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Time

109 years

<latexit sha1_base64="KVLOrPx8ABePxX4mFQEvWWeidxQ=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrgtZTwYvHCvYD2rVk07QNTbJLki0sS/0lXjwo4tV/4s1/Y9ruQVsfDDzem2FmXhhzpo3nfTuFtfWNza3idmlnd2//wD08auooUYQ2SMQj1Q6xppxJ2jDMcNqOFcUi5LQVjm9nfmtClWaRfDBpTAOBh5INGMHGSj3X9b3H6lPWVQKlFCs97bllr+LNgVaJn5My5Kj33K9uPyKJoNIQjrXu+F5sggwrwwin01I30TTGZIyHtGOpxILqIJtfPkVnVumjQaRsSYPm6u+JDAutUxHaToHNSC97M/E/r5OYwXWQMRknhkqyWDRIODIRmsWA+kxRYnhqCSaK2VsRGWGFibFhlWwI/vLLq6R5UfEvK9X7y3LtJo+jCCdwCufgwxXU4A7q0AACE3iGV3hzMufFeXc+Fq0FJ585hj9wPn8A98eTPA==</latexit>

Distribution of 
objects is not 
random

Cosmology is a study of correlations



109 years

<latexit sha1_base64="KVLOrPx8ABePxX4mFQEvWWeidxQ=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrgtZTwYvHCvYD2rVk07QNTbJLki0sS/0lXjwo4tV/4s1/Y9ruQVsfDDzem2FmXhhzpo3nfTuFtfWNza3idmlnd2//wD08auooUYQ2SMQj1Q6xppxJ2jDMcNqOFcUi5LQVjm9nfmtClWaRfDBpTAOBh5INGMHGSj3X9b3H6lPWVQKlFCs97bllr+LNgVaJn5My5Kj33K9uPyKJoNIQjrXu+F5sggwrwwin01I30TTGZIyHtGOpxILqIJtfPkVnVumjQaRsSYPm6u+JDAutUxHaToHNSC97M/E/r5OYwXWQMRknhkqyWDRIODIRmsWA+kxRYnhqCSaK2VsRGWGFibFhlWwI/vLLq6R5UfEvK9X7y3LtJo+jCCdwCufgwxXU4A7q0AACE3iGV3hzMufFeXc+Fq0FJ585hj9wPn8A98eTPA==</latexit>

380, 000 years

<latexit sha1_base64="6Wuz/1hVcDpyG+x9GuGWSTp2phc=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcSMlowYqbghuXFewD2qFk0kwbmmSGJCMMQ/srblwo4tYPceffmLaz0NYDFw7n3Mu99wQxZ9og9O2srW9sbm0Xdoq7e/sHh+7RcUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw389tPVGkWyUeTxtQXeChZyAg2Vuq7pasaukAITbOeEjClWOlJ3y2jCpoDrhIvJ2WQo9F3v3qDiCSCSkM41rrrodj4GVaGEU4nxV6iaYzJGA9p11KJBdV+Nj9+As+sMoBhpGxJA+fq74kMC61TEdhOgc1IL3sz8T+vm5iw5mdMxomhkiwWhQmHJoKzJOCAKUoMTy3BRDF7KyQjrDAxNq+iDcFbfnmVtC4rXrVy81At12/zOArgBJyCc+CBa1AH96ABmoCAFDyDV/DmTJ0X5935WLSuOflMCfyB8/kD/smTug==</latexit>

10�32 sec

<latexit sha1_base64="25iiZUn09CN539bL35gnHg2pUhM=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSCypeCl48VrAf0May2W7bpZtN2N2IJcSf4sWDIl79I978N27bHLT1wcDjvRlm5vkRZ0o7zreVW1ldW9/Ibxa2tnd29+z9YlOFsSS0QUIeyraPFeVM0IZmmtN2JCkOfE5b/vh66rceqFQsFHd6ElEvwEPBBoxgbaSeXXSd++T0rJI+JV0ZIEVJ2rNLTtmZAS0TNyMlyFDv2V/dfkjigApNOFaq4zqR9hIsNSOcpoVurGiEyRgPacdQgQOqvGR2e4qOjdJHg1CaEhrN1N8TCQ6UmgS+6QywHqlFbyr+53ViPbjwEiaiWFNB5osGMUc6RNMgUJ9JSjSfGIKJZOZWREZYYqJNXAUTgrv48jJpVsputXx5Wy3VrrI48nAIR3ACLpxDDW6gDg0g8AjP8ApvVmq9WO/Wx7w1Z2UzB/AH1ucP6LuTuQ==</latexit>

