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Cosmology: A History of  Time

Time

LSS

CMB

Reheating surface

The physics is encoded in the time evolution of these fluctuations

Transfer function

•Linear clustering

•Dark matter, 

photons, baryons

•…

Cosmological fluctuations are correlated on large scales
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The Cosmological Flow Philosophy

Time

Reheating surface

Follow the time evolution of primordial fluctuations from their 
origin as quantum vacuum fluctuations to the reheating surface
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<latexit sha1_base64="iacvYot5+XkrIyiRz4c3xoQpaBU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAxmlzA7mU2GzMwu8xDCkr/w4kERr/6NN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w/aOrWK0BZJeao6MdaUM0lbhhlOO5miWMScPsSjm6n/8ESVZqm8N+OMRgIPJEsYwcZJj8NeHgobSjvpVWt+3Z8BLZOgIDUo0OxVv8J+Sqyg0hCOte4GfmaiHCvDCKeTSmg1zTAZ4QHtOiqxoDrKZxdP0IlT+ihJlStp0Ez9PZFjofVYxK5TYDPUi95U/M/rWpNcRTmTmTVUkvmixHJkUjR9H/WZosTwsSOYKOZuRWSIFSbGhVRxIQSLLy+T9lk9uKgHd+e1xnURRxmO4BhOIYBLaMAtNKEFBCQ8wyu8edp78d69j3lryStmDuEPvM8f/HWRIA==</latexit>

hµ⌫

<latexit sha1_base64="ERMKRlFeDTEeatZIJL/DbAFhti0=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KomIeix68VjBfkAby2YzbZduNnF3Uiihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIa3U785Am1ErB5wnIAfsb4SPcEZWsnvhCCR0f5j5rqTbqnsVtwZ6DLxclImOWrd0lcnjHkagUIumTFtz03Qz5hGwSVMip3UQML4kPWhbaliERg/mx09oadWCWkv1rYU0pn6eyJjkTHjKLCdEcOBWfSm4n9eO8XetZ8JlaQIis8X9VJJMabTBGgoNHCUY0sY18LeSvmAacbR5lS0IXiLLy+TxnnFu6x49xfl6k0eR4EckxNyRjxyRarkjtRInXDyRJ7JK3lzRs6L8+58zFtXnHzmiPyB8/kDEfWRpQ==</latexit>

�g00

<latexit sha1_base64="p/hrqWlOxyD39d6Z+7haSPbSn2w=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyUpoi6LblxWsA9o0zKZTNqhk0mYuVFK7Ke4caGIW7/EnX/j9LHQ1gMXDufcy733+IngGhzn28qtrW9sbuW3Czu7e/sHdvGwqeNUUdagsYhV2yeaCS5ZAzgI1k4UI5EvWMsf3Uz91gNTmsfyHsYJ8yIykDzklICR+nax3A2YAIIHvcxxJme9at8uORVnBrxK3AUpoQXqffurG8Q0jZgEKojWHddJwMuIAk4FmxS6qWYJoSMyYB1DJYmY9rLZ6RN8apQAh7EyJQHP1N8TGYm0Hke+6YwIDPWyNxX/8zophFdexmWSApN0vihMBYYYT3PAAVeMghgbQqji5lZMh0QRCiatggnBXX55lTSrFfei4t6dl2rXizjy6BidoDJy0SWqoVtURw1E0SN6Rq/ozXqyXqx362PemrMWM0foD6zPH4Qfkt8=</latexit>

(�g00)2

<latexit sha1_base64="VEAaM6xaCXgTth3JjRYcSQWjrRc=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUUZdFN4KbCvYBTRomk0k7dGYSZiZCDcVfceNCEbf+hzv/xuljoa0HLhzOuZd77wlTRpV2nG9raXlldW29sFHc3Nre2bX39psqySQmDZywRLZDpAijgjQ01Yy0U0kQDxlphYPrsd96IFLRRNzrYUp8jnqCxhQjbaTAPix7EWEawdvA41nX1Gm3Gtglp+JMABeJOyMlMEM9sL+8KMEZJ0JjhpTquE6q/RxJTTEjo6KXKZIiPEA90jFUIE6Un0+uH8ETo0QwTqQpoeFE/T2RI67UkIemkyPdV/PeWPzP62Q6vvRzKtJME4Gni+KMQZ3AcRQwopJgzYaGICypuRXiPpIIaxNY0YTgzr+8SJrVintece/OSrWrWRwFcASOQRm44ALUwA2ogwbA4BE8g1fwZj1ZL9a79TFtXbJmMwfgD6zPHyfnlGQ=</latexit>

(�Kµ
µ )

