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Fundamental theories of nature are quantum, but systems can have a different level of quantumness:
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Even if they are small, quantum effects accumulate over time. To use Classical Evolution, the sum of 
those effects has to be negligible over the time-scale we are considering!
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Fundamental theories of nature are quantum, but systems can have a different level of quantumness:

Low level of ‘quantumness’

- Highly Quantum

Classical  
Evolution

Quantum  
Evolution

Even if they are small, quantum effects accumulate over time. To use Classical Evolution, the sum of 
those effects has to be negligible over the time-scale we are considering!

Low level of ‘quantumness’ Classical  
Evolution

Quantum

Corrections to Classical Evolution could be relevant for BH, De Sitter and Inflation: Depletion of De Sitter, 
Non-Thermal corrections to Hawking radiation,…

(See Dvali, Gomez, arXiv:1312.4795; Dvali, Gomez, Zell, arXiv:1701.08776) 
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�̂(t0, x) =
<latexit sha1_base64="NAvchfO0pAeTif5aLs32/oxaNRs=">AAACB3icbVDLSgNBEJz1GeNrNUcvg0GIIGE3CnoRgl48RjAPSELonXSSIbMPZnrFsOQD/AqvevImXv0MD/6Lm5iDJtapqOqmq8uLlDTkOJ/W0vLK6tp6ZiO7ubW9s2vv7ddMGGuBVRGqUDc8MKhkgFWSpLARaQTfU1j3htcTv36P2sgwuKNRhG0f+oHsSQGUSh071xoAJa1oIMcF6jgnD8eXvGPnnaIzBV8k7ozk2QyVjv3V6oYi9jEgocCYputE1E5AkxQKx9lWbDACMYQ+NlMagI+mnUzDj/lRbIBCHqHmUvGpiL83EvCNGfleOukDDcy8NxH/85ox9S7aiQyimDAQk0MkFU4PGaFl2gryrtRIBJPkyGXABWggQi05CJGKcVpTNu3Dnf9+kdRKRfe0WLo9y5evZs1k2AE7ZAXmsnNWZjeswqpMsBF7Ys/sxXq0Xq036/1ndMma7eTYH1gf30lbmHU=</latexit>

�cl(t0, x)
<latexit sha1_base64="hDluKoW1eQ5CmYZvHcAv+pWx8us=">AAACBnicbVC7TsNAEDzzDOEVQklzIkIKEorsgARlBA1lkMhDSiLrfNkkp5zP1t0aJbLS8xW0UNEhWn6Dgn/BNikgYarRzK52drxQCoO2/WmtrK6tb2zmtvLbO7t7+4WDYtMEkebQ4IEMdNtjBqRQ0ECBEtqhBuZ7Elre+Cb1Ww+gjQjUPU5D6PlsqMRAcIaJ5BaKcTccCTfmcjYro2ufTU7dQsmu2BnoMnHmpETmqLuFr24/4JEPCrlkxnQcO8RezDQKLmGW70YGQsbHbAidhCrmg+nFWfYZPYkMw4CGoKmQNBPh90bMfGOmvpdM+gxHZtFLxf+8ToSDq14sVBghKJ4eQiEhO2S4FkkpQPtCAyJLkwMVinKmGSJoQRnniRglLeWTPpzF75dJs1pxzivVu4tS7XreTI4ckWNSJg65JDVyS+qkQTiZkCfyTF6sR+vVerPef0ZXrPnOIfkD6+Mbay+Ymw==</latexit>

ˆ��cl(t0, x)
<latexit sha1_base64="0TrZGuY5BCeOlGaeiXkXSEOAL9s=">AAACEnicbVDLSgNBEJyN7/iKehRkMAgKEnajoEfRi8cIJgrZsPROWjNk9sFMrxiWvfkJfoVXPXkTr/6AB//FzboHX3UqqrrprvJjJQ3Z9rtVmZicmp6ZnavOLywuLddWVjsmSrTAtohUpC99MKhkiG2SpPAy1giBr/DCH56M/Ysb1EZG4TmNYuwFcB3KKymAcsmrbbgDoDR1+6gIMjceSC8VKsu2ybN3b3e8Wt1u2AX4X+KUpM5KtLzah9uPRBJgSEKBMV3HjqmXgiYpFGZVNzEYgxjCNXZzGkKAppcWOTK+lRigiMeouVS8EPH7RgqBMaPAzycDoIH57Y3F/7xuQleHvVSGcUIYivEhkgqLQ0ZomReEvC81EsH4c+Qy5AI0EKGWHITIxSRvrJr34fxO/5d0mg1nr9E8268fHZfNzLJ1tsm2mcMO2BE7ZS3WZoLdsQf2yJ6se+vZerFev0YrVrmzxn7AevsEXAGeCg==</latexit>

+
<latexit sha1_base64="G1rj6/R9XWd/04jU8KF0JaFodqw=">AAAB83icbVBNS8NAFNzUr1q/qh69LBZBEEpSBT0WvXhswdpCG8pm+1qXbjZh961QQn+BVz15E6/+IA/+F5OYg7bOaZh5jzdvglgKg6776ZRWVtfWN8qbla3tnd296v7BvYms5tDhkYx0L2AGpFDQQYESerEGFgYSusH0JvO7j6CNiNQdzmLwQzZRYiw4w1Rqnw2rNbfu5qDLxCtIjRRoDatfg1HEbQgKuWTG9D03Rj9hGgWXMK8MrIGY8SmbQD+lioVg/CQPOqcn1jCMaAyaCklzEX5vJCw0ZhYG6WTI8MEsepn4n9e3OL7yE6Fii6B4dgiFhPyQ4VqkDQAdCQ2ILEsOVCjKmWaIoAVlnKeiTSuppH14i98vk/tG3TuvN9oXteZ10UyZHJFjcko8ckma5Ja0SIdwAuSJPJMXxzqvzpvz/jNacoqdQ/IHzsc3D9SROA==</latexit>