We learn about the universe by tracing these 
correlations through time

Time



We can follow correlations all the way back to the 
reheating surface where the universe thermalized

We infer the probability 
distribution for matter 

fluctuations at reheating

<latexit sha1_base64="RlDBx9e/xw5QcJyaznBhwqm0D/4=">AAACAnicbVDLSgNBEJz1GeNr1ZN4GQyCp7AbJHoUvXiMYKKQjaF30tEhs7PLTK8Qg3jxV7x4UMSrX+HNv3HyOPgqaCiquunuijMlLQXBpzc1PTM7N19YKC4uLa+s+mvrDZvmRmBdpCo1FzFYVFJjnSQpvMgMQhIrPI97x0P//AaNlak+o36GrQSutOxKAeSktr8ZaYgVXFaiWyTgkZUJjzqoCNp+KSgHI/C/JJyQEpug1vY/ok4q8gQ1CQXWNsMgo9YADEmh8K4Y5RYzED24wqajGhK0rcHohTu+45QO76bGlSY+Ur9PDCCxtp/ErjMBura/vaH4n9fMqXvQGkid5YRajBd1c8Up5cM8eEcaFKT6joAw0t3KxTUYEORSK7oQwt8v/yWNSjmslqune6XDo0kcBbbFttkuC9k+O2QnrMbqTLB79sie2Yv34D15r97buHXKm8xssB/w3r8AoSyW9Q==</latexit>

r2⇣ ⇠ �



What do we know about           ?
<latexit sha1_base64="xiy7KpbfhXkIxzKPq+VjAq5smfw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgoZREpHosevFYwX5AE8pmu2mXbjZhdyLU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYngGh3n2yqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLeQoWDdRjESBYJ1gfDvzO49MaR7LB5wkzI/IUPKQU4JG8po9r+o9MSRe1e+XK07NmcNeJW5OKpCj2S9/eYOYphGTSAXRuuc6CfoZUcipYNOSl2qWEDomQ9YzVJKIaT+b3zy1z4wysMNYmZJoz9XfExmJtJ5EgemMCI70sjcT//N6KYbXfsZlkiKTdLEoTIWNsT0LwB5wxSiKiSGEKm5utemIKELRxFQyIbjLL6+S9kXNrdfq95eVxk0eRxFO4BTOwYUraMAdNKEFFBJ4hld4s1LrxXq3PhatBSufOYY/sD5/AC4HkSU=</latexit>

P [ ⇣ ]

Close to Gaussian
<latexit sha1_base64="FWO3Ig4KYDRuxds07Zj5JB+VvqA=">AAACKnicbVC7TsMwFHV4lvIKMLJYVEhMJWlRYSywMBaJPqQmrRzXaa06TmQ7SCXK97DwKywdQBUrH4KbZoCWI1k695x7dX2PFzEqlWXNjLX1jc2t7cJOcXdv/+DQPDpuyTAWmDRxyELR8ZAkjHLSVFQx0okEQYHHSNsb38/99jMRkob8SU0i4gZoyKlPMVJa6pu3ji8QThyG+JAR6LwQhXpVR2RluqRXcr2XVC8raQodxqDdN0tW2coAV4mdkxLI0eibU2cQ4jggXGGGpOzaVqTcBAlFsd5ZdGJJIoTHaEi6mnIUEOkm2akpPNfKAPqh0I8rmKm/JxIUSDkJPN0ZIDWSy95c/M/rxsq/cRPKo1gRjheL/JhBFcJ5bnBABcGKTTRBWFD9V4hHSGendLpFHYK9fPIqaVXKdq1ce7wq1e/yOArgFJyBC2CDa1AHD6ABmgCDV/AOPsCn8WZMjZnxtWhdM/KZE/AHxvcP43OngA==</latexit>

