVwn0l5CpGaUw7TQjRVEhI7JEDqGChKA8pL08Ck+NkofD0JpSmicqr83EhIoNQl8MxkQPVKL3kz8z+vEenDlJUxEsQZB5w8NYo51iGcp4D6TQDWfGEKoZOZWTEdEEqpNVgUTgrv45WXSPK+41Ur1/qJUu87iyKNDdITKyEWXqIbuUB01EEUxekav6M16sl6sd+tjPpqzsp0D9AfW5w/nQ5Hx</latexit>

G(k, ⌘, ⌘0)

<latexit sha1_base64="MDXPnssGxQsLdVOOZyB6xCW1e9E=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BItQQcquSNVbwYvgpYL9kHYp2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1wcDjvRlm5gWx4AZc99vJrayurW/kNwtb2zu7e8X9g6aJEk1Zg0Yi0u2AGCa4Yg3gIFg71ozIQLBWMLqZ+q0npg2P1AOMY+ZLMlA85JSAlR7vyqOzLgNy2iuW3Io7A14mXkZKKEO9V/zq9iOaSKaACmJMx3Nj8FOigVPBJoVuYlhM6IgMWMdSRSQzfjo7eIJPrNLHYaRtKcAz9fdESqQxYxnYTklgaBa9qfif10kgvPJTruIEmKLzRWEiMER4+j3uc80oiLElhGpub8V0SDShYDMq2BC8xZeXSfO84lUr1fuLUu06iyOPjtAxKiMPXaIaukV11EAUSfSMXtGbo50X5935mLfmnGzmEP2B8/kDnDOPnw==</latexit>

K(k, ⌘)
<latexit sha1_base64="5zwHH3J37vh83esA2rjDGVks5nY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItYQUoiUvVW8CJ4qWA/sA1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDlp9MPB4b4aZeX7MmdKO82XllpZXVtfy64WNza3tneLuXlNFiaTYoBGPZNsnCjkT2NBMc2zHEknoc2z5o+up33pEqVgk7vU4Ri8kA8ECRok20sNteXTaRU2OT3rFklNxZrD/EjcjJchQ7xU/u/2IJiEKTTlRquM6sfZSIjWjHCeFbqIwJnREBtgxVJAQlZfOLp7YR0bp20EkTQltz9SfEykJlRqHvukMiR6qRW8q/ud1Eh1ceikTcaJR0PmiIOG2juzp+3afSaSajw0hVDJzq02HRBKqTUgFE4K7+PJf0jyruNVK9e68VLvK4sjDARxCGVy4gBrcQB0aQEHAE7zAq6WsZ+vNep+35qxsZh9+wfr4Bv8Kj9A=</latexit>

K(k, ⌘0)

<latexit sha1_base64="m4kbNraY4ODxmxfGW/6a1sF3tQ4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiVW8FLx4r2A9oQ9lsJ+3azW7Y3Qgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8tUUWxSyaXqhEQjZwKbhhmOnUQhiUOO7XB8O/PbT6g0k+LBTBIMYjIULGKUGCu1emhI3+uXK17Vm8NdJX5OKpCj0S9/9QaSpjEKQznRuut7iQkyogyjHKelXqoxIXRMhti1VJAYdZDNr526Z1YZuJFUtoRx5+rviYzEWk/i0HbGxIz0sjcT//O6qYmug4yJJDUo6GJRlHLXSHf2ujtgCqnhE0sIVcze6tIRUYQaG1DJhuAvv7xKWhdVv1at3V9W6jd5HEU4gVM4Bx+uoA530IAmUHiEZ3iFN0c6L86787FoLTj5zDH8gfP5Ay/rjt0=</latexit>⌘0

