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Can QE test universal free fall?

<latexit sha1_base64="N/1S/KwvxFpGcMCzHpkpQYDqCuI="></latexit>

→ωAωB↑L ↓ εωL

<latexit sha1_base64="BgjARgBWYO6gldOXYs1ZdFtAek8=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+CqzIhUl74WrkTBqtApJZPe0WAmCckdsQzzKW78FTcuFNGdfo1p7cLXgcDh3Hs5OScxUjgMw/dgZHRsfGJyaroyMzs3v1BdXDpzOrccmlxLbS8S5kAKBU0UKOHCWGBZIuE8ud7vz89vwDqh1Sn2DLQzdqlEKjhDL3WqW/EBSGRxxvAqSYvbslPs7ZY0NlYb1DRGuMWBS2GhWxYxGCekVmWnWgvr4QD0L4mGpEaGOO5U3+Ku5nkGCrlkzrWi0GC7YBYFl1BW4tyBYfyaXULLU8UycO1iYF3SNa90aaqtfwrpQP1+UbDMuV6W+M1+EPd71hf/m7VyTLfbhVAmR1D8yyjNJfXR+23RrrDAUfY8YdwK/1fKr5hlHH2nFV9C9DvyX3K2UY8a9cbJZm3naFjHFFkhq2SdRGSL7JBDckyahJM78kCeyHNwHzwGL8Hr1+pIMLxZJj8QfHwCvv2lRw==</latexit>

!xBA → ω
Copyright Annie West



Falling Dark Matter

Dark-matter non-linear due to gravity

Credit: AbacusSummit 

<latexit sha1_base64="JJKZ3F2718dSXl4marPN/HizK3g=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQQhJkeqy6MZlBXuBJoTJZNIOnZmEmYlQSp/Aja/ixoUibl27822cthG09YeBj/+cw5nzRxmjSrvul7Wyura+sVnaKm/v7O7t2weHbZXmEpMWTlkquxFShFFBWppqRrqZJIhHjHSi4fW03rknUtFU3OlRRgKO+oImFCNtrNCu+jFhGkFfUQ7nHHrw7AdrBh3HCe2K67gzwWXwCqiAQs3Q/vTjFOecCI0ZUqrnuZkOxkhqihmZlP1ckQzhIeqTnkGBOFHBeHbOBFaNE8MkleYJDWfu74kx4kqNeGQ6OdIDtVibmv/VerlOLoMxFVmuicDzRUnOoE7hNBsYU0mwZiMDCEtq/grxAEmEtUmwbELwFk9ehnbN8epO/fa80rgq4iiBY3ACToEHLkAD3IAmaAEMHsATeAGv1qP1bL1Z7/PWFauYOQJ/ZH18A13jmcA=</latexit>

ω → ω1 + ω2 + ...

Non-linear growth (G) Shift (S)

<latexit sha1_base64="lULqsz3WmLcCdOHN4k+JcmD1erw=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseiF48V7Ae2sWw2k3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWaenwiu0XG+rcLa+sbmVnG7tLO7t39QPjxq6zhVDFosFrHq+lSD4BJayFFAN1FAI19Axx/fzPzOEyjNY3mPkwS8iA4lDzmjaKSHfgAC6WNt4A7KFafqzGGvEjcnFZKjOSh/9YOYpRFIZIJq3XOdBL2MKuRMwLTUTzUklI3pEHqGShqB9rL5xVP7zCiBHcbKlER7rv6eyGik9STyTWdEcaSXvZn4n9dLMbzyMi6TFEGyxaIwFTbG9ux9O+AKGIqJIZQpbm612YgqytCEVDIhuMsvr5J2rerWq/W7i0rjOo+jSE7IKTknLrkkDXJLmqRFGJHkmbySN0tbL9a79bFoLVj5zDH5A+vzB+j1kG8=</latexit>