h⇣3i
h⇣2i3/2

⌧ 1

<latexit sha1_base64="b9jiFbGRoWOFKCq1AlUTH0RABeg=">AAACBnicbVDLSgMxFM3UV62vUZciBItQF5YZ8bUsunEjVLAPaMeSSdM2NMkMSUYow3Tjxl9x40IRt36DO//GdDoLrR4InHvOvdzc44eMKu04X1Zubn5hcSm/XFhZXVvfsDe36iqIJCY1HLBANn2kCKOC1DTVjDRDSRD3GWn4w8uJ37gnUtFA3OpRSDyO+oL2KEbaSB17N25LDhVGjCTjcSmtrkOc3MWHbnLQsYtO2UkB/xI3I0WQodqxP9vdAEecCI0ZUqrlOqH2YiQ1xWZDoR0pEiI8RH3SMlQgTpQXp2ckcN8oXdgLpHlCw1T9OREjrtSI+6aTIz1Qs95E/M9rRbp37sVUhJEmAk8X9SIGdQAnmcAulQRrNjIEYUnNXyEeIImwNskVTAju7Ml/Sf2o7J6WT26Oi5WLLI482AF7oARccAYq4ApUQQ1g8ACewAt4tR6tZ+vNep+25qxsZhv8gvXxDboEmKY=</latexit>

scale (Mpc�1)

Nearly scale-invariant

<latexit sha1_base64="5tPMOhHjiBtRp2oLDlsosk+5N3s=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvXisYD+gXUo2zbah2WRJspWy1F/ixYMiXv0n3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4up35rTFVmknxYCYJDWI8ECxiBBsr9Vw366oYcTmoPCXykappzy17FW8OtEr8nJQhR73nfnX7kqQxFYZwrHXH9xITZFgZRjidlrqppgkmIzygHUsFjqkOsvnlU3RmlT6KpLIlDJqrvycyHGs9iUPbGWMz1MveTPzP66Qmug4yJpLUUEEWi6KUIyPRLAbUZ4oSwyeWYKKYvRWRIVaYGBtWyYbgL7+8SpoXFb9aqd5flms3eRxFOIFTOAcfrqAGd1CHBhAYwzO8wpuTOS/Ou/OxaC04+cwx/IHz+QPD9pPE</latexit> lo
g.

p
ow

er

Planck 1807.06211



Hot big bang

fluctuations on this surface 
look acausal k

<latexit sha1_base64="sNeZkIqGBzghJRw9HHom0EzfNQc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjUm/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucP0GGM5w==</latexit>

k3h⇣⇣i

<latexit sha1_base64="0ds8Fx/iUl3ctXAanB9/KzfRUg0=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwFRItqLuCG5cV7AOaWCbTm3boZBJmJkINXbjxV9y4UMStH+HOv3GaZqGtB+7lcM69zNwTJIxK5TjfRmlldW19o7xZ2dre2d0z9w/aMk4FgRaJWSy6AZbAKIeWoopBNxGAo4BBJxhfzfzOPQhJY36rJgn4ER5yGlKClZb6ZnV8d+YxzIcMvAdQeN5ELvTNmmM7Oaxl4hakhgo0++aXN4hJGgFXhGEpe66TKD/DQlHCYFrxUgkJJmM8hJ6mHEcg/Sw/Ymoda2VghbHQxZWVq783MhxJOYkCPRlhNZKL3kz8z+ulKrzwM8qTVAEn84fClFkqtmaJWAMqgCg20QQTQfVfLTLCAhOlc6voENzFk5dJ+9R26/blTb3WsIs4yqiKjtAJctE5aqBr1EQtRNAjekav6M14Ml6Md+NjPloyip1D9AfG5w89/Jhx</latexit>

Interpretation



Inflation

The hot big bang cannot be the beginning of time

Hot big bang

Snowmass 2203.08128



de Sitter space

Inflation

The hot big bang cannot be the beginning of time

Hot big bang

Inflation explains how these perturbations could have arisen causally

All we can do is infer the properties of this early phase



What is Inflation?

}f�1
⇡

A (good) clock coupled to gravity

Heisenberg: no clock is perfect, fluctuations are 
a Nambu-Goldstone mode (symmetry breaking)

⇡(t, ~x)

Creminelli, Luty, Nicolis, Senatore hep-th/0606090

Cheung, Creminelli, Kaplan, Senatore 0709.0293



A Time-Dependent Oscillator

Small fluctuations get stretched by the expansion of space

Eventually they freeze and get imprinted at the end of inflation

<latexit sha1_base64="YFt6wbomqOSbncZCjvLclIw9xd0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbAr8XEM6CHHCOYByRpmJ7PJmNmZZWZWCEv+wYsHRbz6P978GyfJHjSxoKGo6qa7K4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo5up33qiSjMp7s04pn6EB4KFjGBjpWbtIT3zJr1iyS27M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsJrP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukeV72LssXd5VS9TaLIw9HcAyn4MEVVKEGdWgAgUd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/87SOvg==</latexit>