Classical configuration: vacuum Fluctuations defined on the ‘new’ vacuum

Semiclassical Approximation is the first approach to compute quantum corrections to classical 
systems:
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�̂(t0, x) =
<latexit sha1_base64="NAvchfO0pAeTif5aLs32/oxaNRs=">AAACB3icbVDLSgNBEJz1GeNrNUcvg0GIIGE3CnoRgl48RjAPSELonXSSIbMPZnrFsOQD/AqvevImXv0MD/6Lm5iDJtapqOqmq8uLlDTkOJ/W0vLK6tp6ZiO7ubW9s2vv7ddMGGuBVRGqUDc8MKhkgFWSpLARaQTfU1j3htcTv36P2sgwuKNRhG0f+oHsSQGUSh071xoAJa1oIMcF6jgnD8eXvGPnnaIzBV8k7ozk2QyVjv3V6oYi9jEgocCYputE1E5AkxQKx9lWbDACMYQ+NlMagI+mnUzDj/lRbIBCHqHmUvGpiL83EvCNGfleOukDDcy8NxH/85ox9S7aiQyimDAQk0MkFU4PGaFl2gryrtRIBJPkyGXABWggQi05CJGKcVpTNu3Dnf9+kdRKRfe0WLo9y5evZs1k2AE7ZAXmsnNWZjeswqpMsBF7Ys/sxXq0Xq036/1ndMma7eTYH1gf30lbmHU=</latexit>

�cl(t0, x)
<latexit sha1_base64="hDluKoW1eQ5CmYZvHcAv+pWx8us=">AAACBnicbVC7TsNAEDzzDOEVQklzIkIKEorsgARlBA1lkMhDSiLrfNkkp5zP1t0aJbLS8xW0UNEhWn6Dgn/BNikgYarRzK52drxQCoO2/WmtrK6tb2zmtvLbO7t7+4WDYtMEkebQ4IEMdNtjBqRQ0ECBEtqhBuZ7Elre+Cb1Ww+gjQjUPU5D6PlsqMRAcIaJ5BaKcTccCTfmcjYro2ufTU7dQsmu2BnoMnHmpETmqLuFr24/4JEPCrlkxnQcO8RezDQKLmGW70YGQsbHbAidhCrmg+nFWfYZPYkMw4CGoKmQNBPh90bMfGOmvpdM+gxHZtFLxf+8ToSDq14sVBghKJ4eQiEhO2S4FkkpQPtCAyJLkwMVinKmGSJoQRnniRglLeWTPpzF75dJs1pxzivVu4tS7XreTI4ckWNSJg65JDVyS+qkQTiZkCfyTF6sR+vVerPef0ZXrPnOIfkD6+Mbay+Ymw==</latexit>

ˆ��cl(t0, x)
<latexit sha1_base64="0TrZGuY5BCeOlGaeiXkXSEOAL9s=">AAACEnicbVDLSgNBEJyN7/iKehRkMAgKEnajoEfRi8cIJgrZsPROWjNk9sFMrxiWvfkJfoVXPXkTr/6AB//FzboHX3UqqrrprvJjJQ3Z9rtVmZicmp6ZnavOLywuLddWVjsmSrTAtohUpC99MKhkiG2SpPAy1giBr/DCH56M/Ysb1EZG4TmNYuwFcB3KKymAcsmrbbgDoDR1+6gIMjceSC8VKsu2ybN3b3e8Wt1u2AX4X+KUpM5KtLzah9uPRBJgSEKBMV3HjqmXgiYpFGZVNzEYgxjCNXZzGkKAppcWOTK+lRigiMeouVS8EPH7RgqBMaPAzycDoIH57Y3F/7xuQleHvVSGcUIYivEhkgqLQ0ZomReEvC81EsH4c+Qy5AI0EKGWHITIxSRvrJr34fxO/5d0mg1nr9E8268fHZfNzLJ1tsm2mcMO2BE7ZS3WZoLdsQf2yJ6se+vZerFev0YrVrmzxn7AevsEXAGeCg==</latexit>

+
<latexit sha1_base64="G1rj6/R9XWd/04jU8KF0JaFodqw=">AAAB83icbVBNS8NAFNzUr1q/qh69LBZBEEpSBT0WvXhswdpCG8pm+1qXbjZh961QQn+BVz15E6/+IA/+F5OYg7bOaZh5jzdvglgKg6776ZRWVtfWN8qbla3tnd296v7BvYms5tDhkYx0L2AGpFDQQYESerEGFgYSusH0JvO7j6CNiNQdzmLwQzZRYiw4w1Rqnw2rNbfu5qDLxCtIjRRoDatfg1HEbQgKuWTG9D03Rj9hGgWXMK8MrIGY8SmbQD+lioVg/CQPOqcn1jCMaAyaCklzEX5vJCw0ZhYG6WTI8MEsepn4n9e3OL7yE6Fii6B4dgiFhPyQ4VqkDQAdCQ2ILEsOVCjKmWaIoAVlnKeiTSuppH14i98vk/tG3TuvN9oXteZ10UyZHJFjcko8ckma5Ja0SIdwAuSJPJMXxzqvzpvz/jNacoqdQ/IHzsc3D9SROA==</latexit>

