
+ many collaborators, highlights: N. Hamaus (Munich), G. Verza (Padova), C. Kreisch (Princeton), S. Contarini (Bologna), R. Panchal (Princeton), 
D. Spergel (Princeton, Flatiron), B. Wandelt (IAP), G. Lavaux (IAP), M. Habouzit (MPIA), E. Massara (Waterloo), M.-C. Cousinou (CPPM),…. 

Unraveling the Universe with cosmic voids

Alice Pisani
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void-size function 

‣ Void-void auto-correlation function 

‣ Take home messages
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A standard model                 , to explain the 
accelerated expansion of the Universe. 
   

Precision Cosmology

⇤CDM

Stars, 
planets, us

?
?

⇤CDM

⇤CDM

New physics!



VIDES
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Modern surveys = access to large volume + detailed map 
Large Scale Structure of the Universe

Sloan Digital Sky Survey

VOIDS

Voids need large 
volume and deep, 
detailed maps!   

Sloan Digital Sky Survey, 3% of the data

© NASA
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 
‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void-size function 

‣ Void-void auto-correlation function  

‣ Take home messages

Outline
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‣ By definition dark energy dominated 
objects (first regions to be dominated). 

‣ Low density + large scale= mimic 
current accelerated expansion status. 

‣ Sweet spot: potential general relativity 
deviations more prominent! 

‣ Generically sensitive to diffuse 
components  

Why are voids great for Cosmology? 

Pisani, Massara, Spergel et al. 
2019; ArXiv: 1903.05161 , B. AAS

(⌃m⌫)
<latexit sha1_base64="qoRD+7qI5INlc6izuyhpQM93LeU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHBC9n1ET0SvXjEKI+EXcnsMMCEmdnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3hTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD4fXEbz5SpVkk780opoHAfcl6jGBjpYeyf8f6AiPR8WVy3CmW3Io7BVokXkZKkKHWKX753YgkgkpDONa67bmxCVKsDCOcjgt+ommMyRD3adtSiQXVQTq9eoyOrNJFvUjZkgZN1d8TKRZaj0RoOwU2Az3vTcT/vHZiepdBymScGCrJbFEv4chEaBIB6jJFieEjSzBRzN6KyAArTIwNqmBD8OZfXiSNk4p3Wjm/PStVr7I48nAAh1AGDy6gCjdQgzoQUPAMr/DmPDkvzrvzMWvNOdnMPvyB8/kDcmuR1g==</latexit>

https://arxiv.org/abs/1903.05161
https://arxiv.org/abs/1903.05161
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‣ Allow to go beyond 2 pt correlation function  

‣ Multi-scale sensitivity  (span sizes from 10-100 Mpc/h) 

‣ Easier to model (exploit traditional techniques,                              
models valid down to small scales) 

‣ Keep memory of initial conditions

SPHEREx

Take one random galaxy, how 
likely is it to find another 
galaxy x Mpc away?

Lots of large scale 
structure data! 

Golden era for voids!

Why are voids great for Cosmology? 
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Quantities we wish to constrain

Content of the Universe

Growth rate of structure � =
f

b
=

⌦m(z)�

b

w(z) = w0 + wa
z

z + 1 Dark energy equation of state

f =
dln�

dlna

<latexit sha1_base64="xENIWFTT1GR+fvY3ojoUv/3tSCQ=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiRSUBdCURcuK9gHNKFMppN26MwkzEyEEvIPbvwVNy4UcevGnX/jpM3Cth64cDjnXu69J4gZVdpxfqyl5ZXVtfXSRnlza3tn197bb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjG5yv/1IpKKReNDjmPgcDQQNKUbaSD37NLzyQolw2vc40kPJUyYy75YwjbIZDWU9u+JUnQngInELUgEFGj372+tHOOFEaMyQUl3XibWfIqkpZiQre4kiMcIjNCBdQwXiRPnp5KcMHhulD8NImhIaTtS/EyniSo15YDrzI9W8l4v/ed1Ehxd+SkWcaCLwdFGYMKgjmAcE+1QSrNnYEIQlNbdCPEQmIm1iLJsQ3PmXF0nrrOrWqpf3tUr9uoijBA7BETgBLjgHdXAHGqAJMHgCL+ANvFvP1qv1YX1OW5esYuYAzMD6+gVdcZ/D</latexit>

<latexit sha1_base64="IwCJRqYoQ2S8+N77b5lLvr+CdKo=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZEVGXRTcuBCvYB3SGIZPJtKFJZkgyQhnqxl9x40IRt/6FO//GtJ2Fth4IHM65h5t7wpRRpR3n2yotLC4tr5RXK2vrG5tb9vZOSyWZxKSJE5bITogUYVSQpqaakU4qCeIhI+1wcDX22w9EKpqIez1Mic9RT9CYYqSNFNh73i0nPRTwY1gw78akIxTYVafmTADniVuQKijQCOwvL0pwxonQmCGluq6Taj9HUlPMyKjiZYqkCA9Qj3QNFYgT5eeTC0bw0CgRjBNpntBwov5O5IgrNeShmeRI99WsNxb/87qZji/8nIo000Tg6aI4Y1AncFwHjKgkWLOhIQhLav4KcR9JhLUprWJKcGdPnietk5p7VnPuTqv1y6KOMtgHB+AIuOAc1ME1aIAmwOARPINX8GY9WS/Wu/UxHS1ZRWYX/IH1+QNvXZY+</latexit>