ω21
<latexit sha1_base64="6OdmfnXQ0Z06PNze8kVSg0F2t6k=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuBNRS9HGMoLRQC6Eub1JXNzbO3bnhHDkD9j4V2wsFLG1t/PfuPkoNPHBwNv3ZtiZF2VKWvL9b29mdm5+YXFpubSyura+Ud7curFpbgTWRapS04jAopIa6yRJYSMzCEmk8Da6vxj4tw9orEz1NfUybCXQ1bIjBZCT2uW98AFFEdas7IciTomP3hoiBf0wRkXQDtrlil/1h+DTJBiTChuj1i5/hXEq8gQ1CQXWNgM/o1YBhqRQ2C+FucUMxD10semohgRtqxhe0+f7Tol5JzWuNPGh+nuigMTaXhK5zgTozk56A/E/r5lT57RVSJ3lhFqMPurkilPKB9HwWBoUpHqOgDDS7crFHRgQ5AIsuRCCyZOnyc1hNTiuHl8dVc7Ox3EssR22yw5YwE7YGbtkNVZngj2yZ/bK3rwn78V79z5GrTPeeGab/YH3+QMl15xA</latexit>

ω! · ω→ε1
Tidal (T)

<latexit sha1_base64="+Fgp+OzA9B91UqoxGmaDtvsbh6Y="></latexit>([
ωiωj
ω2

→ 1

3

]
ε1
)2

l=0 l=1 l=2
e.g. Sherwin+,2012,Schmitfull+,2015Desjacques+,2018



Falling Dark Matter

<latexit sha1_base64="JJKZ3F2718dSXl4marPN/HizK3g=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQQhJkeqy6MZlBXuBJoTJZNIOnZmEmYlQSp/Aja/ixoUibl27822cthG09YeBj/+cw5nzRxmjSrvul7Wyura+sVnaKm/v7O7t2weHbZXmEpMWTlkquxFShFFBWppqRrqZJIhHjHSi4fW03rknUtFU3OlRRgKO+oImFCNtrNCu+jFhGkFfUQ7nHHrw7AdrBh3HCe2K67gzwWXwCqiAQs3Q/vTjFOecCI0ZUqrnuZkOxkhqihmZlP1ckQzhIeqTnkGBOFHBeHbOBFaNE8MkleYJDWfu74kx4kqNeGQ6OdIDtVibmv/VerlOLoMxFVmuicDzRUnOoE7hNBsYU0mwZiMDCEtq/grxAEmEtUmwbELwFk9ehnbN8epO/fa80rgq4iiBY3ACToEHLkAD3IAmaAEMHsATeAGv1qP1bL1Z7/PWFauYOQJ/ZH18A13jmcA=</latexit>

ω → ω1 + ω2 + ...

<latexit sha1_base64="6OdmfnXQ0Z06PNze8kVSg0F2t6k=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuBNRS9HGMoLRQC6Eub1JXNzbO3bnhHDkD9j4V2wsFLG1t/PfuPkoNPHBwNv3ZtiZF2VKWvL9b29mdm5+YXFpubSyura+Ud7curFpbgTWRapS04jAopIa6yRJYSMzCEmk8Da6vxj4tw9orEz1NfUybCXQ1bIjBZCT2uW98AFFEdas7IciTomP3hoiBf0wRkXQDtrlil/1h+DTJBiTChuj1i5/hXEq8gQ1CQXWNgM/o1YBhqRQ2C+FucUMxD10semohgRtqxhe0+f7Tol5JzWuNPGh+nuigMTaXhK5zgTozk56A/E/r5lT57RVSJ3lhFqMPurkilPKB9HwWBoUpHqOgDDS7crFHRgQ5AIsuRCCyZOnyc1hNTiuHl8dVc7Ox3EssR22yw5YwE7YGbtkNVZngj2yZ/bK3rwn78V79z5GrTPeeGab/YH3+QMl15xA</latexit>

