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Is parity violated in cosmology?

• Physics of inflation could generate parity-violating statistics: axion-like fields,… 

• “Scalar” parity violation = parity-odd part of trispectum of curvature perturbation           : 

• The CMB and LSS would carry imprints of the parity violation

Sorbo2011, Barnaby+2012, Shiraishi 2016,…
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⇣(k)

(pure imaginary)

“Vector” PV, see Junsup’s talk.



Galaxy shapes can probe PV at 2PCF/PS

★ There are some configurations whose mirrored images can NOT be realized by 
rotations if we add information on galaxy shapes to the positions

 2PCF/PS of shapes is sensitive to PV!→
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What else can we use to look for parity violation in cosmology? 
Galaxy shapes!

Cahn+2023, 
Philcox 2022, 

Hou+2022



• Intrinsic Alignments (IAs) 
= Intrinsic correlations of galaxy/halo “shapes” with 
surrounding large-scale structure. 

• IAs have been detected at ~ O(100) Mpc/h scales
 Gravity/Primordial origin

• Baryonic physics: ~10 Mpc/h at maximum. 

• Increasing interest in IAs as a cosmological probe
• PNG: Schmidt+2015, Akitsu+2021, TK&Takada2023,…
• Growth rate: Taruya&Okumura2020, Okumura&Taruya2023,…
• BAO: Chisari&Dvorkin2013, Okumura+2019, Xu+2023,… 
• GWs: Schmidt+2014, Akitsu+2023, Philcox+2024,…

⇒

Intrinsic Alignments of Galaxies/Halos
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★ This work: Search for Scalar PV with IA

Mandelbaum+2006,…



Galaxy Shapes as Rank-Two Tensor Fields

• We approximate a galaxy/halo shape as a 
triaxial ellipsoid: 
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Iij(xg) ⇠
Z

d3x⇢(x)(x� xg)i(x� xg)j

* 6 d.o.f. = 1 (trace) + 5 (trace-free)
Size 2 distortions + 3 angles

• Shape tensor fields:

Rank-two tensor under 3D rotation
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Modeling of IA: Linear Alignment

shapes (large-scale) 
tidal field

Hirata & Seljak 2004
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• Linear Alignment Model:
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★ Statistically aligned

• LA 
    = longitudinal scalar mode (helicity 0)
    = parity-even

• Linear theory is insufficient! 



• Perturbation Theory
• N-body simulation



New: Parity-Odd Components
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(bias-dependent) second-order kernels parity-odd trispectrum
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�k
<latexit sha1_base64="jqJHPq4txN31rt/z09O/TCwOYjs=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4cch0ah+7ohuXFdpaaIeSSTNtaDIzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPX7MmdIIfVi5tfWNza38dmFnd2//oHh41FVRIgntkIhHsudjRTkLaUczzWkvlhQLn9M7f3qd+Xf3VCoWhW09i6kn8DhkASNYZ1J7eFEYFkvIbtSrqFKDyEao7rquIZfIaZRd6BglQwms0BoW3wejiCSChppwrFTfQbH2Uiw1I5zOC4NE0RiTKR7TvqEhFlR56eLWOTwzyggGkTQVarhQv0+kWCg1E77pFFhP1G8vE//y+okO6l7KwjjRNCTLRUHCoY5g9jgcMUmJ5jNDMJHM3ArJBEtMtIknC+HrU/g/6ZZtp2pXbiul5tUqjjw4AafgHDigBprgBrRABxAwAQ/gCTxbwnq0XqzXZWvOWs0cgx+w3j4BbeiN3A==</latexit>

T�
<latexit sha1_base64="JB6h4HNRTwSBFbqmORAlUn3PWpU=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZOH7MruhHcVLAPaIeSSdM2NpMZkoxQhn6EGxeKuPV73Pk3ZtoKKnrgwuGce7n3niDmTGmEPqyV1bX1jc3cVn57Z3dvv3Bw2FJRIgltkohHshNgRTkTtKmZ5rQTS4rDgNN2MLnM/PY9lYpF4lZPY+qHeCTYkBGsjdS+7qfsbpbvF4rIRmXPrZYgssvI8dxzQzyv5lbK0LHRHEWwRKNfeO8NIpKEVGjCsVJdB8XaT7HUjHA6y/cSRWNMJnhEu4YKHFLlp/NzZ/DUKAM4jKQpoeFc/T6R4lCpaRiYzhDrsfrtZeJfXjfRw5qfMhEnmgqyWDRMONQRzH6HAyYp0XxqCCaSmVshGWOJiTYJZSF8fQr/J62S7VRs98Yt1i+WceTAMTgBZ8ABVVAHV6ABmoCACXgAT+DZiq1H68V6XbSuWMuZI/AD1tsnY2KPog==</latexit>

Kij
<latexit sha1_base64="j6LJeUBXUGXtpQTXtpSVuDFOkSg=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZKaPrIruhHcVLAPaEOZTCftkMkkzEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEUaks68MorK1vbG4Vt0s7u3v7B+XDo66MU4FJB8csFn0fScIoJx1FFSP9RBAU+Yz0/PAq93v3REga8zs1S4gXoQmnAcVIaal3M8pCNi+NyhXLtGqu06hCy6xZtutcaOK6Tadeg7ZpLVABK7RH5ffhOMZpRLjCDEk5sK1EeRkSimJG5qVhKkmCcIgmZKApRxGRXrY4dw7PtDKGQSx0cQUX6veJDEVSziJfd0ZITeVvLxf/8gapCppeRnmSKsLxclGQMqhimP8Ox1QQrNhME4QF1bdCPEUCYaUTykP4+hT+T7pV066bzq1TaV2u4iiCE3AKzoENGqAFrkEbdAAGIXgAT+DZSIxH48V4XbYWjNXMMfgB4+0TaXyPpg==</latexit>

Kkl

sensitive to the collapsed limit ( ) of !k → 0 T−

<latexit sha1_base64="nyCzCosIAY2CUwNsh64m0FQl3yM=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm875b65YpTdRbA68TNSQVyNPrlr94goknIpKGCaN11ndh4KVGGU8HmpV6iWUzomAxZ11JJQqa9dBF6ji+sMsBBpOyTBi/U3xspCbWehb6dzELqVS8T//O6iQluvZTLODFM0uWhIBHYRDhrAA+4YtSImSWEKm6zYjoiilBje8pKcFe/vE5aV1X3ulp7rFXqd3kdRTiDc7gEF26gDg/QgCZQmMAzvMIbmqIX9I4+lqMFlO+cwh+gzx9bhpHW</latexit>q1

<latexit sha1_base64="GDuhl7KrmxCYpwJLRNj7l84j/Vs=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9klRD0SvXjERMAENqRbutDQbZe2S0I2/A4vHjTGqz/Gm//GLuxBwUmaTGbey5tOEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FI9BVhTzgRtGWY4fYoVxVHAaScY32V+Z0qVZlI8mllM/QgPBQsZwcZKfi/CZhSE6WTer5X65YpbdRdA68TLSQVyNPvlr95AkiSiwhCOte56bmz8FCvDCKfzUi/RNMZkjIe0a6nAEdV+ugg9RxdWGaBQKvuEQQv190aKI61nUWAns5B61cvE/7xuYsIbP2UiTgwVZHkoTDgyEmUNoAFTlBg+swQTxWxWREZYYWJsT1kJ3uqX10m7VvWuqvWHeqVxm9dRhDM4h0vw4BoacA9NaAGBCTzDK7w5U+fFeXc+lqMFJ985hT9wPn8AXQuR1w==</latexit>q2
<latexit sha1_base64="F+ZSNxekMLhITgjMaL5m+nRgSYU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkt6rLoxmUF+4B2KJk004ZmkmmSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7BT3N3bPzgsHR03tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRfea3JlRpJsWTmcbUj/BAsJARbKzkdyNshkGYjme9q2KvVHYr7hxolXg5KUOOeq/01e1LkkRUGMKx1h3PjY2fYmUY4XRW7CaaxpiM8IB2LBU4otpP56Fn6NwqfRRKZZ8waK7+3khxpPU0CuxkFlIve5n4n9dJTHjrp0zEiaGCLA6FCUdGoqwB1GeKEsOnlmCimM2KyBArTIztKSvBW/7yKmleVrzrSvWxWq7d5XUU4BTO4AI8uIEaPEAdGkBgDM/wCm/OxHlx3p2Pxeiak++cwB84nz9ekJHY</latexit>q3