Classical configuration: vacuum Fluctuations defined on the ‘new’ vacuum

Semiclassical Approximation is the first approach to compute quantum corrections to classical 
systems:

�̂(t > tqb) =?
<latexit sha1_base64="YAfX6NQ3uPpvsKwSuR9GO59GTyA=">AAACCnicbVDLTgJBEJz1ifhCTbx4mUhM8EJ20UQvKtGLR0zkkQAhvUMDE2YfzvSakJU/8Cu86smb8epPePBfXJCDgnWqVHWnq8sNlTRk25/W3PzC4tJyaiW9ura+sZnZ2q6YINICyyJQga65YFBJH8skSWEt1Aieq7Dq9q9GfvUetZGBf0uDEJsedH3ZkQIokVqZ3UYPKG6EPTnM0Tm14jt3eHh20cpk7bw9Bp8lzoRk2QSlVuar0Q5E5KFPQoExdccOqRmDJikUDtONyGAIog9drCfUBw9NMx7nH/KDyAAFPETNpeJjEX9vxOAZM/DcZNID6plpbyT+59Uj6pw2Y+mHEaEvRodIKhwfMkLLpBjkbamRCEbJkUufC9BAhFpyECIRo6SpdNKHM/39LKkU8s5RvnBznC1eTppJsT22z3LMYSesyK5ZiZWZYA/siT2zF+vRerXerPef0TlrsrPD/sD6+AaZdZpb</latexit>

1) The original classical background is not a 
reliable vacuum anymore

2) Higher-order correlators start to dominate 
the dynamics (loss of coherence). 

ti
m

e
 Inconsistencies arising at higher order, 

which you cannot see in a semiclassical 
analysis
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 Background: Vacuum  Background: Coherent state of zero momentum  
of-shell particles built on the true vacuum

Going beyond the semiclassical approximation means to ‘resolve’ the structure of the ‘vacuum’

Example: Perturbations in de Sitter are constituents of the ground state that annihilate 
into excited particles.             (Depletion of de Sitter background)

(Fig. from Dvali, Gomez, Zell, arXiv:1701.08776)  
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 Background: Vacuum  Background: Coherent state of zero momentum  
of-shell particles built on the true vacuum

Going beyond the semiclassical approximation means to ‘resolve’ the structure of the ‘vacuum’

Estimates obtained in S-matrix: Can we rigorously compute them?

Example: Perturbations in de Sitter are constituents of the ground state that annihilate 
into excited particles.             (Depletion of de Sitter background)

(Fig. from Dvali, Gomez, Zell, arXiv:1701.08776)  
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‘Def’: State of Minimal indetermination and Eigenstate of the annihilation operator

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>
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‘Intuitive def’: The most Classical States you can build and represent a quantum 
counterpart to the concept of a ‘Classical system’
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|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>



 5

‘Intuitive def’: The most Classical States you can build and represent a quantum 
counterpart to the concept of a ‘Classical system’

‘Def’: State of Minimal indetermination and Eigenstate of the annihilation operator

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>

Why Coherent States:

1) Tool to understand quantum corrections to classical dynamics

2) They provide a full set of initial conditions for our system. 
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interacting vacuum of 
the theory

C-numbers

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>
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interacting vacuum of 
the theory

C-numbers

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>

hC|�̂(x, 0)�̂(y, 0)|Ci = �2
0 + h⌦|�̂(x, 0)�̂(y, 0)|⌦i

<latexit sha1_base64="jwKLN55LzeYe9gb7MESwZryHQ44="></latexit>

hC|⇡̂(x, 0)⇡̂(y, 0)|Ci = ⇡2
0 + h⌦|⇡̂(x, 0)⇡̂(y, 0)|⌦i

<latexit sha1_base64="XYpi8YI0dRj32/IPJjhCQ9NWTQ0="></latexit>

       is a Condensate of Scalar Bosons with n≥2 n-point functions initialized in the 
interacting vacuum.

|Ci
<latexit sha1_base64="7uPCK+qWM4F3N6rwPfL1vVx2+i0=">AAAB+3icbVA9TwJBEN3DL8Qv1NJmIzGxIndIoiUJjSUm8mHgQuaWATfs7V1250wI8itstbIztv4YC/+Ld0ih4Kte3pvJvHlBrKQl1/10cmvrG5tb+e3Czu7e/kHx8Khlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7GNczv/2AxspI39IkRj+EkZZDKYBS6e6x3jOgRwr7xZJbdufgq8RbkBJboNEvfvUGkUhC1CQUWNv13Jj8KRiSQuGs0EssxiDGMMJuSjWEaP3pPPCMnyUWKOIxGi4Vn4v4e2MKobWTMEgnQ6B7u+xl4n9eN6HhlT+VOk4ItcgOkVQ4P2SFkWkTyAfSIBFkyZFLzQUYIEIjOQiRiklaTSHtw1v+fpW0KmXvoly5qZZq1UUzeXbCTtk589glq7Fr1mBNJljIntgze3Fmzqvz5rz/jOacxc4x+wPn4xuSbpTj</latexit>