⌦m,⌦⇤

(⌃m⌫)
<latexit sha1_base64="qoRD+7qI5INlc6izuyhpQM93LeU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHBC9n1ET0SvXjEKI+EXcnsMMCEmdnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3hTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DR0litA6iXikWiHWlDNJ64YZTluxoliEnDbD4fXEbz5SpVkk780opoHAfcl6jGBjpYeyf8f6AiPR8WVy3CmW3Io7BVokXkZKkKHWKX753YgkgkpDONa67bmxCVKsDCOcjgt+ommMyRD3adtSiQXVQTq9eoyOrNJFvUjZkgZN1d8TKRZaj0RoOwU2Az3vTcT/vHZiepdBymScGCrJbFEv4chEaBIB6jJFieEjSzBRzN6KyAArTIwNqmBD8OZfXiSNk4p3Wjm/PStVr7I48nAAh1AGDy6gCjdQgzoQUPAMr/DmPDkvzrvzMWvNOdnMPvyB8/kDcmuR1g==</latexit>

Sum of neutrino masses

Bias
<latexit sha1_base64="FkLehk+EN6ODl5Ctg1ri5XSNKbk=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIRdSMU3bisYB/QhDCZTtqhM5MwMxFKyB+48VfcuFDErVt3/o2TNgttPXDhcM693HtPmDCqtON8W5Wl5ZXVtep6bWNza3vH3t3rqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuObwq/+0CkorG415OE+BwNBY0oRtpIgX0cXnmRRDjzBoRpFGQeR3okeTZELM/zUs4Du+40nCngInFLUgclWoH95Q1inHIiNGZIqb7rJNrPkNQUM5LXvFSRBOExGpK+oQJxovxs+k8Oj4wygFEsTQkNp+rviQxxpSY8NJ3FtWreK8T/vH6qo0s/oyJJNRF4tihKGdQxLMKBAyoJ1mxiCMKSmlshHiETjzYR1kwI7vzLi6Rz2nDPG+7dWb15XcZRBQfgEJwAF1yAJrgFLdAGGDyCZ/AK3qwn68V6tz5mrRWrnNkHf2B9/gD6gp3o</latexit>

b =
�gal
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  
‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void-size function 

‣ Void-void auto-correlation function 

‣ Take home messages

Outline
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VIDE    (Void IDentification and Examination)Void definition:

 

VIDE:https://bitbucket.org/cosmicvoids/vide_public/
src/master/, Sutter, Lavaux, Hamaus, Pisani, 
Wandelt, Warren, Villaescusa-Navarro, Zivick,  
Mao, and Thompson 2015 A&C ArXiv: 1406.1191 
Icke & Van de Weygaert (1987) 
Platen et al. 2007

galaxies voids?

VORONOI 
TESSELLATION

https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://arxiv.org/abs/1406.1191
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://arxiv.org/abs/1406.1191
https://bitbucket.org/cosmicvoids/vide_public/src/master/
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TESSELLATION

VORONOI 
TESSELLATION

Galaxy
All points 

closer to the 
tracer than to 

any other 
point

⇢local =
1

Vcell
A tessellation with a physical meaning

Local density 
estimation

Watershed 
transform

Preim, Botha 2014

Neyrinck 2008
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‣ Widely used: BOSS (DR7, DR10, DR11, DR12), eBOSS (DR14), DES, Euclid, Roman, PFS, DESI. 

12

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

 
https://bitbucket.org/cosmicvoids/vide_public/
src/master/, Sutter et al. 2015 A&C 

Void definition: VIDE    (Void IDentification and Examination)

‣ Provides void detailed 
shape, takes mask into 
account. 

‣ Enhances S/N, suitable, 
tested

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
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What quantities do we measure to 
extract cosmological information ?

⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

⇠vv
<latexit sha1_base64="/Q1zZpHuTjs5E7L65pLs2G6T7gI=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyVRQZdFNy4r2Ae0IUymk3boZBJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45QcKZ0o7zbZXW1jc2t8rblZ3dvf2qfXDYVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvs39zoRKxWLxoKcJ9SI8FCxkBGsj+Xa1/8j8foT1SEbZZDLz7ZpTd+ZAq8QtSA0KNH37qz+ISRpRoQnHSvVcJ9FehqVmhNNZpZ8qmmAyxkPaM1TgiCovmwefoVOjDFAYS/OERnP190aGI6WmUWAm84hq2cvF/7xeqsNrL2MiSTUVZHEoTDnSMcpbQAMmKdF8aggmkpmsiIywxESbriqmBHf5y6ukfV53L+ru/WWtcVPUUYZjOIEzcOEKGnAHTWgBgRSe4RXerCfrxXq3PhajJavYOYI/sD5/AIrzk6k=</latexit>

Nv
<latexit sha1_base64="4s0uyLE13vxRy+VNMxgmpVWKkUo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG1dSwT6gM5RMmmlDk8yQZApl6G+4caGIW3/GnX9jpp2Fth4IHM65l3tywoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+C73OxOqNIvlk5kmNBB4KFnECDZW8h/6vsBmpEQ2mfWrNbfuzoFWiVeQGhRo9qtf/iAmqaDSEI617nluYoIMK8MIp7OKn2qaYDLGQ9qzVGJBdZDNM8/QmVUGKIqVfdKgufp7I8NC66kI7WSeUC97ufif10tNdBNkTCapoZIsDkUpRyZGeQFowBQlhk8twUQxmxWREVaYGFtTxZbgLX95lbQv6t5l3Xu8qjVuizrKcAKncA4eXEMD7qEJLSCQwDO8wpuTOi/Ou/OxGC05xc4x/IHz+QN1rJH1</latexit>

We have void centers, void radii, and tracers!

13

Void-galaxy cross-correlation function 
Void-size function 
Void-void auto-correlation function
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 
‣ Void-size function 

‣ Void-void auto-correlation function 

‣ Take home messages

Outline
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In a homogeneous and isotropic universe void 
stacks are spherically symmetric in real space. 

Voids are irregular on a one-to-one basis 

But we observe voids in redshift space!

⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

Ryden, B. S. 1995, ApJ, 452, 25  
Lavaux & Wandelt 2011; ArXiv: 1110.0345 ApJ 

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

de
ns

ity

radius

A theoretical model to predict observed void density profiles

https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
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⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

16
Ryden, B. S. 1995, ApJ, 452, 25  
Lavaux & Wandelt 2011; ArXiv: 1110.0345 ApJ 

<latexit sha1_base64="TRsMNzqzKLWlhQCgFi3TqBUoj4A=">AAACFnicbVDLSsNAFJ3UV62vqks3wSK40JKIqMuiGxeCFewDmlIm09t26EwSZm7EEvIVbvwVNy4UcSvu/BunD0FbDwwczrmvOX4kuEbH+bIyc/MLi0vZ5dzK6tr6Rn5zq6rDWDGosFCEqu5TDYIHUEGOAuqRAip9ATW/fzH0a3egNA+DWxxE0JS0G/AOZxSN1Mofegj3OJqT+CKGNPGuJXRpK5HpwQ/1rszANk3TVr7gFJ0R7FniTkiBTFBu5T+9dshiCQEyQbVuuE6EzYQq5ExAmvNiDRFlfdqFhqEBlaCbyeic1N4zStvuhMq8AO2R+rsjoVLrgfRNpaTY09PeUPzPa8TYOWsmPIhihICNF3ViYWNoDzOy21wBQzEwhDLFza0261FFGZokcyYEd/rLs6R6VHRPis7NcaF0PokjS3bILtknLjklJXJJyqRCGHkgT+SFvFqP1rP1Zr2PSzPWpGeb/IH18Q1YN6C4</latexit>

⌦m ,⌦⇤

r? = rk

<latexit sha1_base64="UBuuIi+32Sr2JMLbdTTKzddKEyo=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBIrgqiRTUhVB047KCvUAbwmR60g6dTMLMRCghG1/FjQtF3PoY7nwbp2kW2vrDwMd/zuHM+f2YM6Vt+9sqrayurW+UNytb2zu7e9X9g46KEkmhTSMeyZ5PFHAmoK2Z5tCLJZDQ59D1J7ezevcRpGKReNDTGNyQjAQLGCXaWF71SHrpIAYZZ9c5EUk4B5551Zpdt3PhZXAKqKFCLa/6NRhGNAlBaMqJUn3HjrWbEqkZ5ZBVBomCmNAJGUHfoCAhKDfND8jwqXGGOIikeULj3P09kZJQqWnom86Q6LFarM3M/2r9RAeXbspEnGgQdL4oSDjWEZ6lgYdMAtV8aoBQycxfMR2bDKg2mVVMCM7iycvQOa87jfrVfaPWvCniKKNjdILOkIMuUBPdoRZqI4oy9Ixe0Zv1ZL1Y79bHvLVkFTOH6I+szx+6mpco</latexit>

" = 1
<latexit sha1_base64="ZbftCOeAzGXnZ/D8VahDG8gLVoM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EUoevFYwX5AG8pmO2mXbnbj7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/KB8eNbVMFcUGlVyqdkg0ciawYZjh2E4Ukjjk2ApHdzO/NUalmRSPZpJgEJOBYBGjxFgp6I6JwkQzLsWN3ytXvKo3h7tK/JxUIEe9V/7q9iVNYxSGcqJ1x/cSE2REGUY5TkvdVGNC6IgMsGOpIDHqIJsfPXXPrNJ3I6lsCePO1d8TGYm1nsSh7YyJGeplbyb+53VSE10HGRNJalDQxaIo5a6R7iwBt88UUsMnlhCqmL3VpUOiCDU2p5INwV9+eZU0L6q+V/UfLiu12zyOIpzAKZyDD1dQg3uoQwMoPMEzvMKbM3ZenHfnY9FacPKZY/gD5/MHtAOSCQ==</latexit><latexit sha1_base64="ZbftCOeAzGXnZ/D8VahDG8gLVoM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EUoevFYwX5AG8pmO2mXbnbj7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/KB8eNbVMFcUGlVyqdkg0ciawYZjh2E4Ukjjk2ApHdzO/NUalmRSPZpJgEJOBYBGjxFgp6I6JwkQzLsWN3ytXvKo3h7tK/JxUIEe9V/7q9iVNYxSGcqJ1x/cSE2REGUY5TkvdVGNC6IgMsGOpIDHqIJsfPXXPrNJ3I6lsCePO1d8TGYm1nsSh7YyJGeplbyb+53VSE10HGRNJalDQxaIo5a6R7iwBt88UUsMnlhCqmL3VpUOiCDU2p5INwV9+eZU0L6q+V/UfLiu12zyOIpzAKZyDD1dQg3uoQwMoPMEzvMKbM3ZenHfnY9FacPKZY/gD5/MHtAOSCQ==</latexit><latexit sha1_base64="ZbftCOeAzGXnZ/D8VahDG8gLVoM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EUoevFYwX5AG8pmO2mXbnbj7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/KB8eNbVMFcUGlVyqdkg0ciawYZjh2E4Ukjjk2ApHdzO/NUalmRSPZpJgEJOBYBGjxFgp6I6JwkQzLsWN3ytXvKo3h7tK/JxUIEe9V/7q9iVNYxSGcqJ1x/cSE2REGUY5TkvdVGNC6IgMsGOpIDHqIJsfPXXPrNJ3I6lsCePO1d8TGYm1nsSh7YyJGeplbyb+53VSE10HGRNJalDQxaIo5a6R7iwBt88UUsMnlhCqmL3VpUOiCDU2p5INwV9+eZU0L6q+V/UfLiu12zyOIpzAKZyDD1dQg3uoQwMoPMEzvMKbM3ZenHfnY9FacPKZY/gD5/MHtAOSCQ==</latexit><latexit sha1_base64="ZbftCOeAzGXnZ/D8VahDG8gLVoM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EUoevFYwX5AG8pmO2mXbnbj7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/KB8eNbVMFcUGlVyqdkg0ciawYZjh2E4Ukjjk2ApHdzO/NUalmRSPZpJgEJOBYBGjxFgp6I6JwkQzLsWN3ytXvKo3h7tK/JxUIEe9V/7q9iVNYxSGcqJ1x/cSE2REGUY5TkvdVGNC6IgMsGOpIDHqIJsfPXXPrNJ3I6lsCePO1d8TGYm1nsSh7YyJGeplbyb+53VSE10HGRNJalDQxaIo5a6R7iwBt88UUsMnlhCqmL3VpUOiCDU2p5INwV9+eZU0L6q+V/UfLiu12zyOIpzAKZyDD1dQg3uoQwMoPMEzvMKbM3ZenHfnY9FacPKZY/gD5/MHtAOSCQ==</latexit>