<latexit sha1_base64="AKVgvp+OK528BfmOxPUNhLnVav8=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm8Xyv1yxWn6iyA14mbkwrkaPTLX71BRJOQSUMF0brrOrHxUqIMp4LNS71Es5jQMRmyrqWShEx76SL0HF9YZYCDSNknDV6ovzdSEmo9C307mYXUq14m/ud1ExPceimXcWKYpMtDQSKwiXDWAB5wxagRM0sIVdxmxXREFKHG9pSV4K5+eZ20rqrudbX2WKvU7/I6inAG53AJLtxAHR6gAU2gMIFneIU3NEUv6B19LEcLKN85hT9Anz9gFZHZ</latexit>q4

<latexit sha1_base64="8qzWeKOLKFavxhLeMT13uURBa+g=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzLzn3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gcx0pMwyqbz0rBccezLZt278KBjO07Dq9Zz4jVqXhW6RslRASu0h+X3wUjgNCZcY4aU8l0n0UGGpKaYkXlpkCqSIDxFY+IbylFMVJAtIs/hmVFGMBLSPK7hQv2+kaFYqVkcmsk8ovrt5eJfnp/qqBlklCepJhwvP4pSBrWA+f1wRCXBms0MQVhSkxXiCZIIa9NSXsLXpfB/0vVst27XbmuV1tWqjiI4AafgHLigAVrgBrRBB2AgwAN4As+Wth6tF+t1OVqwVjvH4Aest0+HrZFw</latexit>

k

<latexit sha1_base64="I9ETDjbSIVcA7s44pqRslUjRHuk=">AAACV3icdZFdS8MwFIbTbuqcX51eehMcwoYw2jnUG2HojZcT3Qdss6RpusWlaUlScZT9SfFmf8UbzT4Q3fRA4OV9ziEnb7yYUalse2qYmezG5lZuO7+zu7d/YBUOWzJKBCZNHLFIdDwkCaOcNBVVjHRiQVDoMdL2Rrcz3n4hQtKIP6pxTPohGnAaUIyUtlyLP7gpfZ6UeiFSQy9IXyf5MryGC/cpLTnlFXb2jar/o/M1BHvYj5R0raJdsecF14WzFEWwrIZrvfX8CCch4QozJGXXsWPVT5FQFDMyyfcSSWKER2hAulpyFBLZT+e5TOCpdnwYREIfruDc/TmRolDKcejpztmycpXNzL9YN1HBVT+lPE4U4XhxUZAwqCI4Cxn6VBCs2FgLhAXVu0I8RAJhpb8ir0NwVp+8LlrVinNRqd3XivWbZRw5cAxOQAk44BLUwR1ogCbA4B18GBkja0yNT3PTzC1aTWM5cwR+lVn4Aowlsd8=</latexit>

Sij(x) = S(1)
ij (x) + S(2)

ij (x) + S(3)
ij (x) + · · ·

• Perturbative, bias expansion: Blazek+2019, Vlah+2020,…

linear alignment up to 𝒪(δ4
m)

<latexit sha1_base64="7YEzkm2wlzqskiWLajpNgZnb3oE="></latexit>

Pij,kl(k) = P (11)
ij,kl(k) + P (22)

ij,kl(k) + P (13)
ij,kl(k) +O(�4m)

★ Projection on the helicity basis: 



Case study

• We consider the following two trispectrum templates as examples: 

1.  Squeezed-type model: Coulton+2024

• Large amplitude in the squeezed limit ( )ki → 0

Shiraishi+20162.  Collapsed-type model:

<latexit sha1_base64="iq7cw1UoYHIkrx0z8LwWc3AzVW0=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapiZ1rbuim5cVrAPaIeSSTNtaOZhkimUod/hxoUibv0Yd/6NmbaCih4IHM65l3tyvJgzqSzrw8itrW9sbuW3Czu7e/sHxcOjtowSQWiLRDwSXQ9LyllIW4opTruxoDjwOO14k+vM70ypkCwK79Qspm6ARyHzGcFKS24/wGrs+elkPrALg2LJMi/rVefCQZZpWTWnXM2IU6s4ZWRrJUMJVmgOiu/9YUSSgIaKcCxlz7Zi5aZYKEY4nRf6iaQxJhM8oj1NQxxQ6aaL0HN0ppUh8iOhX6jQQv2+keJAylng6ckspPztZeJfXi9Rft1NWRgnioZkechPOFIRyhpAQyYoUXymCSaC6ayIjLHAROmeshK+for+J23HtKtm5bZSalyt6sjDCZzCOdhQgwbcQBNaQOAeHuAJno2p8Wi8GK/L0Zyx2jmGHzDePgG1P5IU</latexit>

k1

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4

<latexit sha1_base64="lDY/OI/gK1b5COUyym43jnqggK4="></latexit>

T�(k1,k2,k3,k4) = g�i
h
k̂1 ·

⇣
k̂2 ⇥ k̂3

⌘i
k�1
1 k02k

1
3P�(k1)P�(k2)P�(k3)⌥ 23 perms

• “U(1)-gauge model”:  

• Large amplitude in the collapsed limit ( )
ℒ ⊃ I(ϕ)FF̃

K → 0

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4
<latexit sha1_base64="zGh4j3Eu1lVQv7VIeQ8jF+hAX1o=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv53YiaYRBmo2nPK/XKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlR9a6qlw+Xldrtoo4inMApnIMH11CDe6hDAxg8wTO8wpszdl6cd+djPlpwFjvH8AfO5w9SVpHQ</latexit>

k1

<latexit sha1_base64="/xTteDx+DaIvcJqk0UxowZ69Wkw=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqkynta27ohvBTQX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xkxbQUUPBA7n3EvOPV7EmdK2/WFlVlbX1jeym7mt7Z3dvfz+QVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uQy9Tv3VCoWils9jagb4JFgPiNYG+muH2A99vzkejbIF+zieb3qnDnILtp2zSlXU+LUKk4ZlYySogBLNAf59/4wJHFAhSYcK9Ur2ZF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yTzxDJ0YZYj8UJonNJqr3zcSHCg1DTwzmSZUv71U/MvrxdqvuwkTUaypIIuP/JgjHaL0fDRkkhLNp4ZgIpnJisgYS0y0KSlnSvi6FP1P2k6xVC1WbiqFxsWyjiwcwTGcQglq0IAraEILCAh4gCd4tpT1aL1Yr4vRjLXcOYQfsN4+AR6+kTw=</latexit>

K

<latexit sha1_base64="9GBMmy/RDN/h0oWS1o626ftDaHY="></latexit>

T�(k1,k2,k3,k4) = 3

✓
25

9

◆3

Ai[K̂ · (k̂1 ⇥ k̂3)]F(k̂1, k̂3, K̂)P�(k1)P�(k3)P�(K)⌥ 23 perms

<latexit sha1_base64="k5HCk3p0PVxBH6PsXPQZ1hO9+yU="></latexit>

F(k̂1, k̂3, K̂) =
h
1� (q̂1 · q̂3) +

⇣
q̂1 · K̂

⌘
�

⇣
q̂3 · K̂

⌘i



Main Result (1)

• IA PS is more sensitive to the collapsed-type model

• Scale-dependent enhancement of the collapsed-type model in  limit can 
be explained by “stochastic” contribution. 

k → 0

(bias=1)

Note: 3D version of EB correlation/spectrum



• Perturbation Theory
• N-body simulation



N-body simulation: Setup
• Initial Conditions:

• Modify MUSIC2-monofonIC (Hahn+2020) to add the non-Gaussian correction to the Gaussian part: 
<latexit sha1_base64="wk4/v/uo/ueC4Xf5s5Bpv70oCqI=">AAACOHicbVDLSsNAFJ34rPVVdelmsAgVoSRS1I1QdaErrWAf0IQwmU6aoZMHMxOxhH6WGz/DnbhxoYhbv8BJ2oVpPTBwOOdc5t7jRIwKqeuv2tz8wuLScmGluLq2vrFZ2tpuiTDmmDRxyELecZAgjAakKalkpBNxgnyHkbYzuEz99gPhgobBvRxGxPJRP6AuxUgqyS7dmg2PVkwfSc9xk8fRATyDZuRRO5O4n1yNcu4hPM/7N/mAXSrrVT0DnCXGhJTBBA279GL2Qhz7JJCYISG6hh5JK0FcUszIqGjGgkQID1CfdBUNkE+ElWSHj+C+UnrQDbl6gYSZ+nciQb4QQ99RyXRFMe2l4n9eN5buqZXQIIolCfD4IzdmUIYwbRH2KCdYsqEiCHOqdoXYQxxhqbouqhKM6ZNnSeuoahxXa3e1cv1iUkcB7II9UAEGOAF1cA0aoAkweAJv4AN8as/au/alfY+jc9pkZgfkoP38AmEzrMs=</latexit>

�(x) = �G(x) +A�NG(x)

• Modification so that the trispectrum  realizes the two model templates
• Cubic correction for “squeezed”-type model ( )
• Quadratic correction for “collapsed”-type model ( )

TΦ
T1113

T1122

• N-body simulations:

<latexit sha1_base64="nWRinP4dgfVkF+01HUFuESyLw64="></latexit>

P̂ (�)
� (k) =

1

Nk

X

k

h
P(�,�)
ij,kl (k̂)

i⇤
Sij(k)Skl(�k)

• Gadget-4 (Springel+2024), , 
• Identify dark matter halos with FOF algorith, 
• Measure the shape tensor for each halo: 

• Measure helicity power spectra: 

L = 1Gpc/h N = (1024)3

Mhalo ∼ 1013M⊙/h

<latexit sha1_base64="GoUMgi3x6l7J/7mm1f4DZ5F85dY="></latexit>

Sij(x) ⇠
X

p2halo

�xp
i�xp

j



Main Result (2)
• Model 1: Squeezed-type

• No detection
• IA PS is not sensitive to this model.

Helicity λ = 1 Helicity λ = 2

<latexit sha1_base64="iq7cw1UoYHIkrx0z8LwWc3AzVW0=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapiZ1rbuim5cVrAPaIeSSTNtaOZhkimUod/hxoUibv0Yd/6NmbaCih4IHM65l3tyvJgzqSzrw8itrW9sbuW3Czu7e/sHxcOjtowSQWiLRDwSXQ9LyllIW4opTruxoDjwOO14k+vM70ypkCwK79Qspm6ARyHzGcFKS24/wGrs+elkPrALg2LJMi/rVefCQZZpWTWnXM2IU6s4ZWRrJUMJVmgOiu/9YUSSgIaKcCxlz7Zi5aZYKEY4nRf6iaQxJhM8oj1NQxxQ6aaL0HN0ppUh8iOhX6jQQv2+keJAylng6ckspPztZeJfXi9Rft1NWRgnioZkechPOFIRyhpAQyYoUXymCSaC6ayIjLHAROmeshK+for+J23HtKtm5bZSalyt6sjDCZzCOdhQgwbcQBNaQOAeHuAJno2p8Wi8GK/L0Zyx2jmGHzDePgG1P5IU</latexit>

k1

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4



Main Result (3)
• Model 2: Collapsed-type

• Scale-dependent enhancement matches the PT preditions
• Current observational constraints:  from CMB (Philcox&Shiraishi 2024),  from LSS (Philcox 2022)σ(A) ∼ 1 × 104 σ(A) ∼ 3 × 104

Helicity λ = 1 Helicity λ = 2

Strong Signal!!

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4
<latexit sha1_base64="zGh4j3Eu1lVQv7VIeQ8jF+hAX1o=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv53YiaYRBmo2nPK/XKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlR9a6qlw+Xldrtoo4inMApnIMH11CDe6hDAxg8wTO8wpszdl6cd+djPlpwFjvH8AfO5w9SVpHQ</latexit>

k1

<latexit sha1_base64="/xTteDx+DaIvcJqk0UxowZ69Wkw=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqkynta27ohvBTQX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xkxbQUUPBA7n3EvOPV7EmdK2/WFlVlbX1jeym7mt7Z3dvfz+QVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uQy9Tv3VCoWils9jagb4JFgPiNYG+muH2A99vzkejbIF+zieb3qnDnILtp2zSlXU+LUKk4ZlYySogBLNAf59/4wJHFAhSYcK9Ur2ZF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yTzxDJ0YZYj8UJonNJqr3zcSHCg1DTwzmSZUv71U/MvrxdqvuwkTUaypIIuP/JgjHaL0fDRkkhLNp4ZgIpnJisgYS0y0KSlnSvi6FP1P2k6xVC1WbiqFxsWyjiwcwTGcQglq0IAraEILCAh4gCd4tpT1aL1Yr4vRjLXcOYQfsN4+AR6+kTw=</latexit>

K



Conclusion

• IA power spectrum probes the collapsed-type scalar parity violation. 

• Complementary to 4PCF analysis of galaxy density 
fields ~ equilateral

• Less systematics in covariance at large scales 
(dominated by Gaussian + shape noise)

• Scale-dependene can be predicted with PT (EFT) 
given a trispectrum in terms of stochastic bias

<latexit sha1_base64="oKN20HYSf9FhbCEeE7QFJ97NyNA=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy6r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjRGRcQ==</latexit>

R
<latexit sha1_base64="/WeBVyWirb+glL4DuOAu/9uomSA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqreZbV2X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A9wmRHw==</latexit>r <latexit sha1_base64="/WeBVyWirb+glL4DuOAu/9uomSA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0LqreZbV2X6vUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A9wmRHw==</latexit>r

Intrinsic Alignment (IA) offers a new probe of parity violation in cosmology!



Appendix



Four Point Correlation Function of LSS
Search for parity violation with LSS: 

• We need at least 4PCF/Trispectrum of galaxy density field

• Some recent 4PCF analyses reported evidence/detection of parity-violating signal.

• We still do not have a conclusive understanding of whether the signal is physical origin or 
systematics. 

Cahn+2023

4PCF/Trispecturm2PCF/Power Spectrum 3PCF/Bispectrum

<latexit sha1_base64="oKN20HYSf9FhbCEeE7QFJ97NyNA=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy6r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjRGRcQ==</latexit>

R
<latexit sha1_base64="rNk6xiTvJrgfvumlAhpelGHxp34=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4CmlMn0ph06mYSZiVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmajbwBtWaW3fnIKvEK0gNCjQH1S9/GLM0QmmYoFr3PDcx/Ywqw5nAWcVPNSaUTegIe5ZKGqHuZ/PMM3JmlSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMraliS/CWv7xK2hd176p++XBZa9wWdZThBE7hHDy4hgbcQxNawCCBZ3iFNyd1Xpx352MxWnKKnWP4A+fzByQkkcM=</latexit>r1

<latexit sha1_base64="B7rOSMIZUiNFKhNa+vck7hOZgDY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl34+xmYRRpubDxrBac+vuAmideAWpQYH2sPrljyRJYyoM4VjrgecmJsiwMoxwOq/4qaYJJlM8pgNLBY6pDrJF5jm6sMoIRVLZJwxaqL83MhxrPYtDO5ln1KteLv7nDVIT3QQZE0lqqCDLQ1HKkZEoLwCNmKLE8JklmChmsyIywQoTY2uq2BK81S+vk26j7l3Vmw/NWuu2qKMMZ3AOl+DBNbTgHtrQAQIJPMMrvDmp8+K8Ox/L0ZJT7JzCHzifPyWokcQ=</latexit>r2