2

<latexit sha1_base64="VEAaM6xaCXgTth3JjRYcSQWjrRc=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUUZdFN4KbCvYBTRomk0k7dGYSZiZCDcVfceNCEbf+hzv/xuljoa0HLhzOuZd77wlTRpV2nG9raXlldW29sFHc3Nre2bX39psqySQmDZywRLZDpAijgjQ01Yy0U0kQDxlphYPrsd96IFLRRNzrYUp8jnqCxhQjbaTAPix7EWEawdvA41nX1Gm3Gtglp+JMABeJOyMlMEM9sL+8KMEZJ0JjhpTquE6q/RxJTTEjo6KXKZIiPEA90jFUIE6Un0+uH8ETo0QwTqQpoeFE/T2RI67UkIemkyPdV/PeWPzP62Q6vvRzKtJME4Gni+KMQZ3AcRQwopJgzYaGICypuRXiPpIIaxNY0YTgzr+8SJrVintece/OSrWrWRwFcASOQRm44ALUwA2ogwbA4BE8g1fwZj1ZL9a79TFtXbJmMwfgD6zPHyfnlGQ=</latexit>
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<latexit sha1_base64="ERMKRlFeDTEeatZIJL/DbAFhti0=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KomIeix68VjBfkAby2YzbZduNnF3Uiihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIa3U785Am1ErB5wnIAfsb4SPcEZWsnvhCCR0f5j5rqTbqnsVtwZ6DLxclImOWrd0lcnjHkagUIumTFtz03Qz5hGwSVMip3UQML4kPWhbaliERg/mx09oadWCWkv1rYU0pn6eyJjkTHjKLCdEcOBWfSm4n9eO8XetZ8JlaQIis8X9VJJMabTBGgoNHCUY0sY18LeSvmAacbR5lS0IXiLLy+TxnnFu6x49xfl6k0eR4EckxNyRjxyRarkjtRInXDyRJ7JK3lzRs6L8+58zFtXnHzmiPyB8/kDEfWRpQ==</latexit>

�g00

<latexit sha1_base64="ERMKRlFeDTEeatZIJL/DbAFhti0=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KomIeix68VjBfkAby2YzbZduNnF3Uiihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIa3U785Am1ErB5wnIAfsb4SPcEZWsnvhCCR0f5j5rqTbqnsVtwZ6DLxclImOWrd0lcnjHkagUIumTFtz03Qz5hGwSVMip3UQML4kPWhbaliERg/mx09oadWCWkv1rYU0pn6eyJjkTHjKLCdEcOBWfSm4n9eO8XetZ8JlaQIis8X9VJJMabTBGgoNHCUY0sY18LeSvmAacbR5lS0IXiLLy+TxnnFu6x49xfl6k0eR4EckxNyRjxyRarkjtRInXDyRJ7JK3lzRs6L8+58zFtXnHzmiPyB8/kDEfWRpQ==</latexit>

�g00

<latexit sha1_base64="p/hrqWlOxyD39d6Z+7haSPbSn2w=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyUpoi6LblxWsA9o0zKZTNqhk0mYuVFK7Ke4caGIW7/EnX/j9LHQ1gMXDufcy733+IngGhzn28qtrW9sbuW3Czu7e/sHdvGwqeNUUdagsYhV2yeaCS5ZAzgI1k4UI5EvWMsf3Uz91gNTmsfyHsYJ8yIykDzklICR+nax3A2YAIIHvcxxJme9at8uORVnBrxK3AUpoQXqffurG8Q0jZgEKojWHddJwMuIAk4FmxS6qWYJoSMyYB1DJYmY9rLZ6RN8apQAh7EyJQHP1N8TGYm0Hke+6YwIDPWyNxX/8zophFdexmWSApN0vihMBYYYT3PAAVeMghgbQqji5lZMh0QRCiatggnBXX55lTSrFfei4t6dl2rXizjy6BidoDJy0SWqoVtURw1E0SN6Rq/ozXqyXqx362PemrMWM0foD6zPH4Qfkt8=</latexit>

(�g00)2

Inflation is a unique probe of the physics 

at the highest reachable energies

<latexit sha1_base64="OZVY9imA9TtKE589TI37j8z63gA="></latexit>

E . 1014GeV

Theories

Primordial Correlators

The Cosmological Flow

2

Physics encoded in 
the time evolution



Why the Cosmological Flow ?

Understand the 
physics of the early 

universe

Accurate predictions 
to test against 

future data

Procedure well 
defined but technical 

difficulties

Limit oneself to 
simple models

Biased interpretation 
of data

The Cosmological Flow is an efficient and systematic approach 
to compute primordial correlators

Primordial 

non-Gaussianities

Compute 

primordial correlators

In-in formalism

e.g. Weak mixing, perfect scale-
invariance, single-exchange, etc

e.g. Cosmological collider signals 
pinpoint the masses of additional 

particles
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The Cosmological Flow



Primordial Correlators

In practice, we compute Feynman-Witten diagrams

Time

<latexit sha1_base64="aaDLmqHTyASuvuEcAIqEj+U5KPs=">AAAB8nicdVBNS0JBFJ1nX/b6slq2GZTAKORNkdlOahO0McgUng+ZN446OO+DmfsCEf9FbVoU0bZf085/0zw1qKgDFw7n3Mu99/ixFBocZ2JlFhaXlleyq/ba+sbmVm57505HiWK8ziIZqaZPNZci5HUQIHkzVpwGvuQNf3CZ+o17rrSIwlsYxtwLaC8UXcEoGMm9Lg7a5AjDgW23cwWndOqQ87KDnZIzxZRUyAnBZK4UqvnW4cOkOqy1cx+tTsSSgIfAJNXaJU4M3ogqEEzysd1KNI8pG9Aedw0NacC1N5qePMb7RungbqRMhYCn6veJEQ20Hga+6Qwo9PVvLxX/8twEuhVvJMI4AR6y2aJuIjFEOP0fd4TiDOTQEMqUMLdi1qeKMjAppSF8fYr/J3fHJVIukRuTxgWaIYv2UB4VEUFnqIquUA3VEUMRekTP6MUC68l6td5mrRlrPrOLfsB6/wSorZKG</latexit>