<latexit sha1_base64="fQD5xaJkGBfQY3+XSOicjcskunw="></latexit>

c�z

�✓
= DA(z)H(z)

<latexit sha1_base64="c3mPOoOzpqgtMy/ioAWWUauVDyA=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY2+wlS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmA8kjTglYqeeWu7csAs0HQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/vOrdnVVqV3kcRXSIjtAJ8tEFqqEbVEcNRFGKntErenOenBfn3fmYtxacfOYA/YHz+QM53JN2</latexit>,
<latexit sha1_base64="YIJ7g6psrsfwvxMMeJjtLrZoTac="></latexit>

function(⌦m,⌦⇤)

pick

If the proposed 
cosmology is correct

<latexit sha1_base64="AKT4VyZDzw7w5WDyvJlOyf+qUow=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7Aroh6DevAYwTwgWcLspDcZMvtgpleMS8CLv+LFgyJe/Qlv/o2TZA+aWNBQVHVPT5cXS6HRtr+t3MLi0vJKfrWwtr6xuVXc3qnrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7gc+407UFpE4S0OY3AD1guFLzhDI3WKe22Ee5y8k3oygVHavgKJjD6MOsWSXbYnoPPEyUiJZKh2il/tbsSTAELkkmndcuwY3ZQpFFzCqNBONMSMD1gPWoaGLADtppPdI3polC71I2UqRDpRf0+kLNB6GHimM2DY17PeWPzPayXon7upCOMEIeTTRX4iKUZ0HAjtCgUc5dAQxpUwf6W8zxTjaGIrmBCc2ZPnSf247JyW7ZuTUuUiiyNP9skBOSIOOSMVck2qpEY4eSTP5JW8WU/Wi/VufUxbc1Y2s0v+wPr8ARCLmGw=</latexit>

�z
<latexit sha1_base64="VlDzDj5c45AMegM+6nzNF+cqVnQ=">AAACCHicbVC7SgNBFJ31GeMramnhYBCswq6IWga1sIxgHpANYXZykwyZfTBzVwzLljb+io2FIrZ+gp1/42SzhSYeuHA4596Ze48XSaHRtr+thcWl5ZXVwlpxfWNza7u0s9vQYaw41HkoQ9XymAYpAqijQAmtSAHzPQlNb3Q18Zv3oLQIgzscR9Dx2SAQfcEZGqlbOnARHjB7J/FkDGniXoNERl0cArK0WyrbFTsDnSdOTsokR61b+nJ7IY99CJBLpnXbsSPsJEyh4BLSohtriBgfsQG0DQ2YD7qTZAuk9MgoPdoPlakAaab+nkiYr/XY90ynz3CoZ72J+J/XjrF/0UlEEMUIAZ9+1I8lxZBOUqE9oYCjHBvCuBJmV8qHTDGOJruiCcGZPXmeNE4qzlnFvj0tVy/zOApknxySY+KQc1IlN6RG6oSTR/JMXsmb9WS9WO/Wx7R1wcpn9sgfWJ8//4Salg==</latexit>

�✓

Redshift 
space <latexit sha1_base64="Tkz7LO5+8z11ko+z0WyqsPCb4C8=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s4m7m0IJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVbyVS/rJlRRIVBMe+WKW3XnIKvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Ojp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYmswRInytkRkwsoUxxeythQ5sBMzankg3BW355lTQvqt5V1X24rNRu8ziKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2PRWvByWeO4Q+czx9O6pJz</latexit>rk

<latexit sha1_base64="GZvfaN27IDiIDw/2YC464mBY2eA=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E1DJoYxnBxEhyhL3NJFmyu7fs7gnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvVpwZGwTfXmFldW19o7hZ2tre2d0r7x80TZJqig2a8ES3YmKQM4kNyyzHltJIRMzxIR7dTP2HJ9SGJfLejhVGggwk6zNKrJMedTfrKNRq0i1Xgmowg79MwpxUIEe9W/7q9BKaCpSWcmJMOwyUjTKiLaMcJ6VOalAROiIDbDsqiUATZbODJ/6JU3p+P9GupPVn6u+JjAhjxiJ2nYLYoVn0puJ/Xju1/asoY1KlFiWdL+qn3LeJP/3e7zGN1PKxI4Rq5m716ZBoQq3LqORCCBdfXibNs2p4UQ3uziu16zyOIhzBMZxCCJdQg1uoQwMoCHiGV3jztPfivXsf89aCl88cwh94nz9CSpC1</latexit>r?

