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Outline

• What is primordial non-Gaussianity?

• Traditional methods

• Squeezed limit methods

• Persistent homology



What is primordial non-Gaussianity
Most information about cosmology we have comes from the two-
point function.
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This shape is the one produced by multi-field models.
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Senatore et. al., 2010 [arXiv: 09053746]

Equilateral Orthogonal

General single field models

Find templates that are like the NG produced by the 2 EFT operators

CMB Constraints



Future: LSS



Squeezed limit information
The squeezed limit contains model independent information about
the physics during inflation
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The squeezed limit contains model independent information about
the physics during inflation

H

B(q, k1, k2)
q!0⇠

1

q

1

q↵
1 < ↵ < 3

1

q3

Single field Multi field

Assassi, Baumann, Green, 2012

Squeezed limit information

Figure
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Even within single-field, PNG teaches about the effective 
Lagrangian

EFT of  Inflation

Constrained through the “equilateral” and “orthogonal” 
templates.

Copious particle production during inflation produces large 
equilateral non-Gaussianity.

Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore, 2007

Senatore, Smith, Zaldarriaga, 2009



The Scale-dependent bias

For the local model:

fNL = 0

� = �g + fNL�
2
g

Bias is the connection of galaxies and matter �g = b�

Slosar, et. al., 2008

Dalal, et. al., 2008

Matarrese, Verde, et. al., 2008



The Scale-dependent bias

For the local model:

fNL > 0
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The Scale-dependent bias

For the local model:
Slosar, et. al., 2008

Dalal, et. al., 2008

Matarrese, Verde, et. al., 2008

fNL < 0

� = �g + fNL�
2
g

Bias is the connection of galaxies and matter �g = b�

There is a correlation between     and the number of galaxies      .�g
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Sensitive to the squeezed limit!
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A homogeneus gravitational potential has no physical meaning
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A homogeneus gravitational potential has no physical meaning

A homogeneus gravitational force can be set to zero by going 
to a freely falling frame

� ! 0

r� ! 0
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Peloso, Pietroni, 2013 Kehagias, Riotto, 2013 Creminelli, JN, Simonović, Vernizzi, 2014

No coupling with potential



Current constraints
CMB

Equilateral

Orthogonal

LocalMulti-field

Single-field
EFT

f loc
NL = �0.9± 5.1
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fequi
NL = �26± 47
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Planck collaboration 2019

(68% CL)



Current constraints
LSS

Equilateral

Orthogonal

LocalMulti-field

Single-field
EFT

D’Amico, Lewandowski, Senatore, Zhang, 2022 

See also 

Cabass, Ivanov, Philcox, Simonović, Zaldarriaga, 2022

(68% CL)
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fequi
NL = 2± 212

<latexit sha1_base64="L35uck5/7Hsc7VCfDpG2rlYSExY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjOltC4UCm5ciFSwD+jUkkkzbWgyGZKMUIb5ADf+ihsXirj1A9z5N2baWWjrgcDhnHPJvccLGVXatr+t3Mrq2vpGfrOwtb2zu1fcP2grEUlMWlgwIbseUoTRgLQ01Yx0Q0kQ9xjpeJPL1O88EKmoCO70NCR9jkYB9SlG2kiDYskfxC5Heix5fHOdJPexkHqcwAvoVGrQDTmsV0zKLtszwGXiZKQEMjQHxS93KHDESaAxQ0r1HDvU/RhJTTEjScGNFAkRnqAR6RkaIE5UP54dk8ATowyhL6R5gYYz9fdEjLhSU+6ZZLq3WvRS8T+vF2n/rB/TIIw0CfD8Iz9iUAuYNgOHVBKs2dQQhCU1u0I8RhJhbformBKcxZOXSbtSdmrl6m211DjP6siDI3AMToED6qABrkATtAAGj+AZvII368l6sd6tj3k0Z2Uzh+APrM8fD2GaSw==</latexit>

forth
NL = 126± 72

<latexit sha1_base64="ZUtS9CB1XWYbxXlOWQXvGsDbPBo=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2CF0vSFu1BoeDFg0gF2wpNLJvtpl26m4TdjVBC7l78K148KOLVP+DNf+Om7UFbHww83pthZp4XMSqVZX0buaXlldW1/HphY3Nre8fc3WvLMBaYtHDIQnHnIUkYDUhLUcXIXSQI4h4jHW90kfmdByIkDYNbNY6Iy9EgoD7FSGmpZxb9XuJwpIaCJ9dXaXqfsBCn8BweV6vQiTis1HtmySpbE8BFYs9ICczQ7JlfTj/EMSeBwgxJ2bWtSLkJEopiRtKCE0sSITxCA9LVNECcSDeZ/JLCQ630oR8KXYGCE/X3RIK4lGPu6c7sbDnvZeJ/XjdWft1NaBDFigR4usiPGVQhzIKBfSoIVmysCcKC6lshHiKBsNLxFXQI9vzLi6RdKdsn5dpNrdQ4m8WRBwegCI6ADU5BA1yCJmgBDB7BM3gFb8aT8WK8Gx/T1pwxm9kHf2B8/gASapm9</latexit>

f loc
NL = �33± 28



Forecasts
Karagiannis et. al., 2018

<latexit sha1_base64="CHEdA+8cIOODxbcak3b6ibNa2Ec=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIxS4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwrqfcZmkBiVbfhSmgpiYzK8mQ66QGTG1hDLF7a6EjamizNhuSrYEb/XkddK5qnq1qtu6rjTqeR1FOINzuAQPbqABd9CENjBAeIZXeHMenRfn3flYRgtOPnMKf+B8/gCn6YzO</latexit>

P

<latexit sha1_base64="miuQF6C6jec4AQQYicTIhPtVst8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Koko9lj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq3PZLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJVr1TyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBkrGMwA==</latexit>

B

<latexit sha1_base64="TUAyKBq3EJw3ZiWyIOl6PlVRq9o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiij0WvXisYNpCG8pmu2mXbjZhdyKU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3c381hPXRiTqEccpD2I6UCISjKKV/Aa5ILe9csWtunOQVeLlpAI5Gr3yV7efsCzmCpmkxnQ8N8VgQjUKJvm01M0MTykb0QHvWKpozE0wmR87JWdW6ZMo0bYUkrn6e2JCY2PGcWg7Y4pDs+zNxP+8ToZRLZgIlWbIFVssijJJMCGzz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtv7xKmpdV77rqPlxV6rU8jiKcwCmcgwc3UId7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fQ+2Now==</latexit>

P +B

“Euclid-like” “LSST inspired”
<latexit sha1_base64="jlaP00ZiPIRwNvMG2D8irZ7H9yw=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk5q9QwT6LpfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauNamDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGV1X//rJSr+VxFOEETuEcAriBOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucP7ZeOqw==</latexit>⇠ 6

<latexit sha1_base64="jlaP00ZiPIRwNvMG2D8irZ7H9yw=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk5q9QwT6LpfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauNamDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGV1X//rJSr+VxFOEETuEcAriBOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucP7ZeOqw==</latexit>⇠ 6
<latexit sha1_base64="8jxim7EYlLzLbhSt3FENtPvrpFA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKwRwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q9w0TqDYoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jppX1WDWtW/v6406nkcRTiDc7iEAG6gAXfQhBYQeIRneIU3T3kv3rv3sWwtePnMKfyB9/kD7BOOqg==</latexit>⇠ 5