K(k1, t)
<latexit sha1_base64="n2l11F9875lFqNIqoPo+I3no0KQ=">AAAB8nicdVDJSgNBEO2JW4xb1KOXJkGIKGEmYoy3oBfBSwSzwGQIPZ2epEnPQneNMAz5C714UMSrX+Mtf2NnEVT0QcHjvSqq6rmR4ApMc2JklpZXVtey67mNza3tnfzuXkuFsaSsSUMRyo5LFBM8YE3gIFgnkoz4rmBtd3Q19dv3TCoeBneQRMzxySDgHqcEtGTflEa9ygmGo1yuly+a5TPTuqia2CybM8xIzTq1sLVQivVC9/hhUk8avfxHtx/S2GcBUEGUsi0zAiclEjgVbJzrxopFhI7IgNmaBsRnyklnJ4/xoVb62AulrgDwTP0+kRJfqcR3dadPYKh+e1PxL8+Owas5KQ+iGFhA54u8WGAI8fR/3OeSURCJJoRKrm/FdEgkoaBTmobw9Sn+n7QqZatatm51Gpdojiw6QAVUQhY6R3V0jRqoiSgK0SN6Ri8GGE/Gq/E2b80Yi5l99APG+yeqN5KH</latexit>

K(k2, t)
<latexit sha1_base64="O89COMHVMk9oriLxTvsAfPB0/7A=">AAAB83icdVDLSsNAFJ3UV42vqks3Q4tYUUJisdZd0Y3gpoJ9QBPKZDqxQycPZiZCCP0LceNCEbf+jLv+jZO0gooeuHA4517uvceNGBXSNKdaYWFxaXmluKqvrW9sbpW2dzoijDkmbRyykPdcJAijAWlLKhnpRZwg32Wk644vM797T7igYXArk4g4ProLqEcxkkqyr6vjQe0YyoNDXR+UKqZxalrndROahpkjJw2rZkFrrlSaZfvoYdpMWoPShz0MceyTQGKGhOhbZiSdFHFJMSMT3Y4FiRAeozvSVzRAPhFOmt88gftKGUIv5KoCCXP1+0SKfCES31WdPpIj8dvLxL+8fiy9hpPSIIolCfBskRczKEOYBQCHlBMsWaIIwpyqWyEeIY6wVDFlIXx9Cv8nnRPDqhvWjUrjAsxQBHugDKrAAmegCa5AC7QBBhF4BM/gRYu1J+1Ve5u1FrT5zC74Ae39Ew6Jkrk=</latexit>

K(k3, t
0)

<latexit sha1_base64="tWo3fHyGhi3Udu3+xq2/OyvYagA=">AAAB83icdVDLSsNAFJ34rPFVdelmaBErSkh81LoruhHcVLAPaEKZTCft0MmDmYkQQv9C3LhQxK0/465/4yStoKIHLhzOuZd773EjRoU0zYk2N7+wuLRcWNFX19Y3Notb2y0RxhyTJg5ZyDsuEoTRgDQllYx0Ik6Q7zLSdkdXmd++J1zQMLiTSUQcHw0C6lGMpJLsm8qod3oE5f6BrveKZdM4M62LqglNw8yRk5p1YkFrppTrJfvwYVJPGr3ih90PceyTQGKGhOhaZiSdFHFJMSNj3Y4FiRAeoQHpKhognwgnzW8ewz2l9KEXclWBhLn6fSJFvhCJ76pOH8mh+O1l4l9eN5ZezUlpEMWSBHi6yIsZlCHMAoB9ygmWLFEEYU7VrRAPEUdYqpiyEL4+hf+T1rFhVQ3rVqVxCaYogF1QAhVggXNQB9egAZoAgwg8gmfwosXak/aqvU1b57TZzA74Ae39ExAUkro=</latexit>

K(k4, t
0)

<latexit sha1_base64="Lor5qki0k4imsCfK0uryvWmQXXI=">AAACFXicbVDLSgMxFM3UVx1foy5FCC2CIJQZEXUjFN24rGAf0BlLJk3b0CQzJBmhDF35C4Lf4FbX7sSt6y79E9NOF7b1wIXDOfdy7z1hzKjSrjuyckvLK6tr+XV7Y3Nre8fZ3aupKJGYVHHEItkIkSKMClLVVDPSiCVBPGSkHvZvxn79kUhFI3GvBzEJOOoK2qEYaSO1nEOfIdFlBPohTxvDhzPoy0y4grbdcopuyZ0ALhJvSorlgn/yPCoPKi3nx29HOOFEaMyQUk3PjXWQIqkpZmRo+4kiMcJ91CVNQwXiRAXp5I0hPDJKG3YiaUpoOFH/TqSIKzXgoenkSPfUvDcW//Oaie5cBikVcaKJwNmiTsKgjuA4E9imkmDNBoYgLKm5FeIekghrk9zMlpAPTSbefAKLpHZa8s5L3p0J5xpkyIMDUADHwAMXoAxuQQVUAQZP4BW8gXfrxfqwPq2vrDVnTWf2wQys718vpaD2</latexit>

hX4i =
<latexit sha1_base64="q3yyRKjXISBETe1no0Ve32lVmGc="></latexit>

G(k12, t, t0)
<latexit sha1_base64="EsnjVH2kaSy6i/U7l6FG1vr1pwg="></latexit>Z 0

�1
dt dt0V (t)V (t0)