ω! · ω→ε1

Credit: AbacusSummit 

<latexit sha1_base64="jqQU4Ra+Qa67l6p1fYqNr7pPFuE=">AAACGHicbVDLSsNAFJ34rPVVdekmWISKUBMRdVl048JFBfuApoTJ5LYdnDyYuZGWkM9w46+4caGI2+78G6dpF1o9MMzhnHvv3DleLLhCy/oyFhaXlldWC2vF9Y3Nre3Szm5TRYlk0GCRiGTbowoED6GBHAW0Ywk08AS0vIfrid96BKl4FN7jKIZuQPsh73FGUUtu6cRBGGI+J5XgZ6njg0Dq2hXnEVg6zI7z26krnrm3R5lbKltVK4f5l9gzUiYz1N3S2PEjlgQQIhNUqY5txdhNqUTOBGRFJ1EQU/ZA+9DRNKQBqG6aL5SZh1rxzV4k9QnRzNWfHSkNlBoFnq4MKA7UvDcR//M6CfYuuykP4wQhZNOHeokwMTInKZk+l8BQjDShTHK9q8kGVFKGOsuiDsGe//Jf0jyt2ufV87uzcu1qFkeB7JMDUiE2uSA1ckPqpEEYeSIv5I28G8/Gq/FhfE5LF4xZzx75BWP8DWCroTg=</latexit>

ω1(εx+ ε!L)
<latexit sha1_base64="7fgInBDRNo3DUltktrV6pHRSRCo=">AAACDHicbVDLSsNAFJ3UV62vqks3g6VQEUoiUl0W3LgQqdAXNCFMppN26GQSZiaFEvIBbvwVNy4UcesHuPNvnLRZaOuBgcM59zLnHi9iVCrT/DYKa+sbm1vF7dLO7t7+QfnwqCvDWGDSwSELRd9DkjDKSUdRxUg/EgQFHiM9b3KT+b0pEZKGvK1mEXECNOLUpxgpLbnlSttN7ACpsQgSHHhpWrPHSCU8PbenBCfD1L0701Nm3ZwDrhIrJxWQo+WWv+xhiOOAcIUZknJgmZFyEiQUxYykJTuWJEJ4gkZkoClHAZFOMj8mhVWtDKEfCv24gnP190aCAilnOiqsZrnlspeJ/3mDWPnXTkJ5FCvC8eIjP2ZQhTBrBg6pIFixmSYIC6qzQjxGAmGl+yvpEqzlk1dJ96JuNeqNh8tK8z6vowhOwCmoAQtcgSa4BS3QARg8gmfwCt6MJ+PFeDc+FqMFI985Bn9gfP4Ahw6b9g==</latexit>

Tcmb(n̂+ ωdL)

<latexit sha1_base64="580GQSbScW/Co3l7lNTzQXe9nT0=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KolI9Vjw4kGkgv2ANpTNZtIu3Wzi7kQopX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMC1IpDLrut7Oyura+sVnYKm7v7O7tlw4OmybJNIcGT2Si2wEzIIWCBgqU0E41sDiQ0AqG11O/9QTaiEQ94CgFP2Z9JSLBGVqp3Q1BIuvd9kplt+LOQJeJl5MyyVHvlb66YcKzGBRyyYzpeG6K/phpFFzCpNjNDKSMD1kfOpYqFoPxx7N7J/TUKiGNEm1LIZ2pvyfGLDZmFAe2M2Y4MIveVPzP62QYXfljodIMQfH5oiiTFBM6fZ6GQgNHObKEcS3srZQPmGYcbURFG4K3+PIyaZ5XvGqlen9Rrt3lcRTIMTkhZ8Qjl6RGbkidNAgnkjyTV/LmPDovzrvzMW9dcfKZI/IHzucP6v6P8g==</latexit>

ωL



Falling Galaxies

Galaxies are biased tracers of non-linear dark matter

Credit: Cooray & Sheth 

No new additional bias!
<latexit sha1_base64="jk9b+r4pOrjVjfAM+3oCuYz32gU=">AAACHnicbZDLSgMxFIYzXmu9VV26CRZBEcqMaHVZcONCpIK1hU4ZMpnTGsxcSM6IZZgnceOruHGhiOBK38Z07EKtBwIf/39OcvL7iRQabfvTmpqemZ2bLy2UF5eWV1Yra+tXOk4VhxaPZaw6PtMgRQQtFCihkyhgoS+h7d+cjPz2LSgt4ugShwn0QjaIRF9whkbyKoe+51AX4Q6LuzIFQZ65AUhknrPj3gLP7nK6Rwtym1rk3tlu7lWqds0uik6CM4YqGVfTq7y7QczTECLkkmnddewEexlTKLiEvOymGhLGb9gAugYjFoLuZcVKOd02SkD7sTInQlqoPycyFmo9DH3TGTK81n+9kfif102xf9zLRJSkCBH/fqifSooxHWVFA6GAoxwaYFwJsyvl10wxjibRsgnB+fvlSbjarzn1Wv3ioNo4H8dRIptki+wQhxyRBjklTdIinNyTR/JMXqwH68l6td6+W6es8cwG+VXWxxeZsqLS</latexit>

b1ω1(εx+ ε!L)