<latexit sha1_base64="/1xnAEXm/GdaAZg2yUb3au+SDKc=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyxiBSkzIlV3BRe6rGAf0A4lk962oZnMkGSEOvRL3LhQxK2f4s6/MZ3OQlsP3MvhnHvJzfEjzpR2nG8rt7K6tr6R3yxsbe/sFu29/aYKY0mhQUMeyrZPFHAmoKGZ5tCOJJDA59Dyxzczv/UIUrFQPOhJBF5AhoINGCXaSD27eFsen3VBk7SdnPbsklNxUuBl4makhDLUe/ZXtx/SOAChKSdKdVwn0l5CpGaUw7TQjRVEhI7JEDqGChKA8pL08Ck+NkofD0JpSmicqr83EhIoNQl8MxkQPVKL3kz8z+vEenDlJUxEsQZB5w8NYo51iGcp4D6TQDWfGEKoZOZWTEdEEqpNVgUTgrv45WXSPK+41Ur1/qJUu87iyKNDdITKyEWXqIbuUB01EEUxekav6M16sl6sd+tjPpqzsp0D9AfW5w/nQ5Hx</latexit>

G(k, ⌘, ⌘0)

<latexit sha1_base64="MDXPnssGxQsLdVOOZyB6xCW1e9E=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BItQQcquSNVbwYvgpYL9kHYp2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1wcDjvRlm5gWx4AZc99vJrayurW/kNwtb2zu7e8X9g6aJEk1Zg0Yi0u2AGCa4Yg3gIFg71ozIQLBWMLqZ+q0npg2P1AOMY+ZLMlA85JSAlR7vyqOzLgNy2iuW3Io7A14mXkZKKEO9V/zq9iOaSKaACmJMx3Nj8FOigVPBJoVuYlhM6IgMWMdSRSQzfjo7eIJPrNLHYaRtKcAz9fdESqQxYxnYTklgaBa9qfif10kgvPJTruIEmKLzRWEiMER4+j3uc80oiLElhGpub8V0SDShYDMq2BC8xZeXSfO84lUr1fuLUu06iyOPjtAxKiMPXaIaukV11EAUSfSMXtGbo50X5935mLfmnGzmEP2B8/kDnDOPnw==</latexit>

K(k, ⌘)
<latexit sha1_base64="5zwHH3J37vh83esA2rjDGVks5nY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItYQUoiUvVW8CJ4qWA/sA1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDlp9MPB4b4aZeX7MmdKO82XllpZXVtfy64WNza3tneLuXlNFiaTYoBGPZNsnCjkT2NBMc2zHEknoc2z5o+up33pEqVgk7vU4Ri8kA8ECRok20sNteXTaRU2OT3rFklNxZrD/EjcjJchQ7xU/u/2IJiEKTTlRquM6sfZSIjWjHCeFbqIwJnREBtgxVJAQlZfOLp7YR0bp20EkTQltz9SfEykJlRqHvukMiR6qRW8q/ud1Eh1ceikTcaJR0PmiIOG2juzp+3afSaSajw0hVDJzq02HRBKqTUgFE4K7+PJf0jyruNVK9e68VLvK4sjDARxCGVy4gBrcQB0aQEHAE7zAq6WsZ+vNep+35qxsZh9+wfr4Bv8Kj9A=</latexit>

K(k, ⌘0)

<latexit sha1_base64="m4kbNraY4ODxmxfGW/6a1sF3tQ4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiVW8FLx4r2A9oQ9lsJ+3azW7Y3Qgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8tUUWxSyaXqhEQjZwKbhhmOnUQhiUOO7XB8O/PbT6g0k+LBTBIMYjIULGKUGCu1emhI3+uXK17Vm8NdJX5OKpCj0S9/9QaSpjEKQznRuut7iQkyogyjHKelXqoxIXRMhti1VJAYdZDNr526Z1YZuJFUtoRx5+rviYzEWk/i0HbGxIz0sjcT//O6qYmug4yJJDUo6GJRlHLXSHf2ujtgCqnhE0sIVcze6tIRUYQaG1DJhuAvv7xKWhdVv1at3V9W6jd5HEU4gVM4Bx+uoA530IAmUHiEZ3iFN0c6L86787FoLTj5zDH8gfP5Ay/rjt0=</latexit>⌘0

<latexit sha1_base64="BOhGVvYofzibsCpDOf0Y53rImQ0="></latexit>g <latexit sha1_base64="BOhGVvYofzibsCpDOf0Y53rImQ0="></latexit>g

<latexit sha1_base64="BOhGVvYofzibsCpDOf0Y53rImQ0="></latexit>g<latexit sha1_base64="BOhGVvYofzibsCpDOf0Y53rImQ0="></latexit>g



• To compare to the stochastic formalism let us take a 
look at the long wavelength correlation functions.