Nested time integrals

Hankel functions 

(or even more complicated functions, 

e.g. chemical potential)

Late-time correlators 
receive contributions 

from all times

Quadratic theory not 
exactly solvable in 
generic theories

Denis Werth 4

Well-established Procedure but

Technical Difficulties



Recent Analytical Developments

dS Cosmological Bootstrap
Arkani-Hamed, Baumann, lee, Pimentel, Joyce, 

Duaso Pueyo [2019, 2020, 2022]

Boostless Cosmological Bootstrap
Pajer [2020]


Pimentel and Wang [2022]

Jazayeri and Renaux-Petel [2022]

AdS-inspired Mellin Space
Sleight and Taronna [2019, 2021, 2022]

Partial Mellin-Barnes Representation
Qin and Xianyu [2022]

Cosmological Potytopes
Arkani-Hamed, Benincasa, Postnikov, 


McLeod [2017, 2018, 2019, 2020, 2022]

Fundamental Principles

(Unitarity & Locality)

Pajer, Stefanyszyn, Supeł, Goodhew, Jazayeri, Melville, 
Gordon Lee, Bonifacio, Wang [2020, 2021, 2022]
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Limitations of  Analytical Methods

Weak Quadratic Mixing (Near) Scale-Invariance

Treatment of Equilateral and 
Squeezed Configurations Separately

Large hierarchy of masses/couplings 
but not the intermediate regimes 

Only Single-Exchange Diagram

Often only 1 or 2 Fields
<latexit sha1_base64="9P3/fKUgXtP0DwMpZdzGuL+Wlbo=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5ApWnVXdOOygn1AE8tkOmmHziRhZiLUEPwVNy4Ucet/uPNvnD4EnwcuHM65l3vvCRLOlHbdd6swN7+wuFRcLq2srq1v2JtbTRWnktAGiXks2wFWlLOINjTTnLYTSbEIOG0Fw/Ox37qhUrE4utKjhPoC9yMWMoK1kbr2jqeYgF4oMclQnnkiva7kXbvsOkcuOq0i+Jsgx52gDGaod+03rxeTVNBIE46V6iA30X6GpWaE07zkpYommAxxn3YMjbCgys8m1+dw3yg9GMbSVKThRP06kWGh1EgEplNgPVA/vbH4l9dJdXjiZyxKUk0jMl0UphzqGI6jgD0mKdF8ZAgmkplbIRlgk4Q2gZVMCJ+fwv9Js+KgqoMuD8u1s1kcRbAL9sABQOAY1MAFqIMGIOAW3INH8GTdWQ/Ws/UybS1Ys5lt8A3W6weyD5Vn</latexit>

⇠ 1

µ2

<latexit sha1_base64="dg9uQW1LFgCimO9K/pLAxCZ6CuU=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwY0hEq+6KblxWsA9oYplMb9qhM0mYmRRK6J+4caGIW//EnX/j9CH4PHDhcM693HtPmHKmtOu+W4WFxaXlleJqaW19Y3PL3t5pqCSTFOo04YlshUQBZzHUNdMcWqkEIkIOzXBwNfGbQ5CKJfGtHqUQCNKLWcQo0Ubq2LavmMBwlx/5KfNFNu7YZdc5db2Liod/E89xpyijOWod+83vJjQTEGvKiVJtz011kBOpGeUwLvmZgpTQAelB29CYCFBBPr18jA+M0sVRIk3FGk/VrxM5EUqNRGg6BdF99dObiH957UxH50HO4jTTENPZoijjWCd4EgPuMglU85EhhEpmbsW0TySh2oRVMiF8for/J41jx6s43s1JuXo5j6OI9tA+OkQeOkNVdI1qqI4oGqJ79IierNx6sJ6tl1lrwZrP7KJvsF4/AKk0k7M=</latexit>

⇠ e�⇡µ

<latexit sha1_base64="QT4qlSO4Gk/n+1mRoXsxnzjoLCY=">AAACGHicdVDLSgMxFM34rPU16tJNsAh1U2eKVt0V3bhwUcE+oDOWTJq2oZkHyR2hDPMZbvwVNy4Ucdudf2OmreDzQOBwzr1JzvEiwRVY1rsxN7+wuLScW8mvrq1vbJpb2w0VxpKyOg1FKFseUUzwgNWBg2CtSDLie4I1veFF5jfvmFQ8DG5gFDHXJ/2A9zgloKWOeej4BAaUiOQqvU2K5YMUOyqOFAPsyEGInW4IiRMNeOoo3vdJxyxYpWPLPqvY+DexS9YEBTRDrWOO9RU09lkAVBCl2rYVgZsQCZwKluadWLGI0CHps7amAfGZcpNJsBTva6WLe6HUJwA8Ub9uJMRXauR7ejKLoX56mfiX146hd+omPIhiYAGdPtSLBYYQZy3hLpeMghhpQqjk+q+YDogkFHSXeV3CZ1L8P2mUS3alZF8fFarnszpyaBftoSKy0QmqoktUQ3VE0T16RM/oxXgwnoxX4206OmfMdnbQNxjjD5KtoMY=</latexit>