hC|⇡̂(x, 0)|Ci = ⇡0
<latexit sha1_base64="s98bI/L3jupDSA1Ps5431iozrsQ=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBAVJOxGQS+CkItHBaNCNoTesY2Ds7PLTK8om3yCn+BXeNWTN/HqwYP/4mzMwVediqpuuquiVElLvv/ujYyOjU9MlqbK0zOzc/OVhcUTm2RGYFMkKjFnEVhUUmOTJCk8Sw1CHCk8ja4ahX96jcbKRB/TbYrtGLpaXkgB5KROZS1UoLsKeaMXXgLlYSr76zeb/kavEZqBs+ekjt+pVP2aPwD/S4IhqbIhDjuVj/A8EVmMmoQCa1uBn1I7B0NSKOyXw8xiCuIKuthyVEOMtp0PAvX5amaBEp6i4VLxgYjfN3KIrb2NIzcZA13a314h/ue1MrrYbedSpxmhFsUhki58ccgKI11TyM+lQSIoPkcuNRdggAiN5CCEEzNXXdn1EfxO/5ec1GvBVq1+tF3d3x42U2LLbIWts4DtsH12wA5Zkwl2xx7YI3vy7r1n78V7/Rod8YY7S+wHvLdP80Kg2g==</latexit>

hC|�̂(x, 0)|Ci = �0
<latexit sha1_base64="V2AlUzXmlqKhK9MQINygTAJqU7w=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBAUJOxGQS9CIBePEUwiZEPoHdtkcHZ2mekVZZNv8BP8Cq968iZexYP/4m7MwVediqpuuquCWElLrvvuTE3PzM7NFxaKi0vLK6ultfWWjRIjsCkiFZnzACwqqbFJkhSexwYhDBS2g6t67rev0VgZ6TO6jbEbQl/LSymAMqlX2vUV6L5CXh/6A6DUjwdytHOz5+4O674ZW8e51nN7pbJbccfgf4k3IWU2QaNX+vAvIpGEqEkosLbjuTF1UzAkhcJR0U8sxiCuoI+djGoI0XbTcaQR304sUMRjNFwqPhbx+0YKobW3YZBNhkAD+9vLxf+8TkKXR91U6jgh1CI/RDKLnx+ywsisK+QX0iAR5J8jl5oLMECERnIQIhOTrLxi1of3O/1f0qpWvP1K9fSgXDuYNFNgm2yL7TCPHbIaO2EN1mSC3bEH9sienHvn2XlxXr9Gp5zJzgb7AeftE6Caob4=</latexit>

Initial conditions from the state:
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An example of a theory where we know what processes between constituents we should 
expect.

Message: by defining the state, we have a clear view of quantum effects and their 
consistency

L =
1

2
(@�)2 � 1

2
m2�2 � �

4
�4

<latexit sha1_base64="xgHFApLeaULD8sY1BPgLouwm5oA="></latexit>

|Ci = e�i
R
d3x�0⇡̂(x,t0)|⌦i

<latexit sha1_base64="i1uc5ujmuCFEgSBRtW9rpQ9lRp0="></latexit>

1) Dynamics of the State 
(Back-reaction)

2) Consistency of the State



1) Dynamics: back-reaction as depletion of the Coherent state

 8

hC|�̂(x, t)|Ci = �(t)
<latexit sha1_base64="KMKFxsytEVjc2FBKzkM6x3Ol35w=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBCiSNiNgl6EYC4eIxgVsiH0jm0yODu7zPSKsuYf/AS/wquevIlXPfgv7sYcfNWpqOqmuyqIlbTkuu/O2PjE5NR0YaY4Oze/sFhaWj6xUWIEtkSkInMWgEUlNbZIksKz2CCEgcLT4LKR+6dXaKyM9DHdxNgJoaflhRRAmdQtbfoKdE8hb9z6faDUj/tyULneoo3bhm+G1r7f7MsKbXRLZbfqDsH/Em9EymyEZrf04Z9HIglRk1BgbdtzY+qkYEgKhYOin1iMQVxCD9sZ1RCi7aTDTAO+nligiMdouFR8KOL3jRRCa2/CIJsMgfr2t5eL/3nthC72OqnUcUKoRX6IZJY/P2SFkVlZyM+lQSLIP0cuNRdggAiN5CBEJiZZe8WsD+93+r/kpFb1tqu1o51y/WDUTIGtsjVWYR7bZXV2yJqsxQS7Yw/skT05986z8+K8fo2OOaOdFfYDztsnaX+iMA==</latexit>

Back-ground field method to compute the time-evolution:

⇤�̂+m2�̂+
�

3!
�̂3 = 0

<latexit sha1_base64="G+SwvZJEHHtn98CNQBfGpZOLDrA="></latexit>

�̂ = �+  ̂, hC| ̂(x, t)|Ci = 0
<latexit sha1_base64="vyYFeb23QHTKvHf5WpH8A6C3gZ8="></latexit>