<latexit sha1_base64="uvBG30SLTZWEY+Qri3mtKFPoYME=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKwRwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q9w0TKBiUK37VXwCtkyAnFcjRHJS/+kNFUkGlJRwb0wv8xIYZ1pYRTmelfmpogskEj2jPUYkFNWG2uHaGLpwyRLHSrqRFC/X3RIaFMVMRuU6B7disenPxP6+X2rgeZkwmqaWSLBfFKUdWofnraMg0JZZPHcFEM3crImOsMbEuoJILIVh9eZ20r6pBrerfX1ca9TyOIpzBOVxCADfQgDtoQgsIPMIzvMKbp7wX7937WLYWvHzmFP7A+/wB5gOOpg==</latexit>⇠ 1

<latexit sha1_base64="IrxGdDqUHt/XneHid9dkL1GIqHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0jEYo8FLx4r2A9oQ9lsN+3S3U3c3Qgl9E948aCIV/+ON/+NmzYHbX0w8Hhvhpl5YcKZNp737ZQ2Nre2d8q7lb39g8Oj6vFJR8epIrRNYh6rXog15UzStmGG016iKBYhp91wepv73SeqNIvlg5klNBB4LFnECDZW6g00E8hz68NqzXO9BdA68QtSgwKtYfVrMIpJKqg0hGOt+76XmCDDyjDC6bwySDVNMJniMe1bKrGgOsgW987RhVVGKIqVLWnQQv09kWGh9UyEtlNgM9GrXi7+5/VTEzWCjMkkNVSS5aIo5cjEKH8ejZiixPCZJZgoZm9FZIIVJsZGVLEh+Ksvr5POlevXXe/+utZsFHGU4QzO4RJ8uIEm3EEL2kCAwzO8wpvz6Lw4787HsrXkFDOn8AfO5w/IkI8c</latexit>⇠ 0.5

<latexit sha1_base64="IrxGdDqUHt/XneHid9dkL1GIqHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0jEYo8FLx4r2A9oQ9lsN+3S3U3c3Qgl9E948aCIV/+ON/+NmzYHbX0w8Hhvhpl5YcKZNp737ZQ2Nre2d8q7lb39g8Oj6vFJR8epIrRNYh6rXog15UzStmGG016iKBYhp91wepv73SeqNIvlg5klNBB4LFnECDZW6g00E8hz68NqzXO9BdA68QtSgwKtYfVrMIpJKqg0hGOt+76XmCDDyjDC6bwySDVNMJniMe1bKrGgOsgW987RhVVGKIqVLWnQQv09kWGh9UyEtlNgM9GrXi7+5/VTEzWCjMkkNVSS5aIo5cjEKH8ejZiixPCZJZgoZm9FZIIVJsZGVLEh+Ksvr5POlevXXe/+utZsFHGU4QzO4RJ8uIEm3EEL2kCAwzO8wpvz6Lw4787HsrXkFDOn8AfO5w/IkI8c</latexit>⇠ 0.5

Doré et. al., 2014

SPHEREx

Single tracer Multi tracer

<latexit sha1_base64="uvBG30SLTZWEY+Qri3mtKFPoYME=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKwRwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q9w0TKBiUK37VXwCtkyAnFcjRHJS/+kNFUkGlJRwb0wv8xIYZ1pYRTmelfmpogskEj2jPUYkFNWG2uHaGLpwyRLHSrqRFC/X3RIaFMVMRuU6B7disenPxP6+X2rgeZkwmqaWSLBfFKUdWofnraMg0JZZPHcFEM3crImOsMbEuoJILIVh9eZ20r6pBrerfX1ca9TyOIpzBOVxCADfQgDtoQgsIPMIzvMKbp7wX7937WLYWvHzmFP7A+/wB5gOOpg==</latexit>⇠ 1

<latexit sha1_base64="XjzvZlN725DkJrdM2EDsZPY/pkE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKYo8FLx4rmLbQhrLZbtqlu5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZ37nSeqNEvkg5mmNBR4JFnMCDZW6vY1E8hz64NqzXO9BdA68QtSgwKtQfWrP0xIJqg0hGOte76XmjDHyjDC6azSzzRNMZngEe1ZKrGgOswX987QhVWGKE6ULWnQQv09kWOh9VREtlNgM9ar3lz8z+tlJm6EOZNpZqgky0VxxpFJ0Px5NGSKEsOnlmCimL0VkTFWmBgbUcWG4K++vE7adde/dr37q1qzUcRRhjM4h0vw4QaacActCIAAh2d4hTfn0Xlx3p2PZWvJKWZO4Q+czx/EBI8Z</latexit>⇠ 0.2

<latexit sha1_base64="jAMX8x+SeNB8K+wL0k+wT3TTKZQ=">AAAB/nicbVDLSgMxFM3UV62vUXHlZrAIrsqMFHXhouDGhUgF+4B2HDJppg1NMkOSEUoY8FfcuFDErd/hzr8x085CWw8EDufcyz05YUKJVK77bZWWlldW18rrlY3Nre0de3evLeNUINxCMY1FN4QSU8JxSxFFcTcRGLKQ4k44vsr9ziMWksT8Xk0S7DM45CQiCCojBfZBFOg+g2okmL69ybIHTWOUBXbVrblTOIvEK0gVFGgG9ld/EKOUYa4QhVL2PDdRvoZCEURxVumnEicQjeEQ9wzlkGHp62n8zDk2ysCJYmEeV85U/b2hIZNywkIzmSeV814u/uf1UhVd+JrwJFWYo9mhKKWOip28C2dABEaKTgyBSBCT1UEjKCBSprGKKcGb//IiaZ/WvLNa/a5ebVwWdZTBITgCJ8AD56ABrkETtAACGjyDV/BmPVkv1rv1MRstWcXOPvgD6/MHM8yWSA==</latexit>

f loc
NL

<latexit sha1_base64="F7IXyYux3IgEYpFkNEoBlSA2yks=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GJTdiVoCksAjYWIhHMA5J1mZ3MJkNmZpeZWSEs+wc2/oqNhSK2tnb+jZNHoYkHLhzOuZd77wliRpV2nG8rt7S8srqWXy9sbG5t79i7e00VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0guHl2G89EKloJO70KCYeR31BQ4qRNpJvH3cV7XNUCv20y5EeSJ7eXGfZfcoinJ1A43LolKu+XXTKzgRwkbgzUgQz1H37q9uLcMKJ0JghpTquE2svRVJTzEhW6CaKxAgPUZ90DBWIE+Wlk38yeGSUHgwjaUpoOFF/T6SIKzXigekc36zmvbH4n9dJdFj1UiriRBOBp4vChEEdwXE4sEclwZqNDEFYUnMrxAMkEdYmwoIJwZ1/eZE0T8vuWblyWynWLmZx5MEBOAQl4IJzUANXoA4aAINH8AxewZv1ZL1Y79bHtDVnzWb2wR9Ynz9UbJwr</latexit>