L(2) � ⇢�̇�
treated perturbatively

k

f N
L
(k

)

features

energy
<latexit sha1_base64="fXkBWPkdXhIAdAzkWv/xPPn7NSI=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiSiVXdFNy4rWFtoQ5lMJ83QeYSZiVBCf8GNC0Xc+kPu/BuTtoLPAxcO59zLvfeECWfGet67U1pYXFpeKa9W1tY3Nreq2zu3RqWa0BZRXOlOiA3lTNKWZZbTTqIpFiGn7XB0WfjtO6oNU/LGjhMaCDyULGIE20Lq6Vj1qzXPPfH887qPfhPf9aaowRzNfvWtN1AkFVRawrExXd9LbJBhbRnhdFLppYYmmIzwkHZzKrGgJsimt07QQa4MUKR0XtKiqfp1IsPCmLEI806BbWx+eoX4l9dNbXQWZEwmqaWSzBZFKUdWoeJxNGCaEsvHOcFEs/xWRGKsMbF5PJU8hM9P0f/k9sj1665/fVxrXMzjKMMe7MMh+HAKDbiCJrSAQAz38AhPjnAenGfnZdZacuYzu/ANzusHgSCOjw==</latexit>⇢ <latexit sha1_base64="0qKUZxtj+6yJxMmaP9aH8kF8UZE=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4xo1FvQi8cEzALJEHo6laRN98zQ3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphIrg2nvfuLCwuLa+s5tby6xubW9uFnd26jlPFsMZiEatmSDUKHmHNcCOwmSikMhTYCIdXE79xh0rzOLoxowQDSfsR73FGjZWqslMoeu6p51+UfPKb+K43RRHmqHQKb+1uzFKJkWGCat3yvcQEGVWGM4HjfDvVmFA2pH1sWRpRiTrIpoeOyaFVuqQXK1uRIVP160RGpdYjGdpOSc1A//Qm4l9eKzW98yDjUZIajNhsUS8VxMRk8jXpcoXMiJEllClubyVsQBVlxmaTtyF8fkr+J/Vj1y+5fvWkWL6cx5GDfTiAI/DhDMpwDRWoAQOEe3iEJ+fWeXCenZdZ64Izn9mDb3BePwA3EI05</latexit>m

<latexit sha1_base64="45oTNU5zCabw33wXjikyWcPFhNY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo96CXnJMwCyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aPrqd+6Q6l4HN3ocYJeSAcRDzij2kj1aq9Ycuwzx70su+Q3cW1nhhIsUOsV37r9mKUhRpoJqlTHdRLtZVRqzgROCt1UYULZiA6wY2hEQ1ReNjt0Qo6M0idBLE1FmszUrxMZDZUah77pDKkeqp/eVPzL66Q6uPAyHiWpxojNFwWpIDom069Jn0tkWowNoUxycythQyop0yabggnh81PyP2me2G7ZduunpcrVIo48HMAhHIML51CBKtSgAQwQ7uERnqxb68F6tl7mrTlrMbMP32C9fgD+7Y0U</latexit>

H
<latexit sha1_base64="OvwrrpAMrgKB0ywxcA4Vk3O7iOg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo96CXjxGNAskQ+jpdJImPT1Dd40QhnyCFw+KePWLvPk3dhbB9UHB470qquqFiRQGPe/dyS0sLi2v5FcLa+sbm1vF7Z26iVPNeI3FMtbNkBouheI1FCh5M9GcRqHkjXB4OfEbd1wbEatbHCU8iGhfiZ5gFK1005ayUyx57onnn5d98pv4rjdFCeaodopv7W7M0ogrZJIa0/K9BIOMahRM8nGhnRqeUDakfd6yVNGImyCbnjomB1bpkl6sbSkkU/XrREYjY0ZRaDsjigPz05uIf3mtFHtnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadAo2hM9Pyf+kfuT6Zde/Pi5VLuZx5GEP9uEQfDiFClxBFWrAoA/38AhPjnQenGfnZdaac+Yzu/ANzusHr6mOFA==</latexit>⌧<latexit sha1_base64="OvwrrpAMrgKB0ywxcA4Vk3O7iOg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo96CXjxGNAskQ+jpdJImPT1Dd40QhnyCFw+KePWLvPk3dhbB9UHB470qquqFiRQGPe/dyS0sLi2v5FcLa+sbm1vF7Z26iVPNeI3FMtbNkBouheI1FCh5M9GcRqHkjXB4OfEbd1wbEatbHCU8iGhfiZ5gFK1005ayUyx57onnn5d98pv4rjdFCeaodopv7W7M0ogrZJIa0/K9BIOMahRM8nGhnRqeUDakfd6yVNGImyCbnjomB1bpkl6sbSkkU/XrREYjY0ZRaDsjigPz05uIf3mtFHtnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadAo2hM9Pyf+kfuT6Zde/Pi5VLuZx5GEP9uEQfDiFClxBFWrAoA/38AhPjnQenGfnZdaac+Yzu/ANzusHr6mOFA==</latexit>⌧

energy
<latexit sha1_base64="45oTNU5zCabw33wXjikyWcPFhNY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo96CXnJMwCyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aPrqd+6Q6l4HN3ocYJeSAcRDzij2kj1aq9Ycuwzx70su+Q3cW1nhhIsUOsV37r9mKUhRpoJqlTHdRLtZVRqzgROCt1UYULZiA6wY2hEQ1ReNjt0Qo6M0idBLE1FmszUrxMZDZUah77pDKkeqp/eVPzL66Q6uPAyHiWpxojNFwWpIDom069Jn0tkWowNoUxycythQyop0yabggnh81PyP2me2G7ZduunpcrVIo48HMAhHIML51CBKtSgAQwQ7uERnqxb68F6tl7mrTlrMbMP32C9fgD+7Y0U</latexit>