H
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Time          Scale

Fluctuations on different scales freeze at different times 
during inflation

k

<latexit sha1_base64="sNeZkIqGBzghJRw9HHom0EzfNQc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjUm/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucP0GGM5w==</latexit>

k3h⇣⇣i

<latexit sha1_base64="0ds8Fx/iUl3ctXAanB9/KzfRUg0=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwFRItqLuCG5cV7AOaWCbTm3boZBJmJkINXbjxV9y4UMStH+HOv3GaZqGtB+7lcM69zNwTJIxK5TjfRmlldW19o7xZ2dre2d0z9w/aMk4FgRaJWSy6AZbAKIeWoopBNxGAo4BBJxhfzfzOPQhJY36rJgn4ER5yGlKClZb6ZnV8d+YxzIcMvAdQeN5ELvTNmmM7Oaxl4hakhgo0++aXN4hJGgFXhGEpe66TKD/DQlHCYFrxUgkJJmM8hJ6mHEcg/Sw/Ymoda2VghbHQxZWVq783MhxJOYkCPRlhNZKL3kz8z+ulKrzwM8qTVAEn84fClFkqtmaJWAMqgCg20QQTQfVfLTLCAhOlc6voENzFk5dJ+9R26/blTb3WsIs4yqiKjtAJctE5aqBr1EQtRNAjekav6M14Ml6Md+NjPloyip1D9AfG5w89/Jhx</latexit>

Near time-translation invariance



Microphysics

The information we currently have about inflation is kinematic, 
follows from approximate symmetries of inflation

Understanding microphysics requires probing interactions

k

<latexit sha1_base64="sNeZkIqGBzghJRw9HHom0EzfNQc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjUm/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucP0GGM5w==</latexit>

k3h⇣⇣i

<latexit sha1_base64="0ds8Fx/iUl3ctXAanB9/KzfRUg0=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwFRItqLuCG5cV7AOaWCbTm3boZBJmJkINXbjxV9y4UMStH+HOv3GaZqGtB+7lcM69zNwTJIxK5TjfRmlldW19o7xZ2dre2d0z9w/aMk4FgRaJWSy6AZbAKIeWoopBNxGAo4BBJxhfzfzOPQhJY36rJgn4ER5yGlKClZb6ZnV8d+YxzIcMvAdQeN5ELvTNmmM7Oaxl4hakhgo0++aXN4hJGgFXhGEpe66TKD/DQlHCYFrxUgkJJmM8hJ6mHEcg/Sw/Ymoda2VghbHQxZWVq783MhxJOYkCPRlhNZKL3kz8z+ulKrzwM8qTVAEn84fClFkqtmaJWAMqgCg20QQTQfVfLTLCAhOlc6voENzFk5dJ+9R26/blTb3WsIs4yqiKjtAJctE5aqBr1EQtRNAjekav6M14Ml6Md+NjPloyip1D9AfG5w89/Jhx</latexit>
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Microphysics

Interactions lead to higher-point correlations

· · ·

We can probe these higher-point correlations by 
measuring non-Gaussianities



Non-Gaussianity

Summarize information with moments of probability distribution

<latexit sha1_base64="XdtaD7g3okwNbfVpxS8c6tX9bhM="></latexit>

h⇣(x)⇣(y)⇣(z)i =
Z

D⇣ ⇣(x)⇣(y)⇣(z)P [⇣]

In Fourier space parameterize as

<latexit sha1_base64="ouU4Za8hPYmv/cRCo3u7SF0n5O4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC20oWy2k3bpZhN3N4US+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaj25n/OEaleSwfzCRBP6IDyUPOqLFSuztGRkY9r1euuFV3DrJKvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCa/9jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nrourVqrX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cJ+fFeXc+Fq0FJ585hj9wPn8AW1KPig==</latexit>

~k1
<latexit sha1_base64="S1LX7S5eqM5BMavCVA2UQx/3b+g=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xkUcCGzI79MKE2dl1ZpaEEH7CiweN8ervePNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju7nfGqPSPJaPZpKgH9GB5CFn1Fip3R0jI6NepVcsuWV3AbJOvIyUIEO9V/zq9mOWRigNE1Trjucmxp9SZTgTOCt0U40JZSM6wI6lkkao/eni3hm5sEqfhLGyJQ1ZqL8npjTSehIFtjOiZqhXvbn4n9dJTXjjT7lMUoOSLReFqSAmJvPnSZ8rZEZMLKFMcXsrYUOqKDM2ooINwVt9eZ00K2WvWq4+XJVqt1kceTiDc7gED66hBvdQhwYwEPAMr/DmPDkvzrvzsWzNOdnMKfyB8/kDXNaPiw==</latexit>