Real space

<latexit sha1_base64="OsRd7+Hzh+raVdJnQnqkKv5Mo2U=">AAACKHicbVDLSgNBEJyNrxhfUY9eFoMQL2FXRL2IUXPwGMHEQDYss5NOMmT2wUyvGJf9HC/+ihcRRXL1S5w8DtFY0FBUdU9PlxcJrtCyhkZmYXFpeSW7mltb39jcym/v1FUYSwY1FopQNjyqQPAAashRQCOSQH1PwL3Xvx759w8gFQ+DOxxE0PJpN+Adzihqyc1fSNeJQEbnDsIjjt9LJLTTpOIml2nx6TCdMTwRQ5o4FRBIHewB0tTNF6ySNYY5T+wpKZApqm7+3WmHLPYhQCaoUk3birCVUImcCUhzTqwgoqxPu9DUNKA+qFYy3p+aB1ppm51Q6grQHKuzEwn1lRr4nu70KfbUX28k/uc1Y+yctRIeRDFCwCaLOrEwMTRHqZltLoGhGGhCmeT6rybrUUkZ6mxzOgT778nzpH5Usk9K1u1xoXw1jSNL9sg+KRKbnJIyuSFVUiOMPJNX8kE+jRfjzfgyhpPWjDGd2SW/YHz/ANZ7qOk=</latexit>

r? = DA(z)�✓

<latexit sha1_base64="I7q1gLtTuZBxnBfAVDaKvpR10Z0=">AAACKXicbVDLSgNBEJz1bXxFPXoZDEK8xF0R9SIE9eBRwUQhuyyzk04yOPtgpleMy/6OF3/Fi4KiXv0RJ49DTCxoKKq6p6crSKTQaNtf1tT0zOzc/MJiYWl5ZXWtuL5R13GqONR4LGN1GzANUkRQQ4ESbhMFLAwk3AR3Zz3/5h6UFnF0jd0EvJC1I9ESnKGR/GJV+ZmbMMWkBJmfcBfhAfvPZoFMIc/cc5DI6GO+N2IpaObZRflxN6d+sWRX7D7oJHGGpESGuPSLb24z5mkIEXLJtG44doJexhQKLiEvuKmGhPE71oaGoRELQXtZf29Od4zSpK1YmYqQ9tXRiYyFWnfDwHSGDDt63OuJ/3mNFFvHXiaiJEWI+GBRK5UUY9qLjTaFAo6yawjjSpi/Ut4xsXE04RZMCM74yZOkvl9xDiv21UGpejqMY4FskW1SJg45IlVyQS5JjXDyRF7IO/mwnq1X69P6HrROWcOZTfIH1s8v1/Koxw==</latexit>

rk = c�z/H(z)

<latexit sha1_base64="yS3kkjnR6ZmZ8Dk2mL9PDr0zWLE=">AAACF3icbVDLSsNAFJ3UV62vqks3wSK4kJKIqMuiGxeCFewDkhAm00k7dCYJMzdiCf0LN/6KGxeKuNWdf+M0zUJbLwwczrn33DsnSDhTYFnfRmlhcWl5pbxaWVvf2Nyqbu+0VZxKQlsk5rHsBlhRziLaAgacdhNJsQg47QTDy4neuadSsTi6g1FCPYH7EQsZwaApv1p3gT5A7pNpiUaAx5nj3gjax744KoB7rR172Bv71ZpVt/Iy54FdgBoqqulXv9xeTFKhjQnHSjm2lYCXYQmMcDquuKmiCSZDvdrRMMKCKi/L7xmbB5rpmWEs9YvAzNnfExkWSo1EoDsFhoGa1Sbkf5qTQnjuZSxKUqARmS4KU25CbE5CMntMUgJ8pAEmkulbTTLAEhPQUVZ0CPbsl+dB+7hun9at25Na46KIo4z20D46RDY6Qw10hZqohQh6RM/oFb0ZT8aL8W58TFtLRjGzi/6U8fkDhtygvw==</latexit>

[⌦m,⌦⇤]

<latexit sha1_base64="c3mPOoOzpqgtMy/ioAWWUauVDyA=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY2+wlS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmA8kjTglYqeeWu7csAs0HQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/vOrdnVVqV3kcRXSIjtAJ8tEFqqEbVEcNRFGKntErenOenBfn3fmYtxacfOYA/YHz+QM53JN2</latexit>,

Line of si
ght

Cosmological  
    Model

<latexit sha1_base64="mBLFLbiLgkpNKRysRAX5ikxAkTU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXRjcsK9gFtKJPpTTt08mDmRqwh+CtuXCji1v9w5984TbPQ1gMXDufcO3fu8WLBFdr2t1FaWl5ZXSuvVzY2t7Z3zN29looSyaDJIhHJjkcVCB5CEzkK6MQSaOAJaHvj66nfvgepeBTe4SQGN6DDkPucUdRS3zzoITxg/k7qiQSytJdlfbNq1+wc1iJxClIlBRp986s3iFgSQIhMUKW6jh2jm1KJnAnIKr1EQUzZmA6hq2lIA1Bumm/NrGOtDCw/krpCtHL190RKA6Umgac7A4ojNe9Nxf+8boL+pZvyME4QQjZb5CfCwsiaRmENuASGYqIJZZLrv1psRCVlqAOr6BCc+ZMXSeu05pzX7Nuzav2qiKNMDskROSEOuSB1ckMapEkYeSTP5JW8GU/Gi/FufMxaS0Yxs0/+wPj8AebAlik=</latexit>

} <latexit sha1_base64="6lN1Jvnel6VW4MiibiMJi1Zmj0I=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZdFNy4r2FpoQplMJ+3QySTM3IglBPwVNy4Ucet3uPNvnKZZaOuBgcM59zUnSATX4DjfVmVpeWV1rbpe29jc2t6xd/c6Ok4VZW0ai1h1A6KZ4JK1gYNg3UQxEgWC3Qfj66l//8CU5rG8g0nC/IgMJQ85JWCkvn3gAXuEYk4WCELHeebled+uOw2nAF4kbknqqESrb395g5imEZNABdG65zoJ+BlRwKlgec1LNUvMdDJkPUMliZj2s2Jtjo+NMsBhrMyTgAv1d0dGIq0nUWAqIwIjPe9Nxf+8XgrhpZ9xmaTAJJ0tClOBIcbTLPCAK0ZBTAwhVHFzK6YjoggFk1jNhODOf3mRdE4b7nnDuT2rN6/KOKroEB2hE+SiC9REN6iF2oiiDD2jV/RmPVkv1rv1MSutWGXPPvoD6/MHlK6WiA==</latexit>