Shiing under a long-mode

<latexit sha1_base64="Dp6so/An9uOhBZDFXWoDUHH9tcQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQQUoiUt0IRTeCIhXsA5oQJtNJO3TyYGZSKCF7N/6KGxeKuPUH3Pk3TtMstPXA5R7OuZeZe9yIUSEN41srLC2vrK4V10sbm1vbO/ruXluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03NHV1O+MCRc0DB7kJCK2jwYB9ShGUkmOXvbgBbQ8jnByWbXGBCc36XHWR+lRmjSd29TRK0bNyAAXiZmTCsjRdPQvqx/i2CeBxAwJ0TONSNoJ4pJiRtKSFQsSITxCA9JTNEA+EXaS3ZLCQ6X0oRdyVYGEmfp7I0G+EBPfVZM+kkMx703F/7xeLL1zO6FBFEsS4NlDXsygDOE0GNinnGDJJoogzKn6K8RDpIKRKr6SCsGcP3mRtE9qZr1Wvz+tNO7yOIrgAJRBFZjgDDTANWiCFsDgETyDV/CmPWkv2rv2MRstaPnOPvgD7fMH+VqadQ==</latexit>

f =
B( ωK,ωk)

PL

<latexit sha1_base64="8dHo0yj7GmzkBxanHoUw14djsyY="></latexit>

fABωL = →ωA(εk1)ωB(εk2)↑

<latexit sha1_base64="zuInvc2XZ4cEm3g0uu54+ES+3EI="></latexit>

BABL → ↑ωL( εK)ωA(εkA)ωB(εkB)↓

L

<latexit sha1_base64="580GQSbScW/Co3l7lNTzQXe9nT0=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KolI9Vjw4kGkgv2ANpTNZtIu3Wzi7kQopX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMC1IpDLrut7Oyura+sVnYKm7v7O7tlw4OmybJNIcGT2Si2wEzIIWCBgqU0E41sDiQ0AqG11O/9QTaiEQ94CgFP2Z9JSLBGVqp3Q1BIuvd9kplt+LOQJeJl5MyyVHvlb66YcKzGBRyyYzpeG6K/phpFFzCpNjNDKSMD1kfOpYqFoPxx7N7J/TUKiGNEm1LIZ2pvyfGLDZmFAe2M2Y4MIveVPzP62QYXfljodIMQfH5oiiTFBM6fZ6GQgNHObKEcS3srZQPmGYcbURFG4K3+PIyaZ5XvGqlen9Rrt3lcRTIMTkhZ8Qjl6RGbkidNAgnkjyTV/LmPDovzrvzMW9dcfKZI/IHzucP6v6P8g==</latexit>

ωL

Symmetric

Anti-symmetric

Anti-symmetric

e.g. Lewis+2011, Lewis 2011,  Barreira & Schmidt 2017, Carron&Lewis 2024

Preliminary



Now break  the EP

Motivation to study (mixed) bispectrum to detect violations of EP

<latexit sha1_base64="D5pwsUXU3SFhQy5tFBTQ7IoFEPQ="></latexit>

fAB( ωK,ωk) → CS
[AB]f

(→)
S ( ωK,ωk) ↑ ε

ωk · ωK
| ωK|2

e.g. Chan&Bolt 2017, Sugiyama+2023

•But covariance is hard 
•Combination with trispectrum? Shot noise? Window functions? Systematics? 

Kehagias, Riotto, Petroni, Peloso,Creminelli, Simonović, Valageas, Lewandowski, Vernizzi, ….