~k2
<latexit sha1_base64="hJ0vA7qHWYh4ug9FvNQkbnl3Y60=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF4+YyCOBDZkdemHC7Ow6M0tCCD/hxYPGePV3vPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh3cxvjlBpHstHM07Qj2hf8pAzaqzU6oyQkWH3slssuWV3DrJKvIyUIEOtW/zq9GKWRigNE1Trtucmxp9QZTgTOC10Uo0JZUPax7alkkao/cn83ik5s0qPhLGyJQ2Zq78nJjTSehwFtjOiZqCXvZn4n9dOTXjjT7hMUoOSLRaFqSAmJrPnSY8rZEaMLaFMcXsrYQOqKDM2ooINwVt+eZU0LspepVx5uCpVb7M48nACp3AOHlxDFe6hBnVgIOAZXuHNeXJenHfnY9Gac7KZY/gD5/MHXlqPjA==</latexit>

~k3

<latexit sha1_base64="YSMRr55lwyUm7NK4CH6sunjzezI="></latexit>

h⇣~k1
⇣~k2

⇣~k3
i = (2⇡)3�(~k1 + ~k2 + ~k3)
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Shapes of non-Gaussianity

Different kinds of interactions give rise to correlations that are strongest 
in particular configurations

ϕ̇3

equilateral

χ

ϕ

squeezed

folded

e−ikη
<latexit sha1_base64="e3v/k1i/BpeIv+yUp2WjPC7G2Bc=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJeFsWdOFCpIK9QBvDZDpph85M4sxECCG+ihsXirj1Qdz5Nk7TLrT6w8DHf87hnPmDmFGlHefLKi0sLi2vlFcra+sbm1v29k5bRYnEpIUjFslugBRhVJCWppqRbiwJ4gEjnWB8Pql3HohUNBK3Oo2Jx9FQ0JBipI3l29XQz/qSw+ur/K4Acp/7ds2pO4XgX3BnUAMzNX37sz+IcMKJ0JghpXquE2svQ1JTzEhe6SeKxAiP0ZD0DArEifKy4vgc7htnAMNImic0LNyfExniSqU8MJ0c6ZGar03M/2q9RIdnXkZFnGgi8HRRmDCoIzhJAg6oJFiz1ADCkppbIR4hibA2eVVMCO78l/9C+7DuntSPb45qjYtZHGWwC/bAAXDBKWiAS9AELYBBCp7AC3i1Hq1n6816n7aWrNlMFfyS9fENeV2Urg==</latexit>

f eq
NL

<latexit sha1_base64="c7eBx1hEtOBzmGRXc0S1ps2c2iA=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEvC0LunAhUsFeoI1hMp20Q2cyYWYi1BB8FTcuFHHre7jzbZymWWjrDwMf/zmHc+YPYkaVdpxva25+YXFpubRSXl1b39i0t7abSiQSkwYWTMh2gBRhNCINTTUj7VgSxANGWsHwYlxvPRCpqIju9CgmHkf9iIYUI20s394N/bQrOby5zu5zYAJnvl1xqk4uOAtuARVQqO7bX92ewAknkcYMKdVxnVh7KZKaYkaycjdRJEZ4iPqkYzBCnCgvza/P4IFxejAU0rxIw9z9PZEirtSIB6aTIz1Q07Wx+V+tk+jw3EtpFCeaRHiyKEwY1AKOo4A9KgnWbGQAYUnNrRAPkERYm8DKJgR3+suz0DyquqfVk9vjSu2yiKME9sA+OAQuOAM1cAXqoAEweATP4BW8WU/Wi/VufUxa56xiZgf8kfX5A0NjlSA=</latexit>