1) Dynamics: back-reaction as depletion of the Coherent state
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hC|�̂(x, t)|Ci = �(t)
<latexit sha1_base64="KMKFxsytEVjc2FBKzkM6x3Ol35w=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBCiSNiNgl6EYC4eIxgVsiH0jm0yODu7zPSKsuYf/AS/wquevIlXPfgv7sYcfNWpqOqmuyqIlbTkuu/O2PjE5NR0YaY4Oze/sFhaWj6xUWIEtkSkInMWgEUlNbZIksKz2CCEgcLT4LKR+6dXaKyM9DHdxNgJoaflhRRAmdQtbfoKdE8hb9z6faDUj/tyULneoo3bhm+G1r7f7MsKbXRLZbfqDsH/Em9EymyEZrf04Z9HIglRk1BgbdtzY+qkYEgKhYOin1iMQVxCD9sZ1RCi7aTDTAO+nligiMdouFR8KOL3jRRCa2/CIJsMgfr2t5eL/3nthC72OqnUcUKoRX6IZJY/P2SFkVlZyM+lQSLIP0cuNRdggAiN5CBEJiZZe8WsD+93+r/kpFb1tqu1o51y/WDUTIGtsjVWYR7bZXV2yJqsxQS7Yw/skT05986z8+K8fo2OOaOdFfYDztsnaX+iMA==</latexit>

Back-ground field method to compute the time-evolution:

⇤�̂+m2�̂+
�

3!
�̂3 = 0

<latexit sha1_base64="G+SwvZJEHHtn98CNQBfGpZOLDrA="></latexit>

(

<latexit sha1_base64="xt+CAbeKOJnqHMVf9U5MdBf2DOs=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIDEpQRNJRBIiFRbEXny8accmdbd2ukyMpX0EJFh2j5GAr+Bdu4gISpRjO72tnxYykM2vanVVlZXVvfqG7WtrZ3dvfq+wc9EyWaQ5dHMtJ9nxmQIoQuCpTQjzUw5Uu496fXuX//CNqIKLzDWQyeYkEoJoIzzKSBeyWCQLspHdUbdtMuQJeJU5IGKdEZ1b/cccQTBSFyyYwZOnaMXso0Ci5hXnMTAzHjUxbAMKMhU2C8tAg8pyeJYRjRGDQVkhYi/N5ImTJmpvxsUjF8MIteLv7nDROcXHqpCOMEIeT5IRQSikOGa5E1AXQsNCCyPDlQEVLONEMELSjjPBOTrJpa1oez+P0y6bWazlmzdXveaA/KZqrkiByTU+KQC9ImN6RDuoQTRZ7IM3mx5tar9Wa9/4xWrHLnkPyB9fENFrKUsg==</latexit>

Quantum source

Classical solution

�̈+m2�+
�

3!
�3 +

�

2
hC| ̂(x, t)2|Ci+O(~2) = 0

<latexit sha1_base64="T2KwxcIHi5HvM4D3Husb07tLqpY="></latexit>

✓
⇤x,t +m2 +

�

2
�(t)2

◆
hC| ̂(x, t) ̂(t, y0)|Ci+O(~2) = 0

<latexit sha1_base64="0i5KRWsECkV5mq7Z4UpDI3kOyt4="></latexit>

�̂ = �+  ̂, hC| ̂(x, t)|Ci = 0
<latexit sha1_base64="vyYFeb23QHTKvHf5WpH8A6C3gZ8="></latexit>

The state gives the initial conditions to solve the system
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�
@2
t +m2

ph

�
�(t) +

�

3!
�3(t) = �2�(t)S1(t) + �3�(t)S2(t) + �4�(t)S3(t) + ...

<latexit sha1_base64="lrQgeaQ/I1VThCoqfZFZ6E3YOME="></latexit>

Sn(t0) =

Z t0

0
dt1...

Z tn�1

0
dtn�

2(t1)...�
2(tn)Dn(t, t1, ..., tn)

<latexit sha1_base64="vsLBpJNt1x0qNo1zCwVAeyhKLAY="></latexit>

Quantum λ2 source Quantum λ3 source Quantum λ4 source 

(

<latexit sha1_base64="xt+CAbeKOJnqHMVf9U5MdBf2DOs=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIDEpQRNJRBIiFRbEXny8accmdbd2ukyMpX0EJFh2j5GAr+Bdu4gISpRjO72tnxYykM2vanVVlZXVvfqG7WtrZ3dvfq+wc9EyWaQ5dHMtJ9nxmQIoQuCpTQjzUw5Uu496fXuX//CNqIKLzDWQyeYkEoJoIzzKSBeyWCQLspHdUbdtMuQJeJU5IGKdEZ1b/cccQTBSFyyYwZOnaMXso0Ci5hXnMTAzHjUxbAMKMhU2C8tAg8pyeJYRjRGDQVkhYi/N5ImTJmpvxsUjF8MIteLv7nDROcXHqpCOMEIeT5IRQSikOGa5E1AXQsNCCyPDlQEVLONEMELSjjPBOTrJpa1oez+P0y6bWazlmzdXveaA/KZqrkiByTU+KQC9ImN6RDuoQTRZ7IM3mx5tar9Wa9/4xWrHLnkPyB9fENFrKUsg==</latexit>

1) 1-point and 2-point functions contain all ℏ the 

information on the system 

3) Re-sum Classical non-linearities but not quantum non-
linearities 

2) Semiclassical modes gives the 1-loop back reaction

We solve the second equation perturbatively in λ and plug in the first equation
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<latexit sha1_base64="lrQgeaQ/I1VThCoqfZFZ6E3YOME="></latexit>
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0
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0
dtn�

2(t1)...�
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<latexit sha1_base64="vsLBpJNt1x0qNo1zCwVAeyhKLAY="></latexit>