<latexit sha1_base64="rNk6xiTvJrgfvumlAhpelGHxp34=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4CmlMn0ph06mYSZiVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmajbwBtWaW3fnIKvEK0gNCjQH1S9/GLM0QmmYoFr3PDcx/Ywqw5nAWcVPNSaUTegIe5ZKGqHuZ/PMM3JmlSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMraliS/CWv7xK2hd176p++XBZa9wWdZThBE7hHDy4hgbcQxNawCCBZ3iFNyd1Xpx352MxWnKKnWP4A+fzByQkkcM=</latexit>r1
<latexit sha1_base64="B7rOSMIZUiNFKhNa+vck7hOZgDY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl34+xmYRRpubDxrBac+vuAmideAWpQYH2sPrljyRJYyoM4VjrgecmJsiwMoxwOq/4qaYJJlM8pgNLBY6pDrJF5jm6sMoIRVLZJwxaqL83MhxrPYtDO5ln1KteLv7nDVIT3QQZE0lqqCDLQ1HKkZEoLwCNmKLE8JklmChmsyIywQoTY2uq2BK81S+vk26j7l3Vmw/NWuu2qKMMZ3AOl+DBNbTgHtrQAQIJPMMrvDmp8+K8Ox/L0ZJT7JzCHzifPyWokcQ=</latexit>r2

<latexit sha1_base64="oKN20HYSf9FhbCEeE7QFJ97NyNA=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy6r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjRGRcQ==</latexit>

R
<latexit sha1_base64="rNk6xiTvJrgfvumlAhpelGHxp34=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4CmlMn0ph06mYSZiVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmajbwBtWaW3fnIKvEK0gNCjQH1S9/GLM0QmmYoFr3PDcx/Ywqw5nAWcVPNSaUTegIe5ZKGqHuZ/PMM3JmlSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMraliS/CWv7xK2hd176p++XBZa9wWdZThBE7hHDy4hgbcQxNawCCBZ3iFNyd1Xpx352MxWnKKnWP4A+fzByQkkcM=</latexit>r1

<latexit sha1_base64="rNk6xiTvJrgfvumlAhpelGHxp34=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4CmlMn0ph06mYSZiVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmajbwBtWaW3fnIKvEK0gNCjQH1S9/GLM0QmmYoFr3PDcx/Ywqw5nAWcVPNSaUTegIe5ZKGqHuZ/PMM3JmlSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMraliS/CWv7xK2hd176p++XBZa9wWdZThBE7hHDy4hgbcQxNawCCBZ3iFNyd1Xpx352MxWnKKnWP4A+fzByQkkcM=</latexit>r1
<latexit sha1_base64="B7rOSMIZUiNFKhNa+vck7hOZgDY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl34+xmYRRpubDxrBac+vuAmideAWpQYH2sPrljyRJYyoM4VjrgecmJsiwMoxwOq/4qaYJJlM8pgNLBY6pDrJF5jm6sMoIRVLZJwxaqL83MhxrPYtDO5ln1KteLv7nDVIT3QQZE0lqqCDLQ1HKkZEoLwCNmKLE8JklmChmsyIywQoTY2uq2BK81S+vk26j7l3Vmw/NWuu2qKMMZ3AOl+DBNbTgHtrQAQIJPMMrvDmp8+K8Ox/L0ZJT7JzCHzifPyWokcQ=</latexit>r2

<latexit sha1_base64="B7rOSMIZUiNFKhNa+vck7hOZgDY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl34+xmYRRpubDxrBac+vuAmideAWpQYH2sPrljyRJYyoM4VjrgecmJsiwMoxwOq/4qaYJJlM8pgNLBY6pDrJF5jm6sMoIRVLZJwxaqL83MhxrPYtDO5ln1KteLv7nDVIT3QQZE0lqqCDLQ1HKkZEoLwCNmKLE8JklmChmsyIywQoTY2uq2BK81S+vk26j7l3Vmw/NWuu2qKMMZ3AOl+DBNbTgHtrQAQIJPMMrvDmp8+K8Ox/L0ZJT7JzCHzifPyWokcQ=</latexit>r2

<latexit sha1_base64="Z+0nOEVPxTzyuyCiYxchOkfVtHw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ad0hpJJM21okhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtO7nK/+0SVZrF8NNOEBgKPJIsYwcZKvi+wGYdRpmaDy0G15tbdOdAq8QpSgwKtQfXLH8YkFVQawrHWfc9NTJBhZRjhdFbxU00TTCZ4RPuWSiyoDrJ55hk6s8oQRbGyTxo0V39vZFhoPRWhncwz6mUvF//z+qmJboKMySQ1VJLFoSjlyMQoLwANmaLE8KklmChmsyIyxgoTY2uq2BK85S+vks5F3buqNx4ateZtUUcZTuAUzsGDa2jCPbSgDQQSeIZXeHNS58V5dz4WoyWn2DmGP3A+fwAnLJHF</latexit>r3
<latexit sha1_base64="Z+0nOEVPxTzyuyCiYxchOkfVtHw=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ad0hpJJM21okhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtO7nK/+0SVZrF8NNOEBgKPJIsYwcZKvi+wGYdRpmaDy0G15tbdOdAq8QpSgwKtQfXLH8YkFVQawrHWfc9NTJBhZRjhdFbxU00TTCZ4RPuWSiyoDrJ55hk6s8oQRbGyTxo0V39vZFhoPRWhncwz6mUvF//z+qmJboKMySQ1VJLFoSjlyMQoLwANmaLE8KklmChmsyIyxgoTY2uq2BK85S+vks5F3buqNx4ateZtUUcZTuAUzsGDa2jCPbSgDQQSeIZXeHNS58V5dz4WoyWn2DmGP3A+fwAnLJHF</latexit>r3

<latexit sha1_base64="oKN20HYSf9FhbCEeE7QFJ97NyNA=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy6r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjRGRcQ==</latexit>

R
<latexit sha1_base64="80qMVWfA/cOdEK4vDfBUhK6R3eE="></latexit>r <latexit sha1_base64="80qMVWfA/cOdEK4vDfBUhK6R3eE="></latexit>r

Philcox 2022, Hou+2022

Philcox&Ereza 2024 (follow-up analysis)

<latexit sha1_base64="ryhwV61lU3J+5JjHExt/jGe3anM="></latexit> 8 > < > :
parity insensitive



• Helicity components of PS: 

Helicity (SVT) Decomposition
Scalar

(Helicity 0)

Vector
(Helicity 1)

Tensor
(Helicity 2)

<latexit sha1_base64="3Z5fCsUs+VhbUfewuYnBLFIitJ8="></latexit>

k̂

<latexit sha1_base64="3Z5fCsUs+VhbUfewuYnBLFIitJ8="></latexit>

k̂

<latexit sha1_base64="3Z5fCsUs+VhbUfewuYnBLFIitJ8="></latexit>

k̂

<latexit sha1_base64="3Z5fCsUs+VhbUfewuYnBLFIitJ8="></latexit>

k̂

<latexit sha1_base64="3Z5fCsUs+VhbUfewuYnBLFIitJ8="></latexit>

k̂

<latexit sha1_base64="ryhwV61lU3J+5JjHExt/jGe3anM="></latexit>8
><

>:

<latexit sha1_base64="ryhwV61lU3J+5JjHExt/jGe3anM="></latexit>8
><

>:

Vlah+2020

• Power spectrum of shapes: 
<latexit sha1_base64="VuJUfpSLVScZAYdDL/ANeVlY9a8="></latexit>

hSij(k)Skl(k
0)i ⌘ (2⇡)3�Dk+k0Pij,kl(k)

<latexit sha1_base64="1ZEkZnF2aOm7Y09lQWf1gO9ATy8="></latexit>

P (�)
± (k) =

h
P(�,±)
ij,kl (k̂)

i⇤
Pij,kl(k)

Projection onto the helicity basis

<latexit sha1_base64="a68j369Rwsp4pXKQHkYHirlnKRE="></latexit>

P (�)
± =

1

2

⇣
P (�)
RR � P (�)