}

, calculate

<latexit sha1_base64="fQD5xaJkGBfQY3+XSOicjcskunw="></latexit>

c�z

�✓
= DA(z)H(z)

<latexit sha1_base64="ksV9bMnYzCDgq9gW7ePtlBjgOWM="></latexit>

" =
[DAH(z)]meas

[DAH(z)]fid

 Alcock-Paczynski test

A theoretical model to predict observed void density profiles

https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
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<latexit sha1_base64="TRsMNzqzKLWlhQCgFi3TqBUoj4A=">AAACFnicbVDLSsNAFJ3UV62vqks3wSK40JKIqMuiGxeCFewDmlIm09t26EwSZm7EEvIVbvwVNy4UcSvu/BunD0FbDwwczrmvOX4kuEbH+bIyc/MLi0vZ5dzK6tr6Rn5zq6rDWDGosFCEqu5TDYIHUEGOAuqRAip9ATW/fzH0a3egNA+DWxxE0JS0G/AOZxSN1Mofegj3OJqT+CKGNPGuJXRpK5HpwQ/1rszANk3TVr7gFJ0R7FniTkiBTFBu5T+9dshiCQEyQbVuuE6EzYQq5ExAmvNiDRFlfdqFhqEBlaCbyeic1N4zStvuhMq8AO2R+rsjoVLrgfRNpaTY09PeUPzPa8TYOWsmPIhihICNF3ViYWNoDzOy21wBQzEwhDLFza0261FFGZokcyYEd/rLs6R6VHRPis7NcaF0PokjS3bILtknLjklJXJJyqRCGHkgT+SFvFqP1rP1Zr2PSzPWpGeb/IH18Q1YN6C4</latexit>

⌦m ,⌦⇤

Cosmological  
    Model

=Observed 
shape

Real space profile 
& AP
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<latexit sha1_base64="TRsMNzqzKLWlhQCgFi3TqBUoj4A=">AAACFnicbVDLSsNAFJ3UV62vqks3wSK40JKIqMuiGxeCFewDmlIm09t26EwSZm7EEvIVbvwVNy4UcSvu/BunD0FbDwwczrmvOX4kuEbH+bIyc/MLi0vZ5dzK6tr6Rn5zq6rDWDGosFCEqu5TDYIHUEGOAuqRAip9ATW/fzH0a3egNA+DWxxE0JS0G/AOZxSN1Mofegj3OJqT+CKGNPGuJXRpK5HpwQ/1rszANk3TVr7gFJ0R7FniTkiBTFBu5T+9dshiCQEyQbVuuE6EzYQq5ExAmvNiDRFlfdqFhqEBlaCbyeic1N4zStvuhMq8AO2R+rsjoVLrgfRNpaTY09PeUPzPa8TYOWsmPIhihICNF3ViYWNoDzOy21wBQzEwhDLFza0261FFGZokcyYEd/rLs6R6VHRPis7NcaF0PokjS3bILtknLjklJXJJyqRCGHkgT+SFvFqP1rP1Zr2PSzPWpGeb/IH18Q1YN6C4</latexit>

⌦m ,⌦⇤

Cosmological  
    Model

cz = H0d+ vcos✓
<latexit sha1_base64="nOLYvYgCZr1w2vzX4xhu3ubrzQI=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJKooBeh6KXHCvYD2hA2m027dLMJu5NiLf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpAKrsFxvq2V1bX1jc3CVnF7Z3dv3z4oNXWSKcoaNBGJagdEM8ElawAHwdqpYiQOBGsFg7up3xoypXkiH2CUMi8mPckjTgkYybdL9Omm5jvh2ZAmugt9BsS3y07FmQEvEzcnZZSj7ttf3TChWcwkUEG07rhOCt6YKOBUsEmxm2mWEjogPdYxVJKYaW88u32CT4wS4ihRpiTgmfp7YkxirUdxYDpjAn296E3F/7xOBtG1N+YyzYBJOl8UZQJDgqdB4JArRkGMDCFUcXMrpn2iCAUTV9GE4C6+vEya5xX3ouLeX5art3kcBXSEjtEpctEVqqIaqqMGougRPaNX9GZNrBfr3fqYt65Y+cwh+gPr8wdyYJQP</latexit>

= 
Observed 
shape

Real space profile 
& AP

Redshift-space distortions (RSD) 
(deviations from the Hubble flow) due 

to galaxies peculiar velocities 
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<latexit sha1_base64="TRsMNzqzKLWlhQCgFi3TqBUoj4A=">AAACFnicbVDLSsNAFJ3UV62vqks3wSK40JKIqMuiGxeCFewDmlIm09t26EwSZm7EEvIVbvwVNy4UcSvu/BunD0FbDwwczrmvOX4kuEbH+bIyc/MLi0vZ5dzK6tr6Rn5zq6rDWDGosFCEqu5TDYIHUEGOAuqRAip9ATW/fzH0a3egNA+DWxxE0JS0G/AOZxSN1Mofegj3OJqT+CKGNPGuJXRpK5HpwQ/1rszANk3TVr7gFJ0R7FniTkiBTFBu5T+9dshiCQEyQbVuuE6EzYQq5ExAmvNiDRFlfdqFhqEBlaCbyeic1N4zStvuhMq8AO2R+rsjoVLrgfRNpaTY09PeUPzPa8TYOWsmPIhihICNF3ViYWNoDzOy21wBQzEwhDLFza0261FFGZokcyYEd/rLs6R6VHRPis7NcaF0PokjS3bILtknLjklJXJJyqRCGHkgT+SFvFqP1rP1Zr2PSzPWpGeb/IH18Q1YN6C4</latexit>