�(f loc
NL) ⇠ 0.8“High-z”

<latexit sha1_base64="CHEdA+8cIOODxbcak3b6ibNa2Ec=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIxS4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwrqfcZmkBiVbfhSmgpiYzK8mQ66QGTG1hDLF7a6EjamizNhuSrYEb/XkddK5qnq1qtu6rjTqeR1FOINzuAQPbqABd9CENjBAeIZXeHMenRfn3flYRgtOPnMKf+B8/gCn6YzO</latexit>

P

MegaMapper
<latexit sha1_base64="miuQF6C6jec4AQQYicTIhPtVst8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Koko9lj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq3PZLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJVr1TyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBkrGMwA==</latexit>

B
<latexit sha1_base64="DvyUofJbSSVHtLVplWG9OmIEjYM=">AAACD3icbVDLSsNAFJ34rPUVdelmsCh1UxIp1oWLghsXIhXsA5oYJtNJO3QmiTMToYT8gRt/xY0LRdy6deffOGm70NYDFw7n3Mu99/gxo1JZ1rexsLi0vLJaWCuub2xubZs7uy0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8OL3G8/ECFpFN6qUUxcjvohDShGSkueeeRI2ueoHHipw5EaCJ5eX2XZXUruE5odQ21zaNc8s2RVrDHgPLGnpASmaHjml9OLcMJJqDBDUnZtK1ZuioSimJGs6CSSxAgPUZ90NQ0RJ9JNx/9k8FArPRhEQleo4Fj9PZEiLuWI+7ozv1nOern4n9dNVHDmpjSME0VCPFkUJAyqCObhwB4VBCs20gRhQfWtEA+QQFjpCIs6BHv25XnSOqnYp5XqTbVUP5/GUQD74ACUgQ1qoA4uQQM0AQaP4Bm8gjfjyXgx3o2PSeuCMZ3ZA39gfP4Aw0Gccw==</latexit>

�(fequi
NL ) ⇠ 17

<latexit sha1_base64="NlYkp4i1b1tZD365chO2l7peyBE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyWRol24KLhxIVLBPqCJZTKdtENnkjAzEUrIF7jxV9y4UMSta3f+jZM2C209cOFwzr3ce48XMSqVZX0bhZXVtfWN4mZpa3tnd8/cP+jIMBaYtHHIQtHzkCSMBqStqGKkFwmCuMdI15tcZn73gQhJw+BOTSPicjQKqE8xUloamBVH0hFHVX+QOBypseDJzXWa3iehUOP0BGqbw8bALFs1awa4TOyclEGO1sD8coYhjjkJFGZIyr5tRcpNkFAUM5KWnFiSCOEJGpG+pgHiRLrJ7J0UVrQyhH4odAUKztTfEwniUk65pzuzk+Wil4n/ef1Y+Q03oUEUKxLg+SI/ZlCFMMsGDqkgWLGpJggLqm+FeIwEwkonWNIh2IsvL5POac0+q9Vv6+XmRR5HERyBY1AFNjgHTXAFWqANMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AFVOJxC</latexit>

�(forth
NL ) ⇠ 8

Castorina et. al., 2021

Cabass et. al., 2022



Squeezed limit methods



Squeezed limit methods

We will be interested in the limit

h�(q)�(k1)�(k2)i = (2⇡)3�(q+ k1 + k2)B(q, k1, k2)

h�(q)�(k1) . . . �(kn)i
q!0
= h�(q)h�(k1) . . . �(kn)i�Li

�L

�S

q ⌧ k1, k2



Squeezed limit methods

We will be interested in the limit

h�(q)�(k1)�(k2)i = (2⇡)3�(q+ k1 + k2)B(q, k1, k2)

h�(q)�(k1) . . . �(kn)i
q!0
= h�(q)h�(k1) . . . �(kn)i�Li

�L

�S

q ⌧ k1, k2

Correlation between a 2-point function and the potential 
=

Local non-Gaussianity.

<latexit sha1_base64="d/D5AnJCpmBC80ehDIIfRUfPgmI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVA8eCl48VrAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQu93tPVGkWy0czS6gv8ESykBFscmnYjtioWnPr7gJonXgFqUGB9qj6NRzHJBVUGsKx1gPPTYyfYWUY4XReGaaaJphM8YQOLJVYUO1ni1vn6MIqYxTGypY0aKH+nsiw0HomAtspsIn0qpeL/3mD1IQ3fsZkkhoqyXJRmHJkYpQ/jsZMUWL4zBJMFLO3IhJhhYmx8VRsCN7qy+uke1X3mvXGQ6PWui3iKMMZnMMleHANLbiHNnSAQATP8ApvjnBenHfnY9lacoqZU/gD5/MH49mOIg==</latexit>

�



Squeezed limit methods

We will be interested in the limit

h�(q)�(k1)�(k2)i = (2⇡)3�(q+ k1 + k2)B(q, k1, k2)

h�(q)�(k1) . . . �(kn)i
q!0
= h�(q)h�(k1) . . . �(kn)i�Li

�L

�S

q ⌧ k1, k2

Correlation between a 2-point function and the potential 
=

Local non-Gaussianity.

<latexit sha1_base64="d/D5AnJCpmBC80ehDIIfRUfPgmI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVA8eCl48VrAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQu93tPVGkWy0czS6gv8ESykBFscmnYjtioWnPr7gJonXgFqUGB9qj6NRzHJBVUGsKx1gPPTYyfYWUY4XReGaaaJphM8YQOLJVYUO1ni1vn6MIqYxTGypY0aKH+nsiw0HomAtspsIn0qpeL/3mD1IQ3fsZkkhoqyXJRmHJkYpQ/jsZMUWL4zBJMFLO3IhJhhYmx8VRsCN7qy+uke1X3mvXGQ6PWui3iKMMZnMMleHANLbiHNnSAQATP8ApvjnBenHfnY9lacoqZU/gD5/MH49mOIg==</latexit>

�

Can be pushed to very small scales for the short modes.



Squeezed limit methods

<latexit sha1_base64="kfYd83adgzDSKERcDS9Znwc7+yc="></latexit>

�(~k)
��
�L

= �(~k)
��
�L=0

+
(~k � ~q).~q

~q2
�L(~q)�(~k � ~q)

<latexit sha1_base64="6X24Qv12v4XeexoAVWvc7dSRF18="></latexit>

+ �L(~q)�1(~k) + q̂iq̂j�(~q)k̂ik̂j�✓(~k) + ...

Modulation of the short modes by a long-wavelength mode:

Biagetti, Calles, Castiblanco, Gonzalez, Noreña, 2022



Squeezed limit methods

<latexit sha1_base64="kfYd83adgzDSKERcDS9Znwc7+yc="></latexit>
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�L
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��
�L=0

+
(~k � ~q).~q

~q2
�L(~q)�(~k � ~q)

<latexit sha1_base64="6X24Qv12v4XeexoAVWvc7dSRF18="></latexit>

+ �L(~q)�1(~k) + q̂iq̂j�(~q)k̂ik̂j�✓(~k) + ...

Modulation of the short modes by a long-wavelength mode:

Equivalence principle.