LL

⌘•                   has 5 components                :     3 (parity-even)    +    2 (parity-odd)
<latexit sha1_base64="uPTvVATjMKnc9Pl8JbnxZJVGpfg=">AAACAHicbVC7TsMwFHV4lvAKMDCwWFRI7VIlqALGChbGItGH1ITIcdzWquNEtoNURVn4FRYGEGLlM9j4G5w2A7QcydLROffo+p4gYVQq2/42VlbX1jc2K1vm9s7u3r51cNiVcSow6eCYxaIfIEkY5aSjqGKknwiCooCRXjC5KfzeIxGSxvxeTRPiRWjE6ZBipLTkW8dm23eT6CGruUynQlTPa5O6afpW1W7YM8Bl4pSkCkq0fevLDWOcRoQrzJCUA8dOlJchoShmJDfdVJIE4QkakYGmHEVEetnsgByeaSWEw1joxxWcqb8TGYqknEaBnoyQGstFrxD/8wapGl55GeVJqgjH80XDlEEVw6INGFJBsGJTTRAWVP8V4jESCCvdWVGCs3jyMumeN5yLRvOuWW1dl3VUwAk4BTXggEvQAregDToAgxw8g1fwZjwZL8a78TEfXTHKzBH4A+PzBwTnlMA=</latexit>

P (�)
± (k)

<latexit sha1_base64="1FxeT1MTR8yNIeWudyCmR7YN4kM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARKkhJpKjLohuXFewD2hAm00k7djIJMxOhhLjxV9y4UMStf+HOv3HSZqGtBy4czrmXe+/xY0alsu1vo7S0vLK6Vl43Nza3tnes3b22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzxde53HoiQNOJ3ahITN0RDTgOKkdKSZx00vZTen45ZVu2HSI38IB1nJ6ZpelbFrtlTwEXiFKQCCjQ966s/iHASEq4wQ1L2HDtWboqEopiRzOwnksQIj9GQ9DTlKCTSTacfZPBYKwMYREIXV3Cq/p5IUSjlJPR1Z36lnPdy8T+vl6jg0k0pjxNFOJ4tChIGVQTzOOCACoIVm2iCsKD6VohHSCCsdGh5CM78y4ukfVZzzmv123qlcVXEUQaH4AhUgQMuQAPcgCZoAQwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8AsumVwQ==</latexit>

Pij,kl(k)
<latexit sha1_base64="di7EKNvi2Xc99/fFqjUcA6EWXQw=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwISFJa1sXQtGNywr2AW0ok8mkHTqZxJlJoYR+hxsXirj1Y9z5N07aCip6YOBwzrncO8eLGZXKsj6M3Mrq2vpGfrOwtb2zu1fcP2jLKBGYtHDEItH1kCSMctJSVDHSjQVBocdIxxtfZ35nQoSkEb9T05i4IRpyGlCMlJbcPtNRH8FLaJ85g2LJMi/qVefcgZZpWTWnXM2IU6s4ZWhrJUMJLNEcFN/7foSTkHCFGZKyZ1uxclMkFMWMzAr9RJIY4TEakp6mHIVEuun86Bk80YoPg0joxxWcq98nUhRKOQ09nQyRGsnfXib+5fUSFdTdlPI4UYTjxaIgYVBFMGsA+lQQrNhUE4QF1bdCPEICYaV7KugSvn4K/ydtx7SrZuW2UmpcLevIgyNwDE6BDWqgAW5AE7QABvfgATyBZ2NiPBovxusimjOWM4fgB4y3TymnkRI=</latexit>

� = 1, 2
<latexit sha1_base64="gCp8WVVTA4vE3BxlbWt00Avh/nY="></latexit>

V, T

<latexit sha1_base64="ntZ915+SuxV8cIH39XFDpASDLG8=">AAAB+HicdVDLSgMxFM3UV62PVl26CRbBRRkydfqYhVB047KCfUA7lEyatqGZzJBkhFr6JW5cKOLWT3Hn35g+BBU9EDiccy735gQxZ0oj9GGl1tY3NrfS25md3b39bO7gsKmiRBLaIBGPZDvAinImaEMzzWk7lhSHAaetYHw191t3VCoWiVs9iakf4qFgA0awNlIvl+1yE+5jeAFRwSkUe7k8slHJcytFiOwScjz33BDPq7rlEnRstEAerFDv5d67/YgkIRWacKxUx0Gx9qdYakY4nWW6iaIxJmM8pB1DBQ6p8qeLw2fw1Ch9OIikeULDhfp9YopDpSZhYJIh1iP125uLf3mdRA+q/pSJONFUkOWiQcKhjuC8BdhnkhLNJ4ZgIpm5FZIRlpho01XGlPD1U/g/aRZtp2y7N26+drmqIw2OwQk4Aw6ogBq4BnXQAAQk4AE8gWfr3nq0XqzXZTRlrWaOwA9Yb5+dbZHJ</latexit>

� = 0, 1, 2
<latexit sha1_base64="skdhC5rZNRLpSsjQ4ci6BhoVrcQ=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAguSkhq+siu6MZlxaYttKFMppN26GQSZiZCCf0GNy4UcesHufNvnD4EFT1w4XDOvdx7T5AwKpVlfRhr6xubW9u5nfzu3v7BYeHouC3jVGDi4ZjFohsgSRjlxFNUMdJNBEFRwEgnmFzP/c49EZLGvKWmCfEjNOI0pBgpLXl3pXapNSgULdOquE6tDC2zYtmuc6mJ69adagXaprVAEazQHBTe+8MYpxHhCjMkZc+2EuVnSCiKGZnl+6kkCcITNCI9TTmKiPSzxbEzeK6VIQxjoYsruFC/T2QoknIaBbozQmosf3tz8S+vl6qw7meUJ6kiHC8XhSmDKobzz+GQCoIVm2qCsKD6VojHSCCsdD55HcLXp/B/0i6bdtV0bp1i42oVRw6cgjNwAWxQAw1wA5rAAxhQ8ACewLPBjUfjxXhdtq4Zq5kT8APG2ydQVY5k</latexit>

S, V, T



Modeling of IA: Beyond Linear Alignment

• Perturbative, bias expansion: 

(linear tidal field = linear alignment)
<latexit sha1_base64="lrBnjdrRpvsWSAaXlBloj2pR7PI="></latexit>

K(1)
ij

<latexit sha1_base64="TYWbdYOntAWIzxi0hN1gYP+MneA="></latexit>

S(1)
ij = c1TF

h
⇧[1]

ij

i(1)
,

S(2)
ij = c1TF

h
⇧[1]

ij

i(2)
+ c2,1TF

h
⇧[2]

ij

i(2)
+ c2,2TF

h
⇧[1]

ik⇧
[1]
kj

i(2)
+ c2,3TF

h
⇧[1]

kk⇧
[1]
ij

i(2)

Blazek+2019, Vlah+2020,…

<latexit sha1_base64="I9ETDjbSIVcA7s44pqRslUjRHuk=">AAACV3icdZFdS8MwFIbTbuqcX51eehMcwoYw2jnUG2HojZcT3Qdss6RpusWlaUlScZT9SfFmf8UbzT4Q3fRA4OV9ziEnb7yYUalse2qYmezG5lZuO7+zu7d/YBUOWzJKBCZNHLFIdDwkCaOcNBVVjHRiQVDoMdL2Rrcz3n4hQtKIP6pxTPohGnAaUIyUtlyLP7gpfZ6UeiFSQy9IXyf5MryGC/cpLTnlFXb2jar/o/M1BHvYj5R0raJdsecF14WzFEWwrIZrvfX8CCch4QozJGXXsWPVT5FQFDMyyfcSSWKER2hAulpyFBLZT+e5TOCpdnwYREIfruDc/TmRolDKcejpztmycpXNzL9YN1HBVT+lPE4U4XhxUZAwqCI4Cxn6VBCs2FgLhAXVu0I8RAJhpb8ir0NwVp+8LlrVinNRqd3XivWbZRw5cAxOQAk44BLUwR1ogCbA4B18GBkja0yNT3PTzC1aTWM5cwR+lVn4Aowlsd8=</latexit>