Quantum λ2 source Quantum λ3 source Quantum λ4 source 

(

<latexit sha1_base64="xt+CAbeKOJnqHMVf9U5MdBf2DOs=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIDEpQRNJRBIiFRbEXny8accmdbd2ukyMpX0EJFh2j5GAr+Bdu4gISpRjO72tnxYykM2vanVVlZXVvfqG7WtrZ3dvfq+wc9EyWaQ5dHMtJ9nxmQIoQuCpTQjzUw5Uu496fXuX//CNqIKLzDWQyeYkEoJoIzzKSBeyWCQLspHdUbdtMuQJeJU5IGKdEZ1b/cccQTBSFyyYwZOnaMXso0Ci5hXnMTAzHjUxbAMKMhU2C8tAg8pyeJYRjRGDQVkhYi/N5ImTJmpvxsUjF8MIteLv7nDROcXHqpCOMEIeT5IRQSikOGa5E1AXQsNCCyPDlQEVLONEMELSjjPBOTrJpa1oez+P0y6bWazlmzdXveaA/KZqrkiByTU+KQC9ImN6RDuoQTRZ7IM3mx5tar9Wa9/4xWrHLnkPyB9fENFrKUsg==</latexit>

1) 1-point and 2-point functions contain all ℏ the 

information on the system 

3) Re-sum Classical non-linearities but not quantum non-
linearities 

2) Semiclassical modes gives the 1-loop back reaction

We solve the second equation perturbatively in λ and plug in the first equation

� ⇠ �4�6
0

m5
~

<latexit sha1_base64="Gpk/uva5uKlzcrUBzXXc0sBNFJ8=">AAACIHicbVC7TsNAEDzzDOEVoKQ5ESFRoMgO4VFGUEAJEgGkOInWl01yyp1t3a2RIis/wSfwFbRQ0SFKkPgXnJCC11SjmR3t7gSxkpZc982Zmp6ZnZvPLeQXl5ZXVgtr61c2SozAmohUZG4CsKhkiDWSpPAmNgg6UHgd9E9G/vUtGiuj8JIGMTY0dEPZkQIok1qFXf8UtAbfSu13DIjUV1m4Dc2KH/dky20eDFPd3B/6vQBMq1B0S+4Y/C/xJqTIJjhvFT78diQSjSEJBdbWPTemRgqGpFA4zPuJxRhEH7pYz2gIGm0jHX815NuJBYp4jIZLxccifk+koK0d6CCb1EA9+9sbif959YQ6R41UhnFCGIrRIpIKx4usMDKrC3lbGiSC0eXIZcgFGCBCIzkIkYlJ1l8+68P7/f1fclUueXul8kWlWD2eNJNjm2yL7TCPHbIqO2PnrMYEu2MP7JE9OffOs/PivH6NTjmTzAb7Aef9Eyzno8A=</latexit>



� �� �� �� ��

-�

-�

�

�

�
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2.a) Consistency of the state from Initial conditions 

 11

hC|⇡̂(x, t0)|Ci = ⇡0(x)
<latexit sha1_base64="TB9j1GKBNd0K00+TvawsIte0oXs=">AAACIHicbVDLSgNBEJz1bXxFPXoZDEIECbtR0Isg5OJRwaiQDUvv2MbB2dllpleUNT/hJ/gVXvXkTTwq+C/Oxhx81amo6qa7Ks6UtOT7b97I6Nj4xOTUdGVmdm5+obq4dGzT3Ahsi1Sl5jQGi0pqbJMkhaeZQUhihSfxZav0T67QWJnqI7rJsJtAT8tzKYCcFFU3QgW6p5C3bsMLoCLMZL9+vUGRv37bCs3A23Vi5Nev16NqzW/4A/C/JBiSGhviIKp+hGepyBPUJBRY2wn8jLoFGJJCYb8S5hYzEJfQw46jGhK03WKQqs/XcguU8gwNl4oPRPy+UUBi7U0Su8kE6ML+9krxP6+T0/lOt5A6ywm1KA+RdA2Uh6ww0tWF/EwaJILyc+RScwEGiNBIDkI4MXf9VVwfwe/0f8lxsxFsNpqHW7W9rWEzU2yFrbI6C9g222P77IC1mWB37IE9sifv3nv2XrzXr9ERb7izzH7Ae/8EfTqiqA==</latexit>

hC|�̂(x, t0)|Ci = �0(x)
<latexit sha1_base64="yBmRhwaHIFnATwOmXALWZm4HhIw=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAiSNhVQS+CkIvHCEaFbFh6xzYZnJ1dZnolYc1f+Al+hVc9eRNPgv6LuzEHX3UqqrrprgoTJS257pszMTk1PTNbmivPLywuLVdWVs9snBqBLRGr2FyEYFFJjS2SpPAiMQhRqPA8vG4U/vkNGitjfUqDBDsRdLW8kgIol4JK3Veguwp549bvAWV+0pPDWn+bAnfrtuGbkXlYqIFb628Flapbd0fgf4k3JlU2RjOofPiXsUgj1CQUWNv23IQ6GRiSQuGw7KcWExDX0MV2TjVEaDvZKNeQb6YWKOYJGi4VH4n4fSODyNpBFOaTEVDP/vYK8T+vndLVQSeTOkkJtSgOkcw7KA5ZYWReGPJLaZAIis+RS80FGCBCIzkIkYtp3mA578P7nf4vOdupe7v1nZO96tHeuJkSW2cbrMY8ts+O2DFrshYT7I49sEf25Nw7z86L8/o1OuGMd9bYDzjvny65o4w=</latexit>