Biagetti, Calles, Castiblanco, Gonzalez, Noreña, 2022



Squeezed limit methods

<latexit sha1_base64="kfYd83adgzDSKERcDS9Znwc7+yc="></latexit>
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�L
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��
�L=0

+
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~q2
�L(~q)�(~k � ~q)

<latexit sha1_base64="6X24Qv12v4XeexoAVWvc7dSRF18="></latexit>

+ �L(~q)�1(~k) + q̂iq̂j�(~q)k̂ik̂j�✓(~k) + ...

Modulation of the short modes by a long-wavelength mode:

Equivalence principle.

Dynamical response.

Biagetti, Calles, Castiblanco, Gonzalez, Noreña, 2022



Squeezed limit methods

<latexit sha1_base64="kfYd83adgzDSKERcDS9Znwc7+yc="></latexit>

�(~k)
��
�L

= �(~k)
��
�L=0

+
(~k � ~q).~q

~q2
�L(~q)�(~k � ~q)

<latexit sha1_base64="kBUo3ZjW6xJCVEPqPpJvcAyeXJY=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiAmCGFGgnrwEFDQg0gEs0AmDD2dStKkZ7G7JxCG+QQv/ooXD4p49ejNv7GzHDTxQcHjvSqq6rkhZ1KZ5reRWlhcWl5Jr2bW1jc2t7LbOzUZRIJClQY8EA2XSODMh6piikMjFEA8l0Pd7V+M/PoAhGSBf6+GIbQ80vVZh1GitORkD49sbFd6zLnJ2wOg8UNSwPYlcEWc+PYqmYj9pOBkc2bRHAPPE2tKcmiKipP9stsBjTzwFeVEyqZlhqoVE6EY5ZBk7EhCSGifdKGpqU88kK14/FCCD7TSxp1A6PIVHqu/J2LiSTn0XN3pEdWTs95I/M9rRqpz1oqZH0YKfDpZ1Ik4VgEepYPbTABVfKgJoYLpWzHtEUGo0hlmdAjW7MvzpHZctE6KpbtSrnw+jSON9tA+yiMLnaIyukYVVEUUPaJn9IrejCfjxXg3PiatKWM6s4v+wPj8AQNIm/c=</latexit>

+ �L(~q)�NG(~k)

<latexit sha1_base64="6X24Qv12v4XeexoAVWvc7dSRF18="></latexit>

+ �L(~q)�1(~k) + q̂iq̂j�(~q)k̂ik̂j�✓(~k) + ...

Modulation of the short modes by a long-wavelength mode:

Equivalence principle.

Dynamical response.

Biagetti, Calles, Castiblanco, Gonzalez, Noreña, 2022



Squeezed limit methods

<latexit sha1_base64="kfYd83adgzDSKERcDS9Znwc7+yc="></latexit>
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��
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+
(~k � ~q).~q

~q2
�L(~q)�(~k � ~q)

<latexit sha1_base64="kBUo3ZjW6xJCVEPqPpJvcAyeXJY=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiAmCGFGgnrwEFDQg0gEs0AmDD2dStKkZ7G7JxCG+QQv/ooXD4p49ejNv7GzHDTxQcHjvSqq6rkhZ1KZ5reRWlhcWl5Jr2bW1jc2t7LbOzUZRIJClQY8EA2XSODMh6piikMjFEA8l0Pd7V+M/PoAhGSBf6+GIbQ80vVZh1GitORkD49sbFd6zLnJ2wOg8UNSwPYlcEWc+PYqmYj9pOBkc2bRHAPPE2tKcmiKipP9stsBjTzwFeVEyqZlhqoVE6EY5ZBk7EhCSGifdKGpqU88kK14/FCCD7TSxp1A6PIVHqu/J2LiSTn0XN3pEdWTs95I/M9rRqpz1oqZH0YKfDpZ1Ik4VgEepYPbTABVfKgJoYLpWzHtEUGo0hlmdAjW7MvzpHZctE6KpbtSrnw+jSON9tA+yiMLnaIyukYVVEUUPaJn9IrejCfjxXg3PiatKWM6s4v+wPj8AQNIm/c=</latexit>

+ �L(~q)�NG(~k)

<latexit sha1_base64="6X24Qv12v4XeexoAVWvc7dSRF18="></latexit>

+ �L(~q)�1(~k) + q̂iq̂j�(~q)k̂ik̂j�✓(~k) + ...

Modulation of the short modes by a long-wavelength mode:

Equivalence principle.

Dynamical response.

Local NG

Simple covariance, easy to model, non-linear scales, 
complementary information.



Modulation of power spectrum

<latexit sha1_base64="zR2Qu3vEta4p8Y/q0MzjRzgdBp8="></latexit>

P (k)
��
�L

= P (k)
��
�L=0

+ �L(q)P��NG(k) + �L(q)P��(k) + ...

De Putter, 2018

Modulated power spectrum

<latexit sha1_base64="CFVICnAP8yrp9eOGHngozxN/g8w=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw0w79gEuCm5cuKhgH9AOJZNm2thMMiQZoQz9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1BzKjSjvNhrayurW9s5rby2zu7e/uFg8O2EonEpIUFE7IbIEUY5aSlqWakG0uCooCRTjC5zPzOPZGKCn6rpzHxIzTiNKQYaSO1+80xHVwPCkXHdmpetVSHjl2pek4tI179vFwuQdd25iiCJZqDwnt/KHASEa4xQ0r1XCfWfoqkppiRWb6fKBIjPEEj0jOUo4goP51fO4OnRhnCUEhTXMO5+n0iRZFS0ygwnRHSY/Xby8S/vF6iw5qfUh4nmnC8WBQmDGoBs9fhkEqCNZsagrCk5laIx0girE1AeRPC16fwf9Iu2W7F9m68YuNiGUcOHIMTcAZcUAUNcAWaoAUwuAMP4Ak8W8J6tF6s10XrirWcOQI/YL19Arawjzs=</latexit>

�L

<latexit sha1_base64="E/gq8yFRZpuG75GCknZU2ddzVR8=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJ2+gIXBTcuK9gHtEPJpJk2NJkZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqy19Y3Nre3cTn53b//gsHB03FFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP73O/O49lYpF4Z2exdQTeByygBGsM6lVml4MC0VkN+oNt1qFyK4gVCu7hiC3XKk1oGOjBYpghdaw8D4YRSQRNNSEY6X6Doq1l2KpGeF0nh8kisaYTPGY9g0NsaDKSxe3zuG5UUYwiKSpUMOF+n0ixUKpmfBNp8B6on57mfiX1090UPdSFsaJpiFZLgoSDnUEs8fhiElKNJ8Zgolk5lZIJlhiok08eRPC16fwf9K5tJ2q7d66xebVKo4cOAVnoAQcUANNcANaoA0ImIAH8ASeLWE9Wi/W67J1zVrNnIAfsN4+Ablcjgo=</latexit>

P (k)



Modulation of power spectrum

<latexit sha1_base64="zR2Qu3vEta4p8Y/q0MzjRzgdBp8="></latexit>

P (k)
��
�L

= P (k)
��
�L=0

+ �L(q)P��NG(k) + �L(q)P��(k) + ...