⌦m ,⌦⇤

Cosmological  
    Model

cz = H0d+ vcos✓
<latexit sha1_base64="nOLYvYgCZr1w2vzX4xhu3ubrzQI=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJKooBeh6KXHCvYD2hA2m027dLMJu5NiLf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpAKrsFxvq2V1bX1jc3CVnF7Z3dv3z4oNXWSKcoaNBGJagdEM8ElawAHwdqpYiQOBGsFg7up3xoypXkiH2CUMi8mPckjTgkYybdL9Omm5jvh2ZAmugt9BsS3y07FmQEvEzcnZZSj7ttf3TChWcwkUEG07rhOCt6YKOBUsEmxm2mWEjogPdYxVJKYaW88u32CT4wS4ihRpiTgmfp7YkxirUdxYDpjAn296E3F/7xOBtG1N+YyzYBJOl8UZQJDgqdB4JArRkGMDCFUcXMrpn2iCAUTV9GE4C6+vEya5xX3ouLeX5art3kcBXSEjtEpctEVqqIaqqMGougRPaNX9GZNrBfr3fqYt65Y+cwh+gPr8wdyYJQP</latexit>

= 
Observed 
shape

Real space profile 
& AP

Sutter, Lavaux, Wandelt, Weinberg 
2012; ArXiv: 1208.1058 ApJ 
Sutter, Pisani, Wandelt, Weinberg 
2014; ArXiv: 1404.5618 MNRAS 

Very first papers in the field would try to mitigate the 
effect of peculiar velocities to measure the AP information. 

Redshift-space distortions (RSD) 
(deviations from the Hubble flow) due 

to galaxies peculiar velocities 

https://arxiv.org/abs/1208.1058
https://arxiv.org/abs/1404.5618
https://arxiv.org/abs/1208.1058
https://arxiv.org/abs/1404.5618
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v(r) ' �1

3

f(z)H(z)

1 + z
r�(r)

<latexit sha1_base64="FrkNXAotP9Cd+uzE3jkwama4wrE="></latexit>

�(r) =
3

r3

Z r

0
�(r0)r02dr0

<latexit sha1_base64="rtFLj3qy7UYX+7YC+iHNsgvD1Rw=">AAACHXicbVBNS8NAEN34WetX1aOXxSKtl5JoQT0IRT14rGBboWnLZrPRpZtN2J0IJeSPePGvePGgiAcv4r9x+3HQ1gcDj/dmmJnnxYJrsO1va25+YXFpObeSX11b39gsbG03dZQoyho0EpG69YhmgkvWAA6C3caKkdATrOX1L4Z+64EpzSN5A4OYdUJyJ3nAKQEj9QpV95IJIGV1cOYGitD0KEtV9yhzuYSu6tnY9cd+6UCVuulh5qtSvlco2hV7BDxLnAkpognqvcKn60c0CZkEKojWbceOoZMSBZwKluXdRLOY0D65Y21DJQmZ7qSj7zK8bxQfB5EyJQGP1N8TKQm1HoSe6QwJ3Otpbyj+57UTCE46KZdxAkzS8aIgERgiPIwK+1wxCmJgCKGKm1sxvScmJDCBDkNwpl+eJc3DilOtnF5Xi7XzSRw5tIv2UBk56BjV0BWqowai6BE9o1f0Zj1ZL9a79TFunbMmMzvoD6yvHzzcoME=</latexit>

Incredible gain in modeling redshift-space distortions!

…but velocities embed information!

      P. J. E. Peebles, The large-scale structure of the universe 
(1980), mass conservation at linear order.  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}Density profile modeling

RSD modeling
Ingredients

19

⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

de
ns

ity

radius

A theoretical model to predict observed void density profiles
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⇢vm(r)

⇢̄m
� 1 = �c

1� (r/rs)
↵

1 + (r/rv)
�

density contrast
R : ⇢ = ⇢̄

slopes before and after wall, linear fxs of rs/rv
slopes before/after wall

Density profile modeling: No robust theoretical prediction, rely on commonly used prescriptions

Fitting function  

20

Hamaus, Sutter, Wandelt 2014; ArXiv: 1403.5499 PRL

⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

A theoretical model to predict observed void density profiles

https://arxiv.org/abs/1403.5499
https://arxiv.org/abs/1403.5499
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Modeling velocities with the Gaussian streaming model

21

1 + ⇠s(s) =

Z
P (v, r)[1 + ⇠(r)]d3v =

Z +1

�1

1p
2⇡�v(r)

exp


�

(vk � v(r)
rk
r )

2

2�2
v(r)

�
⇢v(r)

⇢̄
dvk

<latexit sha1_base64="GhGdBITi7A/IojtdWGPSytQ5934=">AAADS3icbVJNbxMxEPVuKZTw0RSOXFZESIlKot1QqXBAquDCMUikrRRvVl7Hm1j1ftT2rhJZ/n9cuHDjT3DhAEIc8H6kpAkjWfv05s288azDjFEhXfebZe/d2b977+B+68HDR48P20dPzkWac0zGOGUpvwyRIIwmZCypZOQy4wTFISMX4dX7Mn9REC5omnySq4z4MZonNKIYSUMFRxbyjuGSTkUXSrKUYaSE7r2FNJFORVQOKm Q50Wp0oyn0yzXkuqcnVY/uBuXDGMkFj9VMT18VVb9A9c0nkivtTNWx0+AdExhxhJVngLjmUg1hRjUUdB6joNh00GsHssw0DOl8PunXtd0iUDBDHDFGmO6vdYXu8l6t4JsCXXabDrWxqmymw22jsrmv61LIF2lwq6WZNES85PW/SxfBjUEraHfcgVuFswu8BnRAE6Og/RXOUpzHJJGYISEmnptJXyEuKWZEt2AuSIbwFZqTiYEJionwVbVE7bwwzMyJUm6O+YkVu1mhUCzEKg6NspxWbOdK8n+5SS6j176iSZZLkuDaKMqZI1OnfFjOjHKCJVsZgDCnZlYHL8wOsDTPr1yCt33lXXA+HHgngzcfTzpn75p1HIBn4DnoAg+cgjPwAYzAGGDrs/Xd+mn9sr/YP+zf9p9aaltNzVNwK/b2/wKqaxvF</latexit>