finite finite

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>



2.a) Consistency of the state from Initial conditions 
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hC|⇡̂(x, t0)|Ci = ⇡0(x)
<latexit sha1_base64="TB9j1GKBNd0K00+TvawsIte0oXs=">AAACIHicbVDLSgNBEJz1bXxFPXoZDEIECbtR0Isg5OJRwaiQDUvv2MbB2dllpleUNT/hJ/gVXvXkTTwq+C/Oxhx81amo6qa7Ks6UtOT7b97I6Nj4xOTUdGVmdm5+obq4dGzT3Ahsi1Sl5jQGi0pqbJMkhaeZQUhihSfxZav0T67QWJnqI7rJsJtAT8tzKYCcFFU3QgW6p5C3bsMLoCLMZL9+vUGRv37bCs3A23Vi5Nev16NqzW/4A/C/JBiSGhviIKp+hGepyBPUJBRY2wn8jLoFGJJCYb8S5hYzEJfQw46jGhK03WKQqs/XcguU8gwNl4oPRPy+UUBi7U0Su8kE6ML+9krxP6+T0/lOt5A6ywm1KA+RdA2Uh6ww0tWF/EwaJILyc+RScwEGiNBIDkI4MXf9VVwfwe/0f8lxsxFsNpqHW7W9rWEzU2yFrbI6C9g222P77IC1mWB37IE9sifv3nv2XrzXr9ERb7izzH7Ae/8EfTqiqA==</latexit>

hC|�̂(x, t0)|Ci = �0(x)
<latexit sha1_base64="yBmRhwaHIFnATwOmXALWZm4HhIw=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAiSNhVQS+CkIvHCEaFbFh6xzYZnJ1dZnolYc1f+Al+hVc9eRNPgv6LuzEHX3UqqrrprgoTJS257pszMTk1PTNbmivPLywuLVdWVs9snBqBLRGr2FyEYFFJjS2SpPAiMQhRqPA8vG4U/vkNGitjfUqDBDsRdLW8kgIol4JK3Veguwp549bvAWV+0pPDWn+bAnfrtuGbkXlYqIFb628Flapbd0fgf4k3JlU2RjOofPiXsUgj1CQUWNv23IQ6GRiSQuGw7KcWExDX0MV2TjVEaDvZKNeQb6YWKOYJGi4VH4n4fSODyNpBFOaTEVDP/vYK8T+vndLVQSeTOkkJtSgOkcw7KA5ZYWReGPJLaZAIis+RS80FGCBCIzkIkYtp3mA578P7nf4vOdupe7v1nZO96tHeuJkSW2cbrMY8ts+O2DFrshYT7I49sEf25Nw7z86L8/o1OuGMd9bYDzjvny65o4w=</latexit>

hC|Ĥ|Ci =
Z

d
3
xZ


1

2
�̇
2
cl +

1

2
(r�)2 +

1

2

✓
m

2 +
�Z

2
h⌦|�̂2|⌦i

◆
+

�Z

4!
�
4
cl

�

<latexit sha1_base64="rTo9SN3OVrjbW6QPHZZ9lnEhUIs="></latexit>

1) At 1-loop, energy is finite only if the bare coupling is finite: no logΛ divergence. 
2) Standard perturbative prescriptions are inadequate to renormalize the theory 
3) The total energy is a conserved quantity, statements at all time.

finite finite

(Berezhiani, Zantedeschi, arXiv:2011.11229) 
Strongly depend on the state

|Ci = e�i
R
d3x(�0⇡̂(x,t0)+⇡0�̂(x,t0))|⌦i

<latexit sha1_base64="b5XrEZJQP07NGDVQHwbC7oCLSYQ="></latexit>



The perturbative dynamics has divergences:

 12

Divergent: logΛ and Λ2  terms

but, we have to renormalize to have a finite evolution: S-matrix prescriptions for t>0 and t<0:

Renormalization moves some  
divergences in the field acceleration at t=0

2.b) Consistency of the state from time-evolution

logΛ divergence vanishes at t=0, Λ2 is mass renormalization
(Similar to the energy: bare coupling as to be finite, mass needs to be renormalized, in t=0)

�ph = �� 3�2

Z
d3p

(2⇡)3(2Ep)3
<latexit sha1_base64="Jf4QQK/oq4CojLzhpYxqZlHncRM="></latexit>

�̈+m2�+
�

3!
�3 +

�

2
hC| ̂(x, t)2|Ci+O(~2) = 0

<latexit sha1_base64="T2KwxcIHi5HvM4D3Husb07tLqpY="></latexit>



2) The second time derivative of the 1-point function is divergent at t=0:

1)The one-point function is finite at t=0:

lim
t!0

�̈ ⇠ logmt
<latexit sha1_base64="k9kgMMexeY6IAuFUqD4VYiTe6rg="></latexit>

�(0) = �cl
<latexit sha1_base64="6i2YS6WxTup8+l4HGFrCPQA8q30=">AAACBXicbVC7TsNAEDyHVwivBEqaExFSaCI7IEGDFEFDGSTykGIrOl82ySnnh+7WoMhKzVfQQkWHaPkOCv4F27iAhKlGM7va2XFDKTSa5qdRWFldW98obpa2tnd298qV/Y4OIsWhzQMZqJ7LNEjhQxsFSuiFCpjnSui60+vU796D0iLw73AWguOxsS9GgjNMpEG5YrcmomaeXNrhRAxiLueDctWsmxnoMrFyUiU5WoPylz0MeOSBj1wyrfuWGaITM4WCS5iX7EhDyPiUjaGfUJ95oJ04iz6nx5FmGNAQFBWSZiL83oiZp/XMc5NJj+FEL3qp+J/Xj3B04cTCDyMEn6eHUEjIDmmuRNIJ0KFQgMjS5ECFTzlTDBGUoIzzRIySkkpJH9bi98uk06hbp/XG7Vm1eZU3UySH5IjUiEXOSZPckBZpE04eyBN5Ji/Go/FqvBnvP6MFI985IH9gfHwDGT2X3A==</latexit>

3) The total energy (conserved quantity) inherits the same divergences:
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hC|Ĥ|Ci
<latexit sha1_base64="F/UG7rmn3z3EVixlkzUcyuw2cvs=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREFdkBCcqINCmDRBKkOIrWxxJOOZ+tuzUSMpH4BL6CFio6RMsvUPAv2MEFr6lGM7vanQliJS257rszMzs3v7BYWiovr6yurVc2Nrs2SozAjohUZM4DsKikxg5JUngeG4QwUNgLxs3c712jsTLSZ3QT4yCEkZaXUgBl0rCy7SvQI4W8eetfAaWtyW3TN1NpWKm6NXcK/pd4BamyAu1h5cO/iEQSoiahwNq+58Y0SMGQFAonZT+xGIMYwwj7GdUQoh2k0wwTvpdYoIjHaLhUfCri940UQmtvwiCbDIGu7G8vF//z+gldHg9SqeOEUIv8EMksb37ICiOzcpBfSINEkH+OXGouwAARGslBiExMsrbKWR/e7/R/Sbde8w5q9dPDauOkaKbEdtgu22ceO2IN1mJt1mGC3bEH9sienHvn2XlxXr9GZ5xiZ4v9gPP2CSJInFM=</latexit>

Implications for the state? 

All perturbative divergences re-sum in a full quantum computation OR e have to dismiss 
‘unsqueezed’ coherent states as members of a physical Hilbert space

(

<latexit sha1_base64="xt+CAbeKOJnqHMVf9U5MdBf2DOs=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIDEpQRNJRBIiFRbEXny8accmdbd2ukyMpX0EJFh2j5GAr+Bdu4gISpRjO72tnxYykM2vanVVlZXVvfqG7WtrZ3dvfq+wc9EyWaQ5dHMtJ9nxmQIoQuCpTQjzUw5Uu496fXuX//CNqIKLzDWQyeYkEoJoIzzKSBeyWCQLspHdUbdtMuQJeJU5IGKdEZ1b/cccQTBSFyyYwZOnaMXso0Ci5hXnMTAzHjUxbAMKMhU2C8tAg8pyeJYRjRGDQVkhYi/N5ImTJmpvxsUjF8MIteLv7nDROcXHqpCOMEIeT5IRQSikOGa5E1AXQsNCCyPDlQEVLONEMELSjjPBOTrJpa1oez+P0y6bWazlmzdXveaA/KZqrkiByTU+KQC9ImN6RDuoQTRZ7IM3mx5tar9Wa9/4xWrHLnkPyB9fENFrKUsg==</latexit>

because 
we had to ‘remove’ 
divergences which 

were not there



•Choose different Coherent states as the initial state of the system:

•Apply to Cosmological Systems. De Sitter? Black Holes?

•We found that within a quartic theory, the one-point function of the field operator is 
depleted according to S-matrix arguments.

Coherent states are an interesting tool to parametrize highly occupied systems.

•We discussed possible pathologies of the state itself that emerges at ℏ

Next Steps?

 14

Conclusions

|Ci = e�i
R
d3x�0⇡̂(x,t0)+ 1

2

R
d3xd3y⇡̂(x,t0)G(x�y)⇡̂(y,t0)|⌦i

<latexit sha1_base64="V6mBYRMrThHqwlGoeRstYMOqLkA="></latexit>



Comments on higher order corrections

 15

1) The problem with divergences at initial times is ‘enhanced’ at 2-loop loops: 'sunset diagram’  
divergence vanishes at t=0. Mass renormalization becomes problematic too.

hC|Ĥ|Ci =
Z

d
3
xZ


1

2
�̇
2
cl +

1

2
(r�)2 +

1

2

✓
m

2 +
�Z

2
h⌦|�̂2|⌦i

◆
+

�Z

4!
�
4
cl

�

<latexit sha1_base64="rTo9SN3OVrjbW6QPHZZ9lnEhUIs="></latexit>

2) At ℏ2, equation for the two-point function acquires ‘non-trivial’ corrections:
✓
�⇤x,t +m2 +

�

2
�2(t)

◆
hC| ̂(x, t) ̂(y, t0)|Ci

<latexit sha1_base64="KVNSrOCZQ1QS/ffK+Nvb5xNr+ho="></latexit>

+
�

2
�(t)hC| ̂2(x, t) ̂(y, t0)|Ci+ �

3!
�(t)hC| ̂3(x, t) ̂(y, t0)|Ci = 0

<latexit sha1_base64="np3OB9FIPiIALOJsZ1nKkClaYlQ="></latexit>

1-loop one-point function

Non-trivial evolution due to modes interactions