Sij(x) = S(1)
ij (x) + S(2)

ij (x) + S(3)
ij (x) + · · ·

Non-linear evolution of matter Advection Tidal torquing Density weight

• Power spectrum up to : 𝒪(δ4
m)

<latexit sha1_base64="7YEzkm2wlzqskiWLajpNgZnb3oE="></latexit>

Pij,kl(k) = P (11)
ij,kl(k) + P (22)

ij,kl(k) + P (13)
ij,kl(k) +O(�4m)

<latexit sha1_base64="nWq16aX2zHIzfHCRE/GksI8jXHA="></latexit>

⇧[1]
ij (x) =

@i@j
@2

�m(x)



New: Parity-Odd Components
• Parity-odd components are extracted by the projection: 

★ Only  survives because  and  are helicity 0 (parity-even) up to . P(22)(k) P(11)(k) P(13)(k) 𝒪(δ4
m)

0 0

<latexit sha1_base64="fG4Iogo//tExQnWqw9zaAraSXhA="></latexit>

P (�)
� (k) =

h
P(�,�)
ij,kl (k̂)

i⇤
Pij,kl(k)

=
h
P(�,�)
ij,kl (k̂)

i⇤
P (11)
ij,kl(k) +

h
P(�,�)
ij,kl (k̂)

i⇤
P (22)
ij,kl(k) +

h
P(�,�)
ij,kl (k̂)

i⇤
P (13)
ij,kl(k) +O(�4m)

<latexit sha1_base64="7FKOdT7KM8ClZAo2Ndr1ZIdxS64="></latexit>

P (�)
� (k) =

Z

q1,··· ,q4

(2⇡)3�Dk�q12
(2⇡)3�Dk+q34

hh
P(�,�)
ij,kl (k̂)

i⇤
K(2)

ij (q1,q2)K
(2)
kl (q3,q4)

i
iT �

�(q1,q2,q3,q4)

(bias-dependent) second-order kernels parity-odd trispectrum

<latexit sha1_base64="nyCzCosIAY2CUwNsh64m0FQl3yM=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm875b65YpTdRbA68TNSQVyNPrlr94goknIpKGCaN11ndh4KVGGU8HmpV6iWUzomAxZ11JJQqa9dBF6ji+sMsBBpOyTBi/U3xspCbWehb6dzELqVS8T//O6iQluvZTLODFM0uWhIBHYRDhrAA+4YtSImSWEKm6zYjoiilBje8pKcFe/vE5aV1X3ulp7rFXqd3kdRTiDc7gEF26gDg/QgCZQmMAzvMIbmqIX9I4+lqMFlO+cwh+gzx9bhpHW</latexit>q1

<latexit sha1_base64="GDuhl7KrmxCYpwJLRNj7l84j/Vs=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9klRD0SvXjERMAENqRbutDQbZe2S0I2/A4vHjTGqz/Gm//GLuxBwUmaTGbey5tOEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FI9BVhTzgRtGWY4fYoVxVHAaScY32V+Z0qVZlI8mllM/QgPBQsZwcZKfi/CZhSE6WTer5X65YpbdRdA68TLSQVyNPvlr95AkiSiwhCOte56bmz8FCvDCKfzUi/RNMZkjIe0a6nAEdV+ugg9RxdWGaBQKvuEQQv190aKI61nUWAns5B61cvE/7xuYsIbP2UiTgwVZHkoTDgyEmUNoAFTlBg+swQTxWxWREZYYWJsT1kJ3uqX10m7VvWuqvWHeqVxm9dRhDM4h0vw4BoacA9NaAGBCTzDK7w5U+fFeXc+lqMFJ985hT9wPn8AXQuR1w==</latexit>q2

<latexit sha1_base64="F+ZSNxekMLhITgjMaL5m+nRgSYU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkt6rLoxmUF+4B2KJk004ZmkmmSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7BT3N3bPzgsHR03tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRfea3JlRpJsWTmcbUj/BAsJARbKzkdyNshkGYjme9q2KvVHYr7hxolXg5KUOOeq/01e1LkkRUGMKx1h3PjY2fYmUY4XRW7CaaxpiM8IB2LBU4otpP56Fn6NwqfRRKZZ8waK7+3khxpPU0CuxkFlIve5n4n9dJTHjrp0zEiaGCLA6FCUdGoqwB1GeKEsOnlmCimM2KyBArTIztKSvBW/7yKmleVrzrSvWxWq7d5XUU4BTO4AI8uIEaPEAdGkBgDM/wCm/OxHlx3p2Pxeiak++cwB84nz9ekJHY</latexit>q3

<latexit sha1_base64="AKVgvp+OK528BfmOxPUNhLnVav8=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm8Xyv1yxWn6iyA14mbkwrkaPTLX71BRJOQSUMF0brrOrHxUqIMp4LNS71Es5jQMRmyrqWShEx76SL0HF9YZYCDSNknDV6ovzdSEmo9C307mYXUq14m/ud1ExPceimXcWKYpMtDQSKwiXDWAB5wxagRM0sIVdxmxXREFKHG9pSV4K5+eZ20rqrudbX2WKvU7/I6inAG53AJLtxAHR6gAU2gMIFneIU3NEUv6B19LEcLKN85hT9Anz9gFZHZ</latexit>q4

<latexit sha1_base64="Q8kWg6R+t087Bnda5DkvQzgu8h0=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojoMwm8wqg2rNrbtzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6MaBZN8VumnhieUTeiI9yxVNOLGz+aRZ+TMKkMSxto+hWSu/t7IaGTMNArsZB7RLHu5+J/XSzG88TOhkhS5YouPwlQSjEl+PxkKzRnKqSWUaWGzEjammjK0LeUleMsnr5L2Rd27ql8+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AJMSRLA==</latexit>

k
<latexit sha1_base64="OOebG+w2c/OX1efpnJOpqaegPiI=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgxpJIUZdFNy4r2Ac0oUymk3boZBLmIZTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJU86Udt1vp7S2vrG5Vd6u7Ozu7R9UD486KjGS0DZJeCJ7IVaUM0HbmmlOe6mkOA457YaTu9zvPlGpWCIe9TSlQYxHgkWMYG0l/8KPsR6HUTaZVQbVmlt350CrxCtIDQq0BtUvf5gQE1OhCcdK9T031UGGpWaE01nFN4qmmEzwiPYtFTimKsjmmWfozCpDFCXSPqHRXP29keFYqWkc2sk8olr2cvE/r290dBNkTKRGU0EWhyLDkU5QXgAaMkmJ5lNLMJHMZkVkjCUm2taUl+Atf3mVdC7r3lW98dCoNW+LOspwAqdwDh5cQxPuoQVtIJDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AY/fkWM=</latexit>

�k
<latexit sha1_base64="jqJHPq4txN31rt/z09O/TCwOYjs=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4cch0ah+7ohuXFdpaaIeSSTNtaDIzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPX7MmdIIfVi5tfWNza38dmFnd2//oHh41FVRIgntkIhHsudjRTkLaUczzWkvlhQLn9M7f3qd+Xf3VCoWhW09i6kn8DhkASNYZ1J7eFEYFkvIbtSrqFKDyEao7rquIZfIaZRd6BglQwms0BoW3wejiCSChppwrFTfQbH2Uiw1I5zOC4NE0RiTKR7TvqEhFlR56eLWOTwzyggGkTQVarhQv0+kWCg1E77pFFhP1G8vE//y+okO6l7KwjjRNCTLRUHCoY5g9jgcMUmJ5jNDMJHM3ArJBEtMtIknC+HrU/g/6ZZtp2pXbiul5tUqjjw4AafgHDigBprgBrRABxAwAQ/gCTxbwnq0XqzXZWvOWs0cgx+w3j4BbeiN3A==</latexit>