f loc
NL

<latexit sha1_base64="9Bb9dYj9mrMbxiIptWVdiDXjOos=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4Kok4m1Z0IULkQr2Am0Mk+mkHTqZCTMTocQsfBU3LhRx62u4822cpllo6w8DH/85h3PmD2JGlXacb2tufmFxabm0Ul5dW9/YtLe2m0okEpMGFkzIdoAUYZSThqaakXYsCYoCRlrB8GJcbz0Qqajgd3oUEy9CfU5DipE2lm/vhn7alRG8uc7ucxBSD0Tm2xWn6uSCs+AWUAGF6r791e0JnESEa8yQUh3XibWXIqkpZiQrdxNFYoSHqE86BjmKiPLS/P4MHhinB0MhzeMa5u7viRRFSo2iwHRGSA/UdG1s/lfrJDo891LK40QTjieLwoRBLeA4DNijkmDNRgYQltTcCvEASYS1iaxsQnCnvzwLzaOqe1o9uT2u1C6LOEpgD+yDQ+CCM1ADV6AOGgCDR/AMXsGb9WS9WO/Wx6R1zipmdsAfWZ8/BmKWIg==</latexit>

fortho
NL

Related to sound speed in 
simplest models (like a fluid)

Babich, Creminelli, Zaldarriaga astro-ph/0405356



What is the nature of inflation?

Goal: Understand the underlying microphysics driving 
the inflationary universe

How do we organize our thinking about this question?

Focus on the energy scales in the problem



Energy scales

symmetry breaking scale

(tick rate)

MPl

f⇡ ⇠
q
�̇

the scale where we 
measure things

H



What is the energy scale of inflation?

MPl

�� =
H

MPl
= ?

f⇡ ⇠
q
�̇

H

Tensor power spectrum is a direct probe of the energy scale

<latexit sha1_base64="9fNOAUC0VITfXZTj3VVtZEnBUHM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRS2JSHVZdNONUME+oIlhMp20Q2eSMDMRSsjSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7jx8zKpVlfRuFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH11P/M4DEZJG4Z0ax8TlaBDSgGKktOSZhw2n4jAipaTcqUDbuk9Pa9mNlzqCwybLPLNsVa0p4CKxc1IGOZqe+eX0I5xwEirMkJQ924qVmyKhKGYkKzmJJDHCIzQgPU1DxIl00+kjGTzWSh8GkdAVKjhVf0+kiEs55r7u5EgN5bw3Ef/zeokKLt2UhnGiSIhni4KEQRXBSSqwTwXBio01QVhQfSvEQyQQVjq7kg7Bnn95kbTPqnatWrs9L9ev8jiK4AAcgRNggwtQBw3QBC2AwSN4Bq/gzXgyXox342PWWjDymX3wB8bnD8qNmJU=</latexit>

H . 10�6
MPl



Symmetry-breaking scale

MPl

f⇡ ⇠
q
�̇

H

f⇡ = 58H

Spectrum of scalar perturbations fixes ratio between Hubble and 
symmetry-breaking scale

�⇣ =

✓
H

f⇡

◆2

' 10�4



Microphysics of inflation?

Field(s) rolling in a potential? Something stringy?

An exotic phase of matter?

Unique probe of ultraviolet physics Flauger, Gorbenko, AJ, McAllister, Shiu, Silverstein 2203.07629




Strong-coupling scale

MPl

f⇡ ⇠
q
�̇

H

Strong-coupling scale
⇤ > 10H

Non-Gaussianity non-detections already put 
some constraints on strong-coupling scale

⇤

f
eq.
NL ⇠ 104

✓
H

⇤

◆2



Is inflation UV completed at weak coupling?

MPl

H

MPl

H

f⇡ f⇡

⇤

⇤

Threshold around f eq.
NL ⇠ 1

Creminelli astro-ph/0306122; Leblond Shandera 0802.2290

Baumann, Green 1102.5343

Extracting from data needs exquisite modeling/new ideas (opportunity for theory)

vs.

(Technicolor/Type II) (Higgs/Type I)



Equilateral non-Gaussianity is a probe of 
the self-coupling of the inflaton and its 

strong-coupling scale

Interesting threshold:             
<latexit sha1_base64="JY/Z+nO3ETcaq4YYITHjfIET0YU=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJRKrLohsXIhXsBZoYJtNJO3QmiTMToYTgxldx40IRtz6FO9/GaZqFtv4w8PGfczhzfj9mVCrL+jZKC4tLyyvl1cra+sbmlrm905ZRIjBp4YhFousjSRgNSUtRxUg3FgRxn5GOP7qY1DsPREgahbdqHBOXo0FIA4qR0pZn7gVe6ggOr6+yuxzIfeZIyqHtmVWrZuWC82AXUAWFmp755fQjnHASKsyQlD3bipWbIqEoZiSrOIkkMcIjNCA9jSHiRLppfkIGD7XTh0Ek9AsVzN3fEyniUo65rzs5UkM5W5uY/9V6iQrO3JSGcaJIiKeLgoRBFcFJHrBPBcGKjTUgLKj+K8RDJBBWOrWKDsGePXke2sc1u16r35xUG+dFHGWwDw7AEbDBKWiAS9AELYDBI3gGr+DNeDJejHfjY9paMoqZXfBHxucPglSW3w==</latexit>

f eq
NL ⇠ 1



Is the inflaton alone?