De Putter, 2018

Modulated power spectrum

<latexit sha1_base64="CFVICnAP8yrp9eOGHngozxN/g8w=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw0w79gEuCm5cuKhgH9AOJZNm2thMMiQZoQz9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1BzKjSjvNhrayurW9s5rby2zu7e/uFg8O2EonEpIUFE7IbIEUY5aSlqWakG0uCooCRTjC5zPzOPZGKCn6rpzHxIzTiNKQYaSO1+80xHVwPCkXHdmpetVSHjl2pek4tI179vFwuQdd25iiCJZqDwnt/KHASEa4xQ0r1XCfWfoqkppiRWb6fKBIjPEEj0jOUo4goP51fO4OnRhnCUEhTXMO5+n0iRZFS0ygwnRHSY/Xby8S/vF6iw5qfUh4nmnC8WBQmDGoBs9fhkEqCNZsagrCk5laIx0girE1AeRPC16fwf9Iu2W7F9m68YuNiGUcOHIMTcAZcUAUNcAWaoAUwuAMP4Ak8W8J6tF6s10XrirWcOQI/YL19Arawjzs=</latexit>

�L

<latexit sha1_base64="E/gq8yFRZpuG75GCknZU2ddzVR8=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJ2+gIXBTcuK9gHtEPJpJk2NJkZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqy19Y3Nre3cTn53b//gsHB03FFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP73O/O49lYpF4Z2exdQTeByygBGsM6lVml4MC0VkN+oNt1qFyK4gVCu7hiC3XKk1oGOjBYpghdaw8D4YRSQRNNSEY6X6Doq1l2KpGeF0nh8kisaYTPGY9g0NsaDKSxe3zuG5UUYwiKSpUMOF+n0ixUKpmfBNp8B6on57mfiX1090UPdSFsaJpiFZLgoSDnUEs8fhiElKNJ8Zgolk5lZIJlhiok08eRPC16fwf9K5tJ2q7d66xebVKo4cOAVnoAQcUANNcANaoA0ImIAH8ASeLWE9Wi/W67J1zVrNnIAfsN4+Ablcjgo=</latexit>

P (k) <latexit sha1_base64="E/gq8yFRZpuG75GCknZU2ddzVR8=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GTJ2+gIXBTcuK9gHtEPJpJk2NJkZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqy19Y3Nre3cTn53b//gsHB03FFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP73O/O49lYpF4Z2exdQTeByygBGsM6lVml4MC0VkN+oNt1qFyK4gVCu7hiC3XKk1oGOjBYpghdaw8D4YRSQRNNSEY6X6Doq1l2KpGeF0nh8kisaYTPGY9g0NsaDKSxe3zuG5UUYwiKSpUMOF+n0ixUKpmfBNp8B6on57mfiX1090UPdSFsaJpiFZLgoSDnUEs8fhiElKNJ8Zgolk5lZIJlhiok08eRPC16fwf9K5tJ2q7d66xebVKo4cOAVnoAQcUANNcANaoA0ImIAH8ASeLWE9Wi/W67J1zVrNnIAfsN4+Ablcjgo=</latexit>

P (k)



Modulation of power spectrum

<latexit sha1_base64="zR2Qu3vEta4p8Y/q0MzjRzgdBp8="></latexit>

P (k)
��
�L

= P (k)
��
�L=0

+ �L(q)P��NG(k) + �L(q)P��(k) + ...

 modulation
<latexit sha1_base64="Gq6DYX/HsBT928q4IdQ2JN4BHtM=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCs4l0IamERsLGM4CWB5Ax7m71kyd7uubsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKRzdTv/VElWZS3JtxQoMYDwSLGMHGSr53/vhQ7ZXKbsWdAS0TLydlyNHolb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNasW7qNTuauX6dR5HAY7hBM7Ag0uowy00wAcCDJ7hFd4c4bw4787HvHXFyWeO4A+czx/eyI4Q</latexit>

1/q2

De Putter, 2018

Modulated power spectrum



Modulation of power spectrum

<latexit sha1_base64="zR2Qu3vEta4p8Y/q0MzjRzgdBp8="></latexit>

P (k)
��
�L

= P (k)
��
�L=0

+ �L(q)P��NG(k) + �L(q)P��(k) + ...

 modulation
<latexit sha1_base64="Gq6DYX/HsBT928q4IdQ2JN4BHtM=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCs4l0IamERsLGM4CWB5Ax7m71kyd7uubsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKRzdTv/VElWZS3JtxQoMYDwSLGMHGSr53/vhQ7ZXKbsWdAS0TLydlyNHolb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNasW7qNTuauX6dR5HAY7hBM7Ag0uowy00wAcCDJ7hFd4c4bw4787HvHXFyWeO4A+czx/eyI4Q</latexit>

1/q2

De Putter, 2018

Tested in Quijote simulations. Giri, Müchmeyer, Smith, 2023

<latexit sha1_base64="IrBb803rx3fSXKpKIL3tC3LSsz8=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiRaH4suCm5cVrAPaEOZTCft0MkkzkwKJfQ73LhQxK0f486/cZpmoa0HLhzOuZd77/FjzpR2nG+rsLa+sblV3C7t7O7tH5QPj1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sd3c789oVKxSDzqaUy9EA8FCxjB2kieY1+hGhqburSdfrni2E4GtErcnFQgR6Nf/uoNIpKEVGjCsVJd14m1l2KpGeF0VuolisaYjPGQdg0VOKTKS7OjZ+jMKAMURNKU0ChTf0+kOFRqGvqmM8R6pJa9ufif1010cOulTMSJpoIsFgUJRzpC8wTQgElKNJ8agolk5lZERlhiok1OJROCu/zyKmld2O61XX2oVuq1PI4inMApnIMLN1CHe2hAEwg8wTO8wps1sV6sd+tj0Vqw8plj+APr8wfQxo+G</latexit>

0.5 < k < 3.0
<latexit sha1_base64="VXxNPPUJe57LMtdW2gnZWa12J/k=">AAAB+nicbZDLTsJAFIZP8YZ4K7p0M5GYuCKtIeCCBYkbl5jIJYGGTIcBJkyndWaqIZVHceNCY9z6JO58G6fQhYJ/cpIv/zknc+b3I86UdpxvK7exubW9k98t7O0fHB7ZxeO2CmNJaIuEPJRdHyvKmaAtzTSn3UhSHPicdvzpddrvPFCpWCju9CyiXoDHgo0YwdpYA7volB2niuro3pThSm1gl1IvFVoHN4MSZGoO7K/+MCRxQIUmHCvVc51IewmWmhFO54V+rGiEyRSPac+gwAFVXrI4fY7OjTNEo1CaEhot3N8bCQ6UmgW+mQywnqjVXmr+1+vFenTlJUxEsaaCLB8axRzpEKU5oCGTlGg+M4CJZOZWRCZYYqJNWgUTgrv65XVoX5bdarlyWyk16lkceTiFM7gAF2rQgBtoQgsIPMIzvMKb9WS9WO/Wx3I0Z2U7J/BH1ucPIdyQrg==</latexit>

0.006 < q < 0.047

Modulated power spectrum



Modulation of power spectrum

<latexit sha1_base64="zR2Qu3vEta4p8Y/q0MzjRzgdBp8="></latexit>

P (k)
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= P (k)
��
�L=0

+ �L(q)P��NG(k) + �L(q)P��(k) + ...

 modulation
<latexit sha1_base64="Gq6DYX/HsBT928q4IdQ2JN4BHtM=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCs4l0IamERsLGM4CWB5Ax7m71kyd7uubsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKRzdTv/VElWZS3JtxQoMYDwSLGMHGSr53/vhQ7ZXKbsWdAS0TLydlyNHolb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNasW7qNTuauX6dR5HAY7hBM7Ag0uowy00wAcCDJ7hFd4c4bw4787HvHXFyWeO4A+czx/eyI4Q</latexit>

1/q2

De Putter, 2018

Tested in Quijote simulations. Giri, Müchmeyer, Smith, 2023

Powerful probe using matter field.
Due to shot noise, comparable with scale-dependent bias 
using halos (in Quijote).