T�
<latexit sha1_base64="JB6h4HNRTwSBFbqmORAlUn3PWpU=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZOH7MruhHcVLAPaIeSSdM2NpMZkoxQhn6EGxeKuPV73Pk3ZtoKKnrgwuGce7n3niDmTGmEPqyV1bX1jc3cVn57Z3dvv3Bw2FJRIgltkohHshNgRTkTtKmZ5rQTS4rDgNN2MLnM/PY9lYpF4lZPY+qHeCTYkBGsjdS+7qfsbpbvF4rIRmXPrZYgssvI8dxzQzyv5lbK0LHRHEWwRKNfeO8NIpKEVGjCsVJdB8XaT7HUjHA6y/cSRWNMJnhEu4YKHFLlp/NzZ/DUKAM4jKQpoeFc/T6R4lCpaRiYzhDrsfrtZeJfXjfRw5qfMhEnmgqyWDRMONQRzH6HAyYp0XxqCCaSmVshGWOJiTYJZSF8fQr/J62S7VRs98Yt1i+WceTAMTgBZ8ABVVAHV6ABmoCACXgAT+DZiq1H68V6XbSuWMuZI/AD1tsnY2KPog==</latexit>

Kij
<latexit sha1_base64="j6LJeUBXUGXtpQTXtpSVuDFOkSg=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZKaPrIruhHcVLAPaEOZTCftkMkkzEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEUaks68MorK1vbG4Vt0s7u3v7B+XDo66MU4FJB8csFn0fScIoJx1FFSP9RBAU+Yz0/PAq93v3REga8zs1S4gXoQmnAcVIaal3M8pCNi+NyhXLtGqu06hCy6xZtutcaOK6Tadeg7ZpLVABK7RH5ffhOMZpRLjCDEk5sK1EeRkSimJG5qVhKkmCcIgmZKApRxGRXrY4dw7PtDKGQSx0cQUX6veJDEVSziJfd0ZITeVvLxf/8gapCppeRnmSKsLxclGQMqhimP8Ox1QQrNhME4QF1bdCPEUCYaUTykP4+hT+T7pV066bzq1TaV2u4iiCE3AKzoENGqAFrkEbdAAGIXgAT+DZSIxH48V4XbYWjNXMMfgB4+0TaXyPpg==</latexit>

Kkl ∼
sensitive to the collapsed limit ( ) of !k → 0 T−

<latexit sha1_base64="nyCzCosIAY2CUwNsh64m0FQl3yM=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm875b65YpTdRbA68TNSQVyNPrlr94goknIpKGCaN11ndh4KVGGU8HmpV6iWUzomAxZ11JJQqa9dBF6ji+sMsBBpOyTBi/U3xspCbWehb6dzELqVS8T//O6iQluvZTLODFM0uWhIBHYRDhrAA+4YtSImSWEKm6zYjoiilBje8pKcFe/vE5aV1X3ulp7rFXqd3kdRTiDc7gEF26gDg/QgCZQmMAzvMIbmqIX9I4+lqMFlO+cwh+gzx9bhpHW</latexit>q1

<latexit sha1_base64="GDuhl7KrmxCYpwJLRNj7l84j/Vs=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9klRD0SvXjERMAENqRbutDQbZe2S0I2/A4vHjTGqz/Gm//GLuxBwUmaTGbey5tOEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FI9BVhTzgRtGWY4fYoVxVHAaScY32V+Z0qVZlI8mllM/QgPBQsZwcZKfi/CZhSE6WTer5X65YpbdRdA68TLSQVyNPvlr95AkiSiwhCOte56bmz8FCvDCKfzUi/RNMZkjIe0a6nAEdV+ugg9RxdWGaBQKvuEQQv190aKI61nUWAns5B61cvE/7xuYsIbP2UiTgwVZHkoTDgyEmUNoAFTlBg+swQTxWxWREZYYWJsT1kJ3uqX10m7VvWuqvWHeqVxm9dRhDM4h0vw4BoacA9NaAGBCTzDK7w5U+fFeXc+lqMFJ985hT9wPn8AXQuR1w==</latexit>q2
<latexit sha1_base64="F+ZSNxekMLhITgjMaL5m+nRgSYU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkt6rLoxmUF+4B2KJk004ZmkmmSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7BT3N3bPzgsHR03tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRfea3JlRpJsWTmcbUj/BAsJARbKzkdyNshkGYjme9q2KvVHYr7hxolXg5KUOOeq/01e1LkkRUGMKx1h3PjY2fYmUY4XRW7CaaxpiM8IB2LBU4otpP56Fn6NwqfRRKZZ8waK7+3khxpPU0CuxkFlIve5n4n9dJTHjrp0zEiaGCLA6FCUdGoqwB1GeKEsOnlmCimM2KyBArTIztKSvBW/7yKmleVrzrSvWxWq7d5XUU4BTO4AI8uIEaPEAdGkBgDM/wCm/OxHlx3p2Pxeiak++cwB84nz9ekJHY</latexit>q3

<latexit sha1_base64="AKVgvp+OK528BfmOxPUNhLnVav8=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBuayUyTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf32d+e8qU5pF8MrOYeSEZSh5wSoyVvF5IzMgP0sm8Xyv1yxWn6iyA14mbkwrkaPTLX71BRJOQSUMF0brrOrHxUqIMp4LNS71Es5jQMRmyrqWShEx76SL0HF9YZYCDSNknDV6ovzdSEmo9C307mYXUq14m/ud1ExPceimXcWKYpMtDQSKwiXDWAB5wxagRM0sIVdxmxXREFKHG9pSV4K5+eZ20rqrudbX2WKvU7/I6inAG53AJLtxAHR6gAU2gMIFneIU3NEUv6B19LEcLKN85hT9Anz9gFZHZ</latexit>q4

<latexit sha1_base64="8qzWeKOLKFavxhLeMT13uURBa+g=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzLzn3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gcx0pMwyqbz0rBccezLZt278KBjO07Dq9Zz4jVqXhW6RslRASu0h+X3wUjgNCZcY4aU8l0n0UGGpKaYkXlpkCqSIDxFY+IbylFMVJAtIs/hmVFGMBLSPK7hQv2+kaFYqVkcmsk8ovrt5eJfnp/qqBlklCepJhwvP4pSBrWA+f1wRCXBms0MQVhSkxXiCZIIa9NSXsLXpfB/0vVst27XbmuV1tWqjiI4AafgHLigAVrgBrRBB2AgwAN4As+Wth6tF+t1OVqwVjvH4Aest0+HrZFw</latexit>

k



Case study
• We consider the following two trispectrum templates as examples: 

1.  Squeezed-type model: Coulton+2024

• c.f. 

• Large amplitude in the squeezed limit ( )ki → 0

<latexit sha1_base64="zHYjOjC2uz5J1+0tX7I/Xo4hyIo="></latexit>

TgNL(k1,k2,k3,k4) = gNLP�(k1)P�(k2)P�(k3) + 23 perms

Shiraishi+20162.  Collapsed-type model:

<latexit sha1_base64="iq7cw1UoYHIkrx0z8LwWc3AzVW0=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapiZ1rbuim5cVrAPaIeSSTNtaOZhkimUod/hxoUibv0Yd/6NmbaCih4IHM65l3tyvJgzqSzrw8itrW9sbuW3Czu7e/sHxcOjtowSQWiLRDwSXQ9LyllIW4opTruxoDjwOO14k+vM70ypkCwK79Qspm6ARyHzGcFKS24/wGrs+elkPrALg2LJMi/rVefCQZZpWTWnXM2IU6s4ZWRrJUMJVmgOiu/9YUSSgIaKcCxlz7Zi5aZYKEY4nRf6iaQxJhM8oj1NQxxQ6aaL0HN0ppUh8iOhX6jQQv2+keJAylng6ckspPztZeJfXi9Rft1NWRgnioZkechPOFIRyhpAQyYoUXymCSaC6ayIjLHAROmeshK+for+J23HtKtm5bZSalyt6sjDCZzCOdhQgwbcQBNaQOAeHuAJno2p8Wi8GK/L0Zyx2jmGHzDePgG1P5IU</latexit>

k1

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4

<latexit sha1_base64="lDY/OI/gK1b5COUyym43jnqggK4="></latexit>

T�(k1,k2,k3,k4) = g�i
h
k̂1 ·

⇣
k̂2 ⇥ k̂3

⌘i
k�1
1 k02k

1
3P�(k1)P�(k2)P�(k3)⌥ 23 perms

• “U(1)-gauge model”:  
• c.f. 