MPl

H

e.g., string scale, KK scale

The UV completion of inflation could involve new states near 
the Hubble scale

f⇡

`�1
s , MKK

Benchmark f loc.
NL ⇠ 1



A soft theorem

In single-field inflation, non-Gaussianity vanishes in the squeezed limit

Detection is therefore suggestive of additional particles that 
contribute to density perturbations

Maldacena astro-ph/0210603

Creminelli, Zaldarriaga astro-ph/0407059 

<latexit sha1_base64="pRs+1LqmUAQBlYpKiHn+rKxDZT0=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFEBclEakui25ciFSwF2jSMJlO2qEzSZyZCCVk6cZXceNCEbc+gjvfxmnahbb+MPDxn3M4c34/ZlQqy/o2CguLS8srxdXS2vrG5pa5vdOUUSIwaeCIRaLtI0kYDUlDUcVIOxYEcZ+Rlj+8HNdbD0RIGoV3ahQTl6N+SAOKkdKWZ+4HXuoIDm+us24OLMIZdCTl5B5a3WPPLFsVKxecB3sKZTBV3TO/nF6EE05ChRmSsmNbsXJTJBTFjGQlJ5EkRniI+qSjMUScSDfND8ngoXZ6MIiEfqGCuft7IkVcyhH3dSdHaiBna2Pzv1onUcG5m9IwThQJ8WRRkDCoIjhOBfaoIFixkQaEBdV/hXiABMJKZ1fSIdizJ89D86RiVyvV29Ny7WIaRxHsgQNwBGxwBmrgCtRBA2DwCJ7BK3gznowX4934mLQWjOnMLvgj4/MHfUiZAA==</latexit>

f loc
NL ' 0⇤

<latexit sha1_base64="pXOf3PhP5nXM/cgh/5bKN39ybbU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgHsKuSPQY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlSv2qVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3OTjLk=</latexit>⇤Of order                                in the squeezed limit
<latexit sha1_base64="/rKJ0BKO5DZritAwUgJ/nXZ7APk=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgMlqVBhrGBhYCiCPqQ2jRzXaa04TmQ7SFXUhV9hYQAhVj6Djb/BbTNAy5GudHTOvbr3Hi9mVCrL+jZyS8srq2v59cLG5tb2jrm715RRIjBp4IhFou0hSRjlpKGoYqQdC4JCj5GWF1xP/NYjEZJG/EGNYuKEaMCpTzFSWnLNg66kYYm78tQ+gYF726ucBe59r+KaRatsTQEXiZ2RIshQd82vbj/CSUi4wgxJ2bGtWDkpEopiRsaFbiJJjHCABqSjKUchkU46fWAMj7XSh34kdHEFp+rviRSFUo5CT3eGSA3lvDcR//M6ifIvnZTyOFGE49kiP2FQRXCSBuxTQbBiI00QFlTfCvEQCYSVzqygQ7DnX14kzUrZrpard+fF2lUWRx4cgiNQAja4ADVwA+qgATAYg2fwCt6MJ+PFeDc+Zq05I5vZB39gfP4AG76U0g==</latexit>
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A Cosmological Collider

Particles lighter than the inflationary expansion scale can be 
produced—an opportunity to probe high energies

Leave imprints in the late-time correlations

Chen, Wang 0911.3380

Arkani-Hamed, Maldacena 1503.08043 



Signatures of new particles

is a coarse measurement of additional particles, but 
there are more detailed signatures in shape

<latexit sha1_base64="nCkim+kFWDBqJNJXMG8zEnvVDRM=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEpLosunEhUsFeoI1hMp20Q2cyYWYi1BB8FTcuFHHre7jzbZymWWjrDwMf/zmHc+YPYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbSiQSkyYWTMhOgBRhNCJNTTUjnVgSxANG2sHoclJvPxCpqIju9DgmHkeDiIYUI20s394P/bQnOby5zu5zYAJnvl1xqk4uOA9uARVQqOHbX72+wAknkcYMKdV1nVh7KZKaYkayci9RJEZ4hAakazBCnCgvza/P4JFx+jAU0rxIw9z9PZEirtSYB6aTIz1Us7WJ+V+tm+jw3EtpFCeaRHi6KEwY1AJOooB9KgnWbGwAYUnNrRAPkURYm8DKJgR39svz0DqpurVq7fa0Ur8o4iiBA3AIjoELzkAdXIEGaAIMHsEzeAVv1pP1Yr1bH9PWBauY2QN/ZH3+AEMblR8=</latexit>

f loc
NL

⇠ eim�t

Oscillatory feature appears because of massive particle exchange, 
phase is related to mass, allows for spectroscopy