<latexit sha1_base64="IrBb803rx3fSXKpKIL3tC3LSsz8=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiRaH4suCm5cVrAPaEOZTCft0MkkzkwKJfQ73LhQxK0f486/cZpmoa0HLhzOuZd77/FjzpR2nG+rsLa+sblV3C7t7O7tH5QPj1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sd3c789oVKxSDzqaUy9EA8FCxjB2kieY1+hGhqburSdfrni2E4GtErcnFQgR6Nf/uoNIpKEVGjCsVJd14m1l2KpGeF0VuolisaYjPGQdg0VOKTKS7OjZ+jMKAMURNKU0ChTf0+kOFRqGvqmM8R6pJa9ufif1010cOulTMSJpoIsFgUJRzpC8wTQgElKNJ8agolk5lZERlhiok1OJROCu/zyKmld2O61XX2oVuq1PI4inMApnIMLN1CHe2hAEwg8wTO8wps1sV6sd+tj0Vqw8plj+APr8wfQxo+G</latexit>

0.5 < k < 3.0
<latexit sha1_base64="VXxNPPUJe57LMtdW2gnZWa12J/k=">AAAB+nicbZDLTsJAFIZP8YZ4K7p0M5GYuCKtIeCCBYkbl5jIJYGGTIcBJkyndWaqIZVHceNCY9z6JO58G6fQhYJ/cpIv/zknc+b3I86UdpxvK7exubW9k98t7O0fHB7ZxeO2CmNJaIuEPJRdHyvKmaAtzTSn3UhSHPicdvzpddrvPFCpWCju9CyiXoDHgo0YwdpYA7volB2niuro3pThSm1gl1IvFVoHN4MSZGoO7K/+MCRxQIUmHCvVc51IewmWmhFO54V+rGiEyRSPac+gwAFVXrI4fY7OjTNEo1CaEhot3N8bCQ6UmgW+mQywnqjVXmr+1+vFenTlJUxEsaaCLB8axRzpEKU5oCGTlGg+M4CJZOZWRCZYYqJNWgUTgrv65XVoX5bdarlyWyk16lkceTiFM7gAF2rQgBtoQgsIPMIzvMKb9WS9WO/Wx3I0Z2U7J/BH1ucPIdyQrg==</latexit>

0.006 < q < 0.047

Modulated power spectrum



Squeezed bispectrum

<latexit sha1_base64="AcdgDR17uygjUdpEcg/uyYJlfbU="></latexit>

B(q, k1, k2) = P (q)P (k)

"
1

q2
RNG(k1) +

~k1.~q

q2
+R1(k1) +R✓(k1)(k̂1.q̂)

2

#
+ (1 $ 2)

Leading orders in <latexit sha1_base64="+pG4hdTGmiEMxudg1kBeIHXHhc0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29c3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyW92acoB/RgeQhZ9RYqf7YK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDcvYz4</latexit>q



Squeezed bispectrum

<latexit sha1_base64="AcdgDR17uygjUdpEcg/uyYJlfbU="></latexit>

B(q, k1, k2) = P (q)P (k)

"
1

q2
RNG(k1) +

~k1.~q

q2
+R1(k1) +R✓(k1)(k̂1.q̂)

2

#
+ (1 $ 2)

Leading orders in <latexit sha1_base64="+pG4hdTGmiEMxudg1kBeIHXHhc0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29c3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyW92acoB/RgeQhZ9RYqf7YK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDcvYz4</latexit>q

Factor    dependence by averaging over it
<latexit sha1_base64="cc6skTXXc41+ee9zVT1/aG/e3Mw="></latexit>

B(q) ⇠
X

k

B(q, k1, k2) ⇠
1

q2
aNG + a0 + a1q + ...

Esposito, Hui, Scoccimarro, 2019 

Goldstein, Esposito, et. al., 2022

<latexit sha1_base64="OrOpzGBjCTcBO8+4jSnKkToms+E=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs1xv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7olJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jUZcIXMiIkllClubyVsRBVlxmZTsiF4yy+vkvZF1bus1pq1Sv0mj6MIJ3AK5+DBFdThDhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP9OljPI=</latexit>

k



Squeezed bispectrum

<latexit sha1_base64="AcdgDR17uygjUdpEcg/uyYJlfbU="></latexit>

B(q, k1, k2) = P (q)P (k)

"
1

q2
RNG(k1) +

~k1.~q

q2
+R1(k1) +R✓(k1)(k̂1.q̂)

2

#
+ (1 $ 2)

Leading orders in <latexit sha1_base64="+pG4hdTGmiEMxudg1kBeIHXHhc0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29c3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyW92acoB/RgeQhZ9RYqf7YK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDcvYz4</latexit>q

Factor    dependence by averaging over it
<latexit sha1_base64="cc6skTXXc41+ee9zVT1/aG/e3Mw="></latexit>

B(q) ⇠
X

k

B(q, k1, k2) ⇠
1

q2
aNG + a0 + a1q + ...

Esposito, Hui, Scoccimarro, 2019 

Goldstein, Esposito, et. al., 2022

<latexit sha1_base64="OrOpzGBjCTcBO8+4jSnKkToms+E=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs1xv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7olJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jUZcIXMiIkllClubyVsRBVlxmZTsiF4yy+vkvZF1bus1pq1Sv0mj6MIJ3AK5+DBFdThDhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP9OljPI=</latexit>

k

Don’t find substantial improvement over scale-dependent bias.
<latexit sha1_base64="IrBb803rx3fSXKpKIL3tC3LSsz8=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiRaH4suCm5cVrAPaEOZTCft0MkkzkwKJfQ73LhQxK0f486/cZpmoa0HLhzOuZd77/FjzpR2nG+rsLa+sblV3C7t7O7tH5QPj1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sd3c789oVKxSDzqaUy9EA8FCxjB2kieY1+hGhqburSdfrni2E4GtErcnFQgR6Nf/uoNIpKEVGjCsVJd14m1l2KpGeF0VuolisaYjPGQdg0VOKTKS7OjZ+jMKAMURNKU0ChTf0+kOFRqGvqmM8R6pJa9ufif1010cOulTMSJpoIsFgUJRzpC8wTQgElKNJ8agolk5lZERlhiok1OJROCu/zyKmld2O61XX2oVuq1PI4inMApnIMLN1CHe2hAEwg8wTO8wps1sV6sd+tj0Vqw8plj+APr8wfQxo+G</latexit>