<latexit sha1_base64="gFWmTfnMcxDCVVsgXiEKie+IWqo=">AAACBXicbVDLSsNAFJ34rPEVdamLwSLUhSURqboQCm4quKhiH9DGMJlO2qEzSZiZCCVk48ZfceNCEbf+gzv/xqTNQlsPXDiccy/33uOGjEplmt/a3PzC4tJyYUVfXVvf2DS2tpsyiAQmDRywQLRdJAmjPmkoqhhph4Ig7jLScoeXmd96IELSwL9To5DYHPV96lGMVCo5xt61E3cFh1e3yX18ZCXwAqKScughrOm6YxTNsjkGnCVWToogR90xvrq9AEec+AozJGXHMkNlx0goihlJ9G4kSYjwEPVJJ6U+4kTa8fiLBB6kSg96gUjLV3Cs/p6IEZdyxN20kyM1kNNeJv7ndSLlndkx9cNIER9PFnkRgyqAWSSwRwXBio1SgrCg6a0QD5BAWKXBZSFY0y/PkuZx2aqUKzcnxep5HkcB7IJ9UAIWOAVVUAN10AAYPIJn8AretCftRXvXPiatc1o+swP+QPv8AX7llfk=</latexit>

L
�1
IR = a(ti)H

<latexit sha1_base64="CPXU5h0OAyPuXqkGNLENHWMLhsI="></latexit>

h�2
l i =

H
2

4⇡2
log a(t)

<latexit sha1_base64="zJWmf1AzB2QOO5Hn/RZX699U99k="></latexit>

⇤(t) = ✏a(t)H

<latexit sha1_base64="LvO/D3mubFAP50txsvZ5Vd4YXMA="></latexit>

�
2 ⌘ h�l(x = 0)2i =

Z

k

⌦⇤(k)

2Re 2(k)
=

H
2

4⇡2
log(⇤LIR) .

UV

IR

• Thus

<latexit sha1_base64="cLo3XR0AsDR/A/OWAy0sMTSJTus="></latexit>

⌦⇤
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Power counting argument
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Semiclassical limit
• We have seen that the semiclassical wavefunction grows 

larger than all quantum corrections


• We can understand this as defining the coupling
<latexit sha1_base64="4Zfs0YYkdgOrRtwA30BDkiOuB0M="></latexit>

�̃ = �(log a)2

<latexit sha1_base64="motW7kKZw7Ud0FQpU1mDcpbDFAY="></latexit>

 ⇠ exp

✓
iS̃ +

i

a
S̃1 +O(a�2)

◆

• In the limit                                                 the semiclassical 
action dominates and we can neglect quantum corrections
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Beyond perturbation theory



• We can remove the short wavelength modes directly from the 
partition function and consider a simpler object
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Beyond perturbation 
theory

• This is the semiclassical limit of
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• We can remove the short wavelength modes directly from the 
partition function and consider a simpler object
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Beyond perturbation 
theory

• The time derivative is
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• The partial derivative is given by the Hamiltonian unitary evolution

Fokker-Planck from the 
wave function
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• Can be written as a field derivative over the long wavelength 
momentum
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• In general  this term is non linear
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Polchinski RG equation
• In QFT one can study the effect of removing high energy 

modes directly from the regulated generating functional
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• Moving the cutt-off doesn’t affect observable thus,
<latexit sha1_base64="PfgGbwmeom2hKQD2OF7H6JFKpzc="></latexit>

⇤
d

d⇤
Z⇤ = 0

• This implies an equation for the interactions
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Polchinski RG equation

• If we rewrite it as,
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Figure 6: A schematic representation of the renormalization group equation for the ef-

fective interactions when the scale is lowered infinitesimally. Here the dashed line is a

propagator of the mode with energy ⇤ that is being integrated out, while the external lines

represent the number of low–energy fields at each vertex. All these external fields are eval-

uated at the same point x The total number of fields attached to a vertex is indicated by

the subscripts on the couplings gi.