Requires new calculations and theory development

Arkani-Hamed, Maldacena 1503.08043

Cosmological Bootstrap (AJ+) 2203.08121 

Cabass, Philcox, Ivanov, Akitsu, Chen, Zaldarriaga 2404.01894

Sohn, Wang, Fergusson, Shellard 2404.07203



Local non-Gaussianity is a probe of 
additional states beyond the inflaton

Possible fiducial target (curvaton):

Rough benchmark:
<latexit sha1_base64="KvCKeZRjCj1jA+SzrI9e7V+vC10=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEVyURqS6LblyIVLAXaGKYTCft0JlJmJkIJXThxldx40IRtz6EO9/GaZqFtv4w8PGfczhz/jBhVGnH+baWlldW19ZLG+XNre2dXXtvv63iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOLqc1jsPRCoaizs9TojP0UDQiGKkjRXYlSjIPMnhzfXkPgcW4wn0FOXQDeyqU3NywUVwC6iCQs3A/vL6MU45ERozpFTPdRLtZ0hqihmZlL1UkQThERqQnkGBOFF+lh8xgUfG6cMoluYJDXP390SGuFJjHppOjvRQzdem5n+1Xqqjcz+jIkk1EXi2KEoZ1DGcJgL7VBKs2dgAwpKav0I8RBJhbXIrmxDc+ZMXoX1Sc+u1+u1ptXFRxFECFXAIjoELzkADXIEmaAEMHsEzeAVv1pP1Yr1bH7PWJauYOQB/ZH3+AKzsl3s=</latexit>

f loc
NL ⇠ 1

<latexit sha1_base64="gQcJjMa+6qmrOAQq+VUlqYyT25A=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuLEmUqsboejGhUgFe4E2lsl00g6dZMLMRCghCze+ihsXirj1Idz5Nk7TLLT1h4GP/5zDmfO7IaNSWda3kVtYXFpeya8W1tY3NrfM7Z2m5JHApIE546LtIkkYDUhDUcVIOxQE+S4jLXd0Oam3HoiQlAd3ahwSx0eDgHoUI6Wtnln0enFX+PDmOrlPgXGcwHN4eHJU6Zklq2ylgvNgZ1ACmeo986vb5zjySaAwQ1J2bCtUToyEopiRpNCNJAkRHqEB6WgMkE+kE6dHJHBfO33ocaFfoGDq/p6IkS/l2Hd1p4/UUM7WJuZ/tU6kvDMnpkEYKRLg6SIvYlBxOEkE9qkgWLGxBoQF1X+FeIgEwkrnVtAh2LMnz0PzuGxXy9XbSql2kcWRB0WwBw6ADU5BDVyBOmgADB7BM3gFb8aT8WK8Gx/T1pyRzeyCPzI+fwBokZan</latexit>

f loc
NL = �5/4



Initial conditions

We believe inflationary perturbations are quantum

Folded non-Gaussianity is therefore a probe of initial conditions

Holman, Tolley 0710.1302; Meerburg, van der Schaar, Corasanti  0901.4044

Arkani-Hamed, Baumann, Lee, Pimentel 1811.00024


Green, Porto 2001.09149

Minimal assumption: started in adiabatic vacuum, 
regular in folded limit



Beyond correlation functions

Correlation functions capture features of the distribution near 
the peak well

Moment expansion misses information in the tails

Challenge for both theory and data



• Are other degrees of freedom besides the inflaton important during 
inflation? (local nG)

Targets

• What is the energy scale of inflation? (B-modes)

• What is the strong coupling scale of inflation? (equilateral nG)

• What are the mass and spin of new particles if present during 
inflation? (particle nG templates)

Benchmark: f loc.
NL ⇠ 1

Threshold: f eq.
NL ⇠ 1

• Are there other energy scales important during inflation? (Features)

(slow-roll/non-slow roll)

(single-field/multi-field)