0.5 < k < 3.0
<latexit sha1_base64="VXxNPPUJe57LMtdW2gnZWa12J/k=">AAAB+nicbZDLTsJAFIZP8YZ4K7p0M5GYuCKtIeCCBYkbl5jIJYGGTIcBJkyndWaqIZVHceNCY9z6JO58G6fQhYJ/cpIv/zknc+b3I86UdpxvK7exubW9k98t7O0fHB7ZxeO2CmNJaIuEPJRdHyvKmaAtzTSn3UhSHPicdvzpddrvPFCpWCju9CyiXoDHgo0YwdpYA7volB2niuro3pThSm1gl1IvFVoHN4MSZGoO7K/+MCRxQIUmHCvVc51IewmWmhFO54V+rGiEyRSPac+gwAFVXrI4fY7OjTNEo1CaEhot3N8bCQ6UmgW+mQywnqjVXmr+1+vFenTlJUxEsaaCLB8axRzpEKU5oCGTlGg+M4CJZOZWRCZYYqJNWgUTgrv65XVoX5bdarlyWyk16lkceTiFM7gAF2rQgBtoQgsIPMIzvMKb9WS9WO/Wx3I0Z2U7J/BH1ucPIdyQrg==</latexit>

0.006 < q < 0.047

Very easy to model, simple covariance, GR effects.



Squeezed bispectrum
<latexit sha1_base64="c36GbtIK9WFEN8u10vBbZSBZ6lQ="></latexit>

B(q, k1, k2) = P (q)P (k)

"
~k1.~q

q2
+R1(k1) +R✓(k1)(k̂1.q̂)

2

#
+ (1 $ 2)

<latexit sha1_base64="pb65IeWYlILOy4K8+kHrYXuVFv4=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahIpRJW2w3QsGNy3rpBdrpkEkzbWjmQpIRytBHceOruHGhiO70acxMu9DWHwIf/zmHk/M7IWdSmeaXsbK6tr6xmdnKbu/s7u3nDg5bMogEoU0S8EB0HCwpZz5tKqY47YSCYs/htO2Mr5J6+4EKyQL/Xk1Canl46DOXEay0ZeeqtzYqjM/gJey5ApMYmdO4OoXn8M5GfQTHKZUS6pdSLqdctnN5s2imgsuA5pAHczXs3GdvEJDIo74iHEvZRWaorBgLxQin02wvkjTEZIyHtKvRxx6VVpweOIWn2hlANxD6+Qqm7u+JGHtSTjxHd3pYjeRiLTH/q3Uj5dasmPlhpKhPZovciEMVwCQtOGCCEsUnGjARTP8VkhHWQSmdaVaHgBZPXoZWqYguipWbSr5em8eRAcfgBBQAAlVQB9egAZqAgEfwDF7Bm/FkvBjvxsesdcWYzxyBPzK+fwDRPJ3H</latexit>

R1(k) =
10

7
+ S1

1k + S1
2k

2 + S1
3k

3

<latexit sha1_base64="tg8ACn/oZUwxKSzPaS0zSR/4mzs="></latexit>

R✓(k) =
4

7
+ S✓

1k + S✓
2k

2 + S✓
3k

3

Biagetti, Calles, Castiblanco, Gonzalez, Noreña, 2022



Persistent Homology



Persistent Homology
Use topological features to constrain NG

In 3D three homology groups
<latexit sha1_base64="epLbNLzy4CnHGmFOqbuiSLlb+FY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYJMyovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHed/vlilt15yCrxMtJBXI0+uWv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0LqreVfXy/rJSu83jKMIJnMI5eHANNahDA5rAYAjP8ApvjnBenHfnY9FacPKZY/gD5/MHwh2Ncg==</latexit>

H0
<latexit sha1_base64="ghZuLhu6on3IwxVJ4ORk8ku2C/w=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYJMyovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHe9/rlilt15yCrxMtJBXI0+uWv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0LqreVfXy/rJSu83jKMIJnMI5eHANNahDA5rAYAjP8ApvjnBenHfnY9FacPKZY/gD5/MHw6GNcw==</latexit>

H1
<latexit sha1_base64="CzTNm7MucYifta1XZhZB7dhPe/A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUAuLgE3KiOYDkiPsbfaSJXt7x+6cEEJ+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEihUHX/XZyG5tb2zv53cLe/sHhUfH4pGXiVDPeZLGMdSeghkuheBMFSt5JNKdRIHk7GN/N/fYT10bE6hEnCfcjOlQiFIyilR7q/Uq/WHLL7gJknXgZKUGGRr/41RvELI24QiapMV3PTdCfUo2CST4r9FLDE8rGdMi7lioaceNPF6fOyIVVBiSMtS2FZKH+npjSyJhJFNjOiOLIrHpz8T+vm2J440+FSlLkii0XhakkGJP532QgNGcoJ5ZQpoW9lbAR1ZShTadgQ/BWX14nrUrZuypX76ul2m0WRx7O4BwuwYNrqEEdGtAEBkN4hld4c6Tz4rw7H8vWnJPNnMIfOJ8/xSWNdA==</latexit>

H2“Clusters” “Loops” “Voids”

Build simplical complexes out of your point cloud. Thus have a 
systematic way of counting structures.

Cole, Shiu, 2017 

Biegetti, Cole, Shiu, 2020



Persistent Homology
How to build the complex? Connect points if they are less 
than a certain distance apart.

Very sensitive to outliers. A single halo in a void can destroy it.

Choose a better “filtration”, with a “scale” parameter.

Thus, for each feature we have a birth and a death.
Cole, Shiu, 2017 

Biegetti, Cole, Shiu, 2020



Persistent Homology
Plot weighted histograms of birth vs persistence (death - birth)



Persistent Homology
As data vectors choose a few bins of births and deaths

Biagetti, Calles, Castiblanco, Cole, Noreña, 2022



Persistent Homology
Use simulations to compute derivatives for a Fisher analysis

In redshift space, with different types of errors.