the case that we lower the scale only infinitesimally, setting ⇤ = ⇤0 � ⌅⇤. To lowest order

in ⌅⇤, the ↵ propagator reduces to25
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as the range of momenta shrinks down, where d⇧ denotes an integral over a unit (d� 1)-

sphere in momentum space. This is a huge simplification! Since every ↵ propagator comes

with a factor of ⌅⇤, to lowest order in ⌅⇤ we need only consider diagrams with a single

↵ propagator. Since ⌦ is treated as an external field, we have only two possible classes of

diagram: either the ↵ propagator links together two separate vertices in Sint[⌦,↵] or else

it joins a single vertex to itself.

This diagrammatic represention of the process of integrating out degrees of freedom

is shown in figure 6. It has a very clear intuitive meaning. The mode ↵ appearing in the

propagator is the highest energy mode in the original scale ⇤0 theory. It thus probes the

shortest distances we can reliably access using Se⇤
⇥0
. When we integrate this mode out,

we can no longer resolve distances 1/⇤0 and our view of the ‘local’ interaction vertices is

correspondingly blurred. The graphs on the rhs of figure 6 represent new contributions to

the n–point ⌦ vertex in the lower scale theory coming respectively from two nearby vertices

joined by a ↵ field, or a higher point vertex with a ↵ loop attached. Below scale ⇤0 we

image that we are unable to resolve the short distance ↵ propagator.

We can write an equation for the change in the e⌃ective action that captures the

information in the Feynman diagrams in figure 6. It was obtained by Polchinski26, and

is really just the infinitesimal version of Wilson’s renormalization group equation (5.4) for

the e⌃ective action. Polchinski’s equation is
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25To lowest order, it doesn’t matter whether we use �0 or � in this expression.
26Polchinski actually wrote a slightly more general version of the momentum space version of this equation,

including source terms
�
J⇥ in the e⇥ective action.
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• Flow equation for integrating out high energy degrees of 
freedom



Polchinsky equation for 
correlators

• In the case of cosmology we have to taken into account the different contour
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• This implies a Polchinsky RG type equation.
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P⇤[�, t] = eW0[�]+WI [�]• At tree level we can use  that for
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• Extra boundary terms, allows matching with correlation functions



Fokker-Planck equation

• Joining both terms we recover the Fokker-Planck 
equation
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• The Polchinski equation can be rewritten as



Fokker-Planck equation
• Joining both terms we recover the usual 

Fokker-Planck equation

• We can check by solving in perturbation theory

• Higher order quantum corrections are subleading and not 
considered in this equation. See however

SC, Davis, Wang 2023

Starobinsky ’83,  
Starobinsky and Yokoyama ‘92

Gorbenko and Senatore ’19 
Mirbabayi ’20 

Green and Cohen ‘21

<latexit sha1_base64="eLhkLQQgHTDtDjHLsK4HEHKbrCM="></latexit>

d

dt
P⇤[�, t] =

@

@�

✓
V�

3H
P⇤

◆
+

H
3

8⇡2

@
2
P⇤

@�2

Matches with classical loops
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Quantum corrections
• In order to go beyond the semiclassical wavefunction we 

need to to compute the 2PI effective action

• The effect of the long modes acts as a mass for the short 
modes dressing the propagators

• This changes the diffusion term
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Conclussions
• We have showed how to recover the Fokker-Planck equation from 

the wavefunction of the universe approach


• The relation between the semiclassical action and the stochastic 
theory becomes manifest


• The resumption of IR divergent terms is achieved through a 
Fokker-Planck equation


• This approach is non perturbative and can help to compute the 
whole PDF for a given EFT


• Many directions to follow (compute corrections, phenomenological 
implications)



In-In formalism
• This method is equivalent to the usual in-in formalism.


• Defining the partition function
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• Solving the e.o.m with sources 
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• This leads to



in agreement with Baumgart, Sundrum 2019 

General loop results

IR-divergent correlators are always dominated by Classical loops

IR divergence Superhorizon 
physics

Semi-
classical 
effect