H
<latexit sha1_base64="dObdsgghP/fJk9CnfSj6FnzU878=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZEo96CXjxGMAskQ+jpdJI2vQzdPUIY8g9ePCji1f/x5t/YWQTXBwWP96qoqhcnnBkbBO9ebmFxaXklv1pYW9/Y3Cpu79SNSjWhNaK40s0YG8qZpDXLLKfNRFMsYk4b8fBy4jfuqDZMyRs7SmgkcF+yHiPYOqkuOu1kwDrFUuCfBOF5OUS/SegHU5Rgjmqn+NbuKpIKKi3h2JhWGCQ2yrC2jHA6LrRTQxNMhrhPW45KLKiJsum1Y3TglC7qKe1KWjRVv05kWBgzErHrFNgOzE9vIv7ltVLbO4syJpPUUklmi3opR1ahyeuoyzQllo8cwUQzdysiA6wxsS6gggvh81P0P6kf+WHZD6+PS5WLeRx52IN9OIQQTqECV1CFGhC4hXt4hCdPeQ/es/cya81585ld+Abv9QP3ro9n</latexit>m�

<latexit sha1_base64="4GkndJRGXS6aXWbs4ZpjsZ0ISNw=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapiIVt0V3bisaB/QDiWTpm1okhmSjFCGfoIbF4q49Yvc+TemD8HngQuHc+7l3nuiRHBjg+Ddyy0sLi2v5FcLa+sbm1vF7Z26iVNNWY3GItbNiBgmuGI1y61gzUQzIiPBGtHwcuI37pg2PFa3dpSwUJK+4j1OiXXSjezgTrEU+CcBPi9j9JtgP5iiBHNUO8W3djemqWTKUkGMaeEgsWFGtOVUsHGhnRqWEDokfdZyVBHJTJhNTx2jA6d0US/WrpRFU/XrREakMSMZuU5J7MD89CbiX14rtb2zMOMqSS1TdLaolwpkYzT5G3W5ZtSKkSOEau5uRXRANKHWpVNwIXx+iv4n9SMfl318fVyqXMzjyMMe7MMhYDiFClxBFWpAoQ/38AhPnvAevGfvZdaa8+Yzu/AN3usHXGKN3Q==</latexit>m1
<latexit sha1_base64="cLT20pMwP2Qt3fKWRxX1RSBsARE=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmaCiXoLevEY0SyQDKGn05M06e4ZunuEMOQTvHhQxKtf5M2/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1r6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWOLqd+644qzWJ5a8YJDQQeSBYxgo2VbkSv3CuWPLfi+edVH/0mvuvNUIIF6r3iW7cfk1RQaQjHWnd8LzFBhpVhhNNJoZtqmmAywgPasVRiQXWQzU6doCOr9FEUK1vSoJn6dSLDQuuxCG2nwGaof3pT8S+vk5roLMiYTFJDJZkvilKOTIymf6M+U5QYPrYEE8XsrYgMscLE2HQKNoTPT9H/pFl2/arrX5+UaheLOPJwAIdwDD6cQg2uoA4NIDCAe3iEJ4c7D86z8zJvzTmLmX34Buf1A13mjd4=</latexit>m2

<latexit sha1_base64="6BRiNJcZurKAMFJsaxnx2S6m844=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0Rr0FvXiMaBZIhtDT6UmadPcM3T1CGPIJXjwo4tUv8ubf2FkE1wcFj/eqqKoXJpxp43nvTm5hcWl5Jb9aWFvf2Nwqbu80dJwqQusk5rFqhVhTziStG2Y4bSWKYhFy2gyHlxO/eUeVZrG8NaOEBgL3JYsYwcZKN6J73C2WPPfE888rPvpNfNebogRz1LrFt04vJqmg0hCOtW77XmKCDCvDCKfjQifVNMFkiPu0banEguogm546RgdW6aEoVrakQVP160SGhdYjEdpOgc1A//Qm4l9eOzXRWZAxmaSGSjJbFKUcmRhN/kY9pigxfGQJJorZWxEZYIWJsekUbAifn6L/SePI9Suuf10uVS/mceRhD/bhEHw4hSpcQQ3qQKAP9/AITw53Hpxn52XWmnPmM7vwDc7rB19qjd8=</latexit>m3

Aside from isolated examples…
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The Cosmological Flow

<latexit sha1_base64="jsHJJOLXA1hyr/XWNk8/NGRUxh0="></latexit>

d

dt
hXaXbi = ua

chXcXbi+ ub
chXaXci

hXaXbi hXaXbXci

time ua
b

ua
b

ua
bc

<latexit sha1_base64="qxR+1LPDfZoGp2Ym7JNQj1NOVjQ="></latexit>

d

dt
hXaXbXci = ua

dhXdXbXci+ ua
dehXbXdihXcXei

Dias, Fazer, Mulryne, Seery, Ronayne

[2010, 2011, 2012, 2013, 2015, 2016, 2018]


We have converted the problem of computing nested time 
integrals to solving a set of coupled differential equations

From first principles, the time evolution of primordial correlators 
is encoded in the flow equations (Ehrenfest theorem)

Theory dependence (any time/momentum dependence)

Initial conditions automatically known 
for Bunch-Davis (or make your own choice)