<latexit sha1_base64="Y765yGZslK5CHdOknCEc6qvZ+AI=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAYhNnFXg1pYBCy0jGAekF3D7GQ2GTL7YOauGJaAjb9iY6GIrT9h5984SbbQ6IELh3Pu5d57vFhwBZb1ZeTm5hcWl/LLhZXVtfUNc3OroaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKY3uBj7zTsmFY/CGxjGzA1IL+Q+pwS01DF3GthRPMC2g0sOsHtIL2M6Ouwf3B53zKJVtibAf4mdkSLKUOuYn043oknAQqCCKNW2rRjclEjgVLBRwUkUiwkdkB5raxqSgCk3nfwwwvta6WI/krpCwBP150RKAqWGgac7AwJ9NeuNxf+8dgL+mZvyME6AhXS6yE8EhgiPA8FdLhkFMdSEUMn1rZj2iSQUdGwFHYI9+/Jf0jgq2yflynWlWD3P4sijXbSHSshGp6iKrlAN1RFFD+gJvaBX49F4Nt6M92lrzshmttEvGB/fsbuWRg==</latexit>

V ⇠ 1 (Gpc/h)3

<latexit sha1_base64="BWVM/XEv+TYJarXWPd2G4Gj9Mys="></latexit>

~s = ~x+
~v.n̂

H
n̂+

~vspec
H

n̂

<latexit sha1_base64="WM7eAUbZ+uYaIl6dUZuBHIPEB5U=">AAACJ3icbVDLSgMxFM34tr6qLt0EiyAIZUaKulAR3LhUsCp0SsmkGRvMJENyp1hC/saNv+JGUBFd+iemYxe+DgROzrmXe+9JcsENhOF7MDY+MTk1PTNbmZtfWFyqLq9cGFVoyppUCaWvEmKY4JI1gYNgV7lmJEsEu0xujof+ZZ9pw5U8h0HO2hm5ljzllICXOtXDuM+oNQ4f4JLdOryF41QTast/33Vs3lOgnLNxRqBHibAnzsU9Ala6TrUW1sMS+C+JRqSGRjjtVJ/irqJFxiRQQYxpRWEObUs0cCqYq8SFYTmhN+SatTyVJGOmbcs7Hd7wShenSvsnAZfq9w5LMmMGWeIrh6ua395Q/M9rFZDutS2XeQFM0q9BaSEwKDwMDXe5ZhTEwBNCNfe7YtojPiTw0VZ8CNHvk/+Si+16tFNvnDVqR/ujOGbQGlpHmyhCu+gInaBT1EQU3aEH9IxegvvgMXgN3r5Kx4JRzyr6geDjExHdp/c=</latexit>

~s = ~x+
~vphoto
H

n̂

<latexit sha1_base64="s5cTQlOB8hHrfZZ28rEfKL/Cj18=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBVZ3Relm4KLhxWcFeoFNKJj2tocnMkJwplqEv4sZXceNCERduxLcxbWfh7YfAn++cQ3L+IJbCoOt+OnPzC4tLy7mV/Ora+sZmYWu7bqJEc6jxSEa6GTADUoRQQ4ESmrEGpgIJjWBwOak3hqCNiMIbHMXQVqwfip7gDC3qFMq+EX3FOqmJgY+pvSmaoSE9pCczcuz61Ee4w3SgxoemUyi6JXcq+td4mSmSTNVO4d3vRjxRECKXzJiW58bYTplGwSWM835iIGZ8wPrQsjZkCkw7nW43pvuWdGkv0vaESKf0+0TKlDEjFdhOxfDW/K5N4H+1VoK983YqwjhBCPnsoV4iKUZ0EhXtCg0c5cgaxrWwf6X8lmnG0QaatyF4v1f+a+pHJe+0VL4uFysXWRw5skv2yAHxyBmpkCtSJTXCyT15JM/kxXlwnpxX523WOudkMzvkh5yPLxxxoUc=</latexit>

�spec ⇠ �v/5 ⇠ 30 km/s

<latexit sha1_base64="iRBFBCa+cT6oxEkreo13HqZdk48=">AAACDnicbVC7TgMxEPTxDOEVoKSxiCJRhTuIgIIiEg1lkMhDyp0in+MkVuzzyd5DRKf7Ahp+hYYChGip6fgbnEcBCSOtNJ7ZlXcnjAU34LrfztLyyuraem4jv7m1vbNb2NtvGJVoyupUCaVbITFM8IjVgYNgrVgzIkPBmuHweuw375k2XEV3MIpZIEk/4j1OCVipUyj5hvcl6aTxQIHKsH1KfOa6ro99YA+QDmV2YjqFolt2J8CLxJuRIpqh1il8+V1FE8kioIIY0/bcGIKUaOBUsCzvJ4bFhA5Jn7UtjYhkJkgn52S4ZJUu7iltKwI8UX9PpEQaM5Kh7ZQEBmbeG4v/ee0EepdByqM4ARbR6Ue9RGBQeJwN7nLNKIiRJYRqbnfFdEA0oWATzNsQvPmTF0njtOydlyu3lWL1ahZHDh2iI3SMPHSBqugG1VAdUfSIntErenOenBfn3fmYti45s5kD9AfO5w+LOJvF</latexit>

�photo ⇠ 3000 km/s

<latexit sha1_base64="bw8dVvecpTTOsg9xfZhFZ4ENQmw=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVocxIURcuCrpwWcE+oDOUTJppQ5PMkGSEdpitG3/FjQtF3PoH7vwb03YW2nrgcg/n3EtyTxAzqrTjfFtLyyura+uFjeLm1vbOrr2331RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF5P/NYDkYpG4l6PYuJz1Bc0pBhpI3Vt6IUS4dS7IUwjOM7Ssns6PsmgpyiHTsVxu3bJtCngInFzUgI56l37y+tFOOFEaMyQUh3XibWfIqkpZiQreokiMcJD1CcdQwXiRPnp9JIMHhulB8NImhIaTtXfGyniSo14YCY50gM1703E/7xOosNLP6UiTjQRePZQmDCoIziJBfaoJFizkSEIS2r+CvEAmWi0Ca9oQnDnT14kzbOKe16p3lVLtas8jgI4BEegDFxwAWrgFtRBA2DwCJ7BK3iznqwX6936mI0uWfnOAfgD6/MH4rmYgQ==</latexit>

�z

(1 + z)
⇠ 0.01

Spectroscopic

Photometric

Biagetti, Calles, Castiblanco, Cole, Noreña, 2022



Conclusions

• Hard to get                    with standard techniques.

• Scale dependent bias still most promising probe for local 
PNG. With bispectrum to break degeneracies.

• Squeezed limit techniques could be refined to provide 
“many scale dependent biases”.

• Persistence homology techniques can be used to greatly 
improve limits on equilateral PNG. But still need a lot of 
work.

<latexit sha1_base64="GjA4Dqwrril0Rwyy/Rwo0HQKupA=">AAACC3icbVA9SwNBEN3z2/h1ammzGASrcCdBLSwCWliIKJgo5M6wt5mLS/Y+3J0Tw3G9jX/FxkIRW/+Anf/GzUeh0QcDj/dmmJkXpFJodJwva2Jyanpmdm6+tLC4tLxir641dJIpDnWeyERdBUyDFDHUUaCEq1QBiwIJl0H3sO9f3oHSIokvsJeCH7FOLELBGRqpZW96RyCR0bCVewj3mJ+eFMV1DreZKKinRUTdll12Ks4A9C9xR6RMRjhr2Z9eO+FZBDFyybRuuk6Kfs4UCi6hKHmZhpTxLutA09CYRaD9fPBLQbeM0qZhokzFSAfqz4mcRVr3osB0Rgxv9LjXF//zmhmG+34u4jRDiPlwUZhJigntB0PbQgFH2TOEcSXMrZTfMMU4mvhKJgR3/OW/pLFTcXcr1fNquXYwimOObJBNsk1cskdq5JickTrh5IE8kRfyaj1az9ab9T5snbBGM+vkF6yPb/C+mvg=</latexit>

�fequi
NL ⇠ 1



THE 
END