<latexit sha1_base64="gefbXV+4jabgF/EoAC4UrQ5zwPM="></latexit>

ω
b1Bbω,SA → b1Abω,SB

2
+

b1Bb1A → b1Ab1B
2

<latexit sha1_base64="Oe7mxZ55j/QzeGXZqifR1BzL7EM=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9kVqR6LXgQvFewHtEvJptk2NJssyaxSl/4SLx4U8epP8ea/MW33oK0PBh7vzTAzL0wEN+B5387K6tr6xmZhq7i9s7tXcvcPmkalmrIGVULpdkgME1yyBnAQrJ1oRuJQsFY4up76rQemDVfyHsYJC2IykDzilICVem7pFnc1HwyBaK0esddzy17FmwEvEz8nZZSj3nO/un1F05hJoIIY0/G9BIKMaOBUsEmxmxqWEDoiA9axVJKYmSCbHT7BJ1bp40hpWxLwTP09kZHYmHEc2s6YwNAselPxP6+TQnQZZFwmKTBJ54uiVGBQeJoC7nPNKIixJYRqbm/FdEg0oWCzKtoQ/MWXl0nzrOJXK9W783LtKo+jgI7QMTpFPrpANXSD6qiBKErRM3pFb86T8+K8Ox/z1hUnnzlEf+B8/gD8nJKs</latexit>

K → 0



LSS QE

e.g. Lewis 2011, Schimitfull+ 2015, de Putter 2018, Dai+ 2020, Li+2020, Darwish+ 2020, Carron&Lewis 2024

<latexit sha1_base64="f2SBYq3Gh1PA4ko80K6JnSXsvLE="></latexit>

→ωA(εk1)ωB(εk2)↑fixed ωL ↓ f(εk1,εk2 = εK ↔ εk1)ωL

<latexit sha1_base64="y0x5+k7OL7+DdbFHcOBc2ECgU34=">AAACG3icbVDLSgNBEJz1bXxFPXoZDIKnsBskevRx8SASwWggG8LsbK8ZMvtgplcJy/6HF3/FiwdFPAke/BsnyQpqLGi6qOpmpstLpNBo25/W1PTM7Nz8wmJpaXllda28vnGl41RxaPJYxqrlMQ1SRNBEgRJaiQIWehKuvf7J0L++BaVFHF3iIIFOyG4iEQjO0Ejdcs29Ez70GGauDxJZ9yynrhYhdQPF+Ld4VPTjPAvybrliV+0R6CRxClIhBRrd8rvrxzwNIUIumdZtx06wkzGFgkvIS26qIWG8z26gbWjEQtCdbHRbTneM4tMgVqYipCP150bGQq0HoWcmQ4Y9/dcbiv957RSDg04moiRFiPj4oSCVFGM6DIr6QgFHOTCEcSXMXynvMRMKmjhLJgTn78mT5KpWderV+sVe5fC8iGOBbJFtskscsk8OySlpkCbh5J48kmfyYj1YT9ar9TYenbKKnU3yC9bHF0rnokE=</latexit>

ω̂L → ωAωB
f

GPU code with applications on EP, non-linearity and PNG

Abacus DESI sims

Main cost a bunch of FFTs. Widely applied for CMB secondaries.

<latexit sha1_base64="j6SdfSC9KsD512q0lZA7YOQGve8="></latexit>

→ω̂L
AB

ωmatter↑ ↓ BABm( εK,εk1,εk2)

Scale

Power

Prediction 
(Includes bispectrum shot noise)

LRGxELG

Preliminary



Effective reconstruction bias

Cross-Power/Linear Power
Flat behavior due to anti-symmetric part

Very exaggerated example



Preliminary forecasts

Imagine a Stage V survey
<latexit sha1_base64="M+52z5Wh1N8S8OJo/6rayvXahmo="></latexit>

lim
x→0

ω2(K)joint → ω2
singlek

↑3
max → ω2

single/Nmodes

Preliminary

Ideally….

Error bar relative to cross

Minimum mode

Marginalize cross
Marginalize auto+cross Unmarginalized

Mode

Error bar

No asymmetric shift

Only shift Full
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