Werth, Pinol, Renaux-Petel [2023 a, b]

<latexit sha1_base64="vzzMODN7pO8lUgPlYpT8jBqLv7I=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0LspMEXUjFN24cFHBPqBThztppg3NPEgyQhn6D278FTcuFHHrxp1/Y6adhbYeCBzOuTfJOW7EmVSm+W3klpZXVtfy64WNza3tneLuXkuGsSC0SUIeio4LknIW0KZiitNOJCj4Lqdtd3SV+u0HKiQLgzs1jmjPh0HAPEZAackpHts+qCEBntxM8AUelFWlbEcgFAPuMDsassp9zZZs4INTLJlVcwq8SKyMlFCGhlP8svshiX0aKMJByq5lRqqXpJcTTicFO5Y0AjKCAe1qGoBPZS+ZZprgI630sRcKfQKFp+rvjQR8Kce+qyfTBHLeS8X/vG6svPNewoIoVjQgs4e8mGMV4rQg3GeCEsXHmgARTP8VkyEIIErXWNAlWPORF0mrVrVOq9btSal+mdWRRwfoEJWRhc5QHV2jBmoigh7RM3pFb8aT8WK8Gx+z0ZyR7eyjPzA+fwC8wp10</latexit>

L = g(t)(@i�)
2�

<latexit sha1_base64="rk1CRBL8BxiJ0X/uUIrUSDyViXc="></latexit>

u�
�� = g(t)k� · k�e.g. implies

Denis Werth 7



Probing High-Energy Aspects of  Inflation

Denis Werth

The Cosmological 
Flow

The Cosmological Flow offers new possibilities for studying, 

exploring and understanding inflationary physics
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Dynamical aspects of 
cosmological correlators

New templates for upcoming surveys
<latexit sha1_base64="tu49amMFzB4jUWDfoQsOVsprWSM="> tvrRnolw==</latexit>

S = (k3/k1)
1
2+n�⌫A cos(µc log(k3/k1) + ')

<latexit sha1_base64="bQ7yQHluzWMEgBK8eNjZcfklyJs="></latexit>

S = (k3/k1)
1
2+n

X

±
A± cos[(µ± µc) log(k3/k1) + '±]

<latexit sha1_base64="F7VhDE86xXW02PbaGcS+3WCaFL0="></latexit>

fNL

8

Numerical code CosmoFlow soon available



Applications



EFT of  Inflationary Fluctuations

We couple the Goldstone boson to an additional massive scalar field

Cubic interactions

quadratic sector<latexit sha1_base64="1XBwo9r0eNweN5IbxB97FcLaOsY="></latexit>�quadratic sector<latexit sha1_base64="Qdk8p9/yiGTtwb9BDErtVOxARx4="></latexit>⇡
linear mixing


(broken Lorenz invariance)

Assuming weak mixing

<latexit sha1_base64="9V/082afQ4wPLPec90f7n+OW4Sc="></latexit>

�µ�3 � 1

2
↵⇡̇c�

2 � 1

2⇤1

(@i⇡c)2

a2
� � 1

2⇤2
⇡̇c

2�

<latexit sha1_base64="I5R8WA+Ksz1gdm/SOrffQwXd1GU="></latexit>

⇣ = �H⇡

<latexit sha1_base64="QtLT0VCoIYnMUTtEDt9TTVPOTr0=">AAADz3icdVJbb9MwFHYWLmPcNnjkxaICddraJWk0xgPSNB5AiIcN0W1S01aO67RWnYtsB6isIF75OfwaxBv8E07SCK1LsRT75JzvfOfY3wkzwZV2nF/Whn3j5q3bm3e27t67/+Dh9s6jc5XmkrI+TUUqL0OimOAJ62uuBbvMJCNxKNhFOH9dxi8+Mal4mnzUi4wNYzJNeMQp0eAa71jv gpjoGSXCvC8OyKiHX+HnnSCShBq3MF4RCBbpQSfQ7IuuyplsIdmkMMEk1SbIeDGmxcjDe5iOFZzL1HaQEak5EWOO16RmHJJ2R15hCGyB5NOZHuIObtTFbfOPKYjzVa5Q5AzIFJ/GpGSDHuKR14TUCAjVhfZWeaaSsQSI5Cxt691iXcNX7vr/FsbbLafrVAs3Dbc2Wqhep/D6AphpHrNEU0GUGrhOpoemvDAVrNgKcsUyQudk ygZgJiRmamiq4gV+Bp4JjlIJX6Jx5b2aYUis1CIOAVlKrK7HSue62CDX0dHQ8CTLNUvoslCUC6xTXI4QnnDJqBYLMAiVHHrFdEZAOQ2DtlIljIvVf0nmTINvwiIY2NVX/PDmpDA9dx+77kvYjpwGrhaqAvo+YA6dfez7DVylWYXyXID1gM4HNtDHva5G0zj3uu5h1z3zW8cntVKb6Al6itrIRS/QMXqLTlEfUeuH9dP6bf2xz+zP9lf72xK6YdU5j9HKsr//BTp5RCM=</latexit>

L/a3 =� 1

2


�⇡̇c

2 + c2s
(@i⇡c)2

a2

�
� 1

2

h
(@µ�)

2 +m2�
2
i
+ ⇢(t)⇡̇c�

Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore [2008]