• Large amplitude in the collapsed limit ( )

ℒ ⊃ I(ϕ)FF̃

K → 0

<latexit sha1_base64="xeEoriCp9FEOGqa3sdXKY+gWBbw=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJM21okhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GV+Z0qVZpF8NLOY+gKPJAsZwcZKfl9gMw7CdDIf1EqDcsWtugugdeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNN5qZ9oGmMywSPas1RiQbWfLkLP0YVVhiiMlH3SoIX6eyPFQuuZCOxkFlKvepn4n9dLTHjjp0zGiaGSLA+FCUcmQlkDaMgUJYbPLMFEMZsVkTFWmBjbU1aCt/rlddKuVb2rav2hXmnc5nUU4QzO4RI8uIYG3EMTWkDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz9T25HR</latexit>

k2
<latexit sha1_base64="iExtNRQXCza7QUTtdzFdOmXXUAY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6ShRhDZJxCPVCbCmnEnaNMxw2okVxSLgtB2M7zK/PaFKs0g+mmlMfYGHkoWMYGMlvyewGQVhOp71L0v9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNZqZdoGmMyxkPatVRiQbWfzkPP0JlVBiiMlH3SoLn6eyPFQuupCOxkFlIve5n4n9dNTHjjp0zGiaGSLA6FCUcmQlkDaMAUJYZPLcFEMZsVkRFWmBjbU1aCt/zlVdK6qHpX1dpDrVK/zesowgmcwjl4cA11uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8AVWCR0g==</latexit>

k3

<latexit sha1_base64="PHrTQadOaZ8Le9YecJtyrvchV6U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkp6rLoxmUF+4B2KJn0ThuayYxJplCGfocbF4q49WPc+Tdm2i609UDgcM693JMTJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0l/utMSrNY/loJgn6ER1IHnJGjZX8bkTNMAiz0bRXLfZKZbfizkBWibcgZVig3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6L3VRjQtmIDrBjqaQRaj+bhZ6Sc6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlZ8a4q1YdquXa7qKMAp3AGF+DBNdTgHurQAAZP8Ayv8OaMnRfn3fmYj645i50T+APn8wdW5ZHT</latexit>

k4
<latexit sha1_base64="zGh4j3Eu1lVQv7VIeQ8jF+hAX1o=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv53YiaYRBmo2nPK/XKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzkHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anvARv+curpHlR9a6qlw+Xldrtoo4inMApnIMH11CDe6hDAxg8wTO8wpszdl6cd+djPlpwFjvH8AfO5w9SVpHQ</latexit>

k1

<latexit sha1_base64="/xTteDx+DaIvcJqk0UxowZ69Wkw=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqkynta27ohvBTQX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xkxbQUUPBA7n3EvOPV7EmdK2/WFlVlbX1jeym7mt7Z3dvfz+QVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uQy9Tv3VCoWils9jagb4JFgPiNYG+muH2A99vzkejbIF+zieb3qnDnILtp2zSlXU+LUKk4ZlYySogBLNAf59/4wJHFAhSYcK9Ur2ZF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yTzxDJ0YZYj8UJonNJqr3zcSHCg1DTwzmSZUv71U/MvrxdqvuwkTUaypIIuP/JgjHaL0fDRkkhLNp4ZgIpnJisgYS0y0KSlnSvi6FP1P2k6xVC1WbiqFxsWyjiwcwTGcQglq0IAraEILCAh4gCd4tpT1aL1Yr4vRjLXcOYQfsN4+AR6+kTw=</latexit>

K
<latexit sha1_base64="RW46su31iPSW81EoonC5nIw9C8U="></latexit>

T⌧NL(k1,k2,k3,k4) =
25

9
⌧NLP�(k1)P�(k3)P�(K) + 11 perms

<latexit sha1_base64="He5TrEI0R/x+vNRifpgFRcVGHUo="></latexit>

T�(k1,k2,k3,k4) = 3Ai[K̂ · (q̂1 ⇥ q̂3)]
h
1� (q̂1 · q̂3) +

⇣
q̂1 · K̂

⌘
�

⇣
q̂3 · K̂

⌘i
P⇣(k1)P⇣(k3)P⇣(K)⌥ 23 perms



• IA:  quadrupole of small-scale power spectrum

• Cutoff-dependent term has to be renormalized by 
adding a new operator: 

∝ Pϕ ∼ k−3

Physical Interpretation
• Collapsed-limit of  = large-scale correlation of small-scale variances = “stochasticity”T

Smith&LoVerde2010
Baumann+2013
Assassi+2015,…

<latexit sha1_base64="8qzWeKOLKFavxhLeMT13uURBa+g=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzLzn3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gcx0pMwyqbz0rBccezLZt278KBjO07Dq9Zz4jVqXhW6RslRASu0h+X3wUjgNCZcY4aU8l0n0UGGpKaYkXlpkCqSIDxFY+IbylFMVJAtIs/hmVFGMBLSPK7hQv2+kaFYqVkcmsk8ovrt5eJfnp/qqBlklCepJhwvP4pSBrWA+f1wRCXBms0MQVhSkxXiCZIIa9NSXsLXpfB/0vVst27XbmuV1tWqjiI4AafgHLigAVrgBrRBB2AgwAN4As+Wth6tF+t1OVqwVjvH4Aest0+HrZFw</latexit>

k → <latexit sha1_base64="8qzWeKOLKFavxhLeMT13uURBa+g=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzLzn3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gcx0pMwyqbz0rBccezLZt278KBjO07Dq9Zz4jVqXhW6RslRASu0h+X3wUjgNCZcY4aU8l0n0UGGpKaYkXlpkCqSIDxFY+IbylFMVJAtIs/hmVFGMBLSPK7hQv2+kaFYqVkcmsk8ovrt5eJfnp/qqBlklCepJhwvP4pSBrWA+f1wRCXBms0MQVhSkxXiCZIIa9NSXsLXpfB/0vVst27XbmuV1tWqjiI4AafgHLigAVrgBrRBB2AgwAN4As+Wth6tF+t1OVqwVjvH4Aest0+HrZFw</latexit>

k

<latexit sha1_base64="39J0WNfe/dPktGAsxdiAfnx0tD0="></latexit>

! h�2
s(k)�

2
s(k

0)i0

<latexit sha1_base64="8qzWeKOLKFavxhLeMT13uURBa+g=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzLzn3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gcx0pMwyqbz0rBccezLZt278KBjO07Dq9Zz4jVqXhW6RslRASu0h+X3wUjgNCZcY4aU8l0n0UGGpKaYkXlpkCqSIDxFY+IbylFMVJAtIs/hmVFGMBLSPK7hQv2+kaFYqVkcmsk8ovrt5eJfnp/qqBlklCepJhwvP4pSBrWA+f1wRCXBms0MQVhSkxXiCZIIa9NSXsLXpfB/0vVst27XbmuV1tWqjiI4AafgHLigAVrgBrRBB2AgwAN4As+Wth6tF+t1OVqwVjvH4Aest0+HrZFw</latexit>

k

<latexit sha1_base64="7zU93pc3gFgWHTbOHZv/pcJ/fOI="></latexit>

P (22)
� (k) ! c2⇤P�(k)

UV

•  cosmologyτNL

<latexit sha1_base64="FQUaBBQBoqc7Ifk/yV6WV96qrjY="></latexit>

Sij(x) � b  ij(x)
<latexit sha1_base64="EtbqtJoq1Y+B0ItVvD/jOYU4DC8="></latexit>

P (k) = P�(k)
<latexit sha1_base64="eRpLaxoqMIOYNufN3U2qN0u9xpE="></latexit>

h�m i = 0

stochastic bias