Relax assumptions: beyond weak mixing, time-dependent mixing
Werth, Pinol, Renaux-Petel [2023 a, b]
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Cosmological Collider Signal at Strong Mixing

Effective mass for the heavy field
<latexit sha1_base64="sayS1q06hUxHHFVyQ0n6kMO6fi8="></latexit>

m2 ! m2
e↵ = m2 + ⇢2

Resummation 

of quadratic mixings<latexit sha1_base64="zM4jjXx7B97N3pdDHIQxBKorucw=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDTNFq+6KblxWsA/ojEMmzbShSWZIMsIw1F9x40IRt36IO//G9CH4PHDhcM69yb0nShlV2nXfrYXFpeWV1dJaeX1jc2vb3tltqySTmLRwwhLZjZAijArS0lQz0k0lQTxipBONLiZ+55ZIRRNxrfOUBBwNBI0pRtpIoV3x+4ku/JSOQ+wrOuDophbaVdc5dr2zugd/E89xp6iCOZqh/WZewRknQmOGlOp5bqqDAklNMSPjsp8pkiI8QgPSM1QgTlRQTJcfwwOj9GGcSFNCw6n6daJAXKmcR6aTIz1UP72J+JfXy3R8GhRUpJkmAs8+ijMGdQInScA+lQRrlhuCsKRmV4iHSCKsTV5lE8LnpfB/0q45Xt3xro6qjfN5HCWwB/bBIfDACWiAS9AELYBBDu7BI3iy7qwH69l6mbUuWPOZCvgG6/UDX22VQA==</latexit>

⇡̇c�
2

<latexit sha1_base64="a4p+5U74+lmOXsM1I5HKGBRdtZk=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgapgRrborunFZwT6gMwyZNNOG5jEkGaEMBX/FjQtF3Pod7vwb04fg88CFwzn3JveeJGNUG99/d+bmFxaXlksr5dW19Y1Nd2u7qWWuMGlgyaRqJ0gTRgVpGGoYaWeKIJ4w0koGl2O/dUuUplLcmGFGIo56gqYUI2Ol2N0NVV+GXWmKMKOjGIea9jiK3YrvnfjBeTWAv0ng+RNUwAz12H2zb+CcE2EwQ1p3Aj8zUYGUoZiRUTnMNckQHqAe6VgqECc6Kibrj+CBVbowlcqWMHCifp0oENd6yBPbyZHp65/eWPzL6+QmPYsKKrLcEIGnH6U5g0bCcRawSxXBhg0tQVhRuyvEfaQQNjaxsg3h81L4P2keeUHVC66PK7WLWRwlsAf2wSEIwCmogStQBw2AQQHuwSN4cu6cB+fZeZm2zjmzmR3wDc7rB12olmk=</latexit>

⇢⇡̇c�

The cosmological collider signal of heavy but weakly mixed particle 

oscillates at the same frequency than that of a light but strongly mixed particle 

<latexit sha1_base64="bZCfDeDnoHXcioFZWZ1lZtQaoKQ="></latexit>

µ
2
e↵ = m

2
e↵/H

2 � 9/4

Frequency

Conventional

Strong mixing
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Werth, Pinol, Renaux-Petel [2023 a, b]

Castillo, Koch, Palma [2014]


An, McAneny, Ridgway, Wise [2018]

Iyer, Pi, Wang, Wang, Zhou [2018]




The Cosmological Collider Flow

Werth, Pinol, Renaux-Petel [2023 a, b]github.com/deniswerth/Cosmological-Collider-Flow

The Cosmological Flow enables us to access the time evolution 

of primordial correlators and to identify characteristic time scales

Denis Werth 11

Weak mixing Strong mixing

http://github.com/deniswerth/Cosmological-Collider-Flow


Cosmological Collider Signal with Features

<latexit sha1_base64="tu49amMFzB4jUWDfoQsOVsprWSM="></latexit>

S = (k3/k1)
1
2+n�⌫A cos(µc log(k3/k1) + ')

<latexit sha1_base64="bQ7yQHluzWMEgBK8eNjZcfklyJs="></latexit>

S = (k3/k1)
1
2+n

X

±
A± cos[(µ± µc) log(k3/k1) + '±]

Werth, Pinol, Renaux-Petel [2023 a, b]

<latexit sha1_base64="6LcMXsZDZq+t4YBeHMANGMRjwgw="></latexit>

⇢(t) = ⇢0(a0/a)
n sin[!c(t� t0)]

The cosmological collider signal of an oscillating linear mixing 
exhibits new features

New templates

<latexit sha1_base64="qxSvxO6adzsvjXKNnAst6sICbL0="></latexit>

µ
2 = m

2
/H

2 � 9/4
<latexit sha1_base64="LSI76FWteKb1QkXJkuqiARml2EI="></latexit>

µc = !c/H
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 effects subtractedExpected distinctive oscillations in the 

scale-dependent galaxy bias
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Conclusions and Take-Home Messages

Primordial non-Gaussianities to 
understand the physics of inflation, 
primary target for future missions

We have only scratched the tip of the iceberg …

The Cosmological Flow

Cosmological Collider: probe 
the laws of physics at the 
highest reachable energies 
with new templates and 
complete predictions

Efficient and systematic 
approach to compute 
inflationary correlators, 
avoiding technical difficulties

Concentrating on exploring and 
understanding the physics in 
motivated scenarios in full generality
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Thank you

Twitter : @WerthDenis

Email    : werth@iap.fr