Gaussian probability distribution function for velocities
(Gaussian streaming model, Fisher 1995)

Hamaus, Pisani, Sutter, Lavaux, Escoffier, 
Wandelt, Weller 2016; ArXiv: 1602.01784 PRL 

Paz, Lares, Ceccarelli, Padilla, 
Lambas 1306.5799 1306.5799 MNRAS 
Hamaus, Sutter, Lavaux, Wandelt, 2015 
ArXiv: 1507.04363 JCAP

1

1

1

https://arxiv.org/abs/1602.01784
https://arxiv.org/abs/1602.01784
https://academic.oup.com/mnras/article/436/4/3480/988506
https://arxiv.org/abs/1507.04363
https://academic.oup.com/mnras/article/436/4/3480/988506
https://arxiv.org/abs/1507.04363
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Hamaus, Pisani, Sutter, Lavaux, Escoffier, 
Wandelt, Weller 2016; ArXiv: 1602.01784 PRL 

Constraints 
precision

Profile from fitting function and marginalization 
Gaussian streaming model 
RSD & AP

New standard tool!

1.2%

<latexit sha1_base64="4f6ZumvrYVtj3btu1yB20xVaD5M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVLwFJJSUG9FLx4rmLbQhrLZbtqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv29nY3Nre2S3tlfcPDo+OKyenbS0zRWhAJJeqG2FNORM0MMxw2k0VxUnEaSea3M39zhNVmknxaKYpDRM8EixmBBsrBb5b79cGlarnegugdeIXpAoFWoPKV38oSZZQYQjHWvd8LzVhjpVhhNNZuZ9pmmIywSPas1TghOowXxw7QzWrDFEslS1h0EL9PZHjROtpEtnOBJuxXvXm4n9eLzPxdZgzkWaGCrJcFGccGYnmn6MhU5QYPrUEE8XsrYiMscLE2HzKNgR/9eV10q67fsO9eWhUm7dFHCU4hwu4BB+uoAn30IIACDB4hld4c4Tz4rw7H8vWDaeYOYM/cD5/AGlJjco=</latexit>

"

<latexit sha1_base64="3FTkDYgK/TJ5RPQSkwcuhmLKcb8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FLx4r2A9IQ9lsN+3SzW7YnRRK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RQ2Nre2d4q7pb39g8Oj8vFJy6hMU9akSijdiYhhgkvWRI6CdVLNSBIJ1o5G93O/PWbacCWfcJKyMCEDyWNOCVop6I6JZqnhQsleueJVvQXcdeLnpAI5Gr3yV7evaJYwiVQQYwLfSzGcEo2cCjYrdTPDUkJHZMACSyVJmAmni5Nn7oVV+m6stC2J7kL9PTEliTGTJLKdCcGhWfXm4n9ekGF8E065TDNkki4XxZlwUbnz/90+14yimFhCqOb2VpcOiSYUbUolG4K/+vI6aV1V/Vr19rFWqd/lcRThDM7hEny4hjo8QAOaQEHBM7zCm4POi/PufCxbC04+cwp/4Hz+AL2vkZM=</latexit>

22%

<latexit sha1_base64="aoRGwuiuqXRwt90xxJMFM9gBPSE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CZaCp7JbCtVb0YvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZneZ33uiSrNIPpp5TH2BJ5KFjGCTSfX6sDoqV9yauwTaJF5OKpCjPSp/DccRSQSVhnCs9cBzY+OnWBlGOF2UhommMSYzPKEDSyUWVPvp8tYFqlpljMJI2ZIGLdXfEykWWs9FYDsFNlO97mXif94gMeG1nzIZJ4ZKsloUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeEo2BG/95U3Srde8Ru3moVFp3eZxFOECLuEKPGhCC+6hDR0gMIVneIU3RzgvzrvzsWotOPnMOfyB8/kD/2SNkw==</latexit>

<latexit sha1_base64="qiDcUWwO2TJ4TjiXfb+urIsXD6w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E1GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CM+CXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs3zqndZde8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDzL42U</latexit>

f/b
⌦m

<latexit sha1_base64="0JcJgV4p3KJC2W/EOQwHoUYScKA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxZsV7Ae0oWy2k3bp7ibuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+HoZuq3nlBpFssHM04wEGQgWcQoMVZqd+8EDkhP9MoVr+rN4C4TPycVyFHvlb+6/ZimAqWhnGjd8b3EBBlRhlGOk1I31ZgQOiID7FgqiUAdZLN7J+6JVfpuFCtb0rgz9fdERoTWYxHaTkHMUC96U/E/r5Oa6CrImExSg5LOF0Upd03sTp93+0whNXxsCaGK2VtdOiSKUGMjKtkQ/MWXl0nzrOqfV/37i0rtOo+jCEdwDKfgwyXU4Bbq0AAKHJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8A5DOP3g==</latexit>

11%

<latexit sha1_base64="6UFmXMuKzJxhr2scif8+SjySC1A=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5JIQb0VvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySj2YeU1/giWQhI9hkkucN66NqzW24OdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/FyjDC6aIyTDSNMZnhCR1YKrGg2k/zWxeobpUxCiNlSxqUq78nUiy0novAdgpspnrVy8T/vEFiwms/ZTJODJVkuShMODIRyh5HY6YoMXxuCSaK2VsRmWKFibHxVGwI3urL66R72fCajZuHZq11W8RRhjM4hwvw4ApacA9t6ACBKTzDK7w5wnlx3p2PZWvJKWZO4Q+czx/8V42R</latexit>

Modeling velocities with the Gaussian streaming model

Theoretical model

https://arxiv.org/abs/1602.01784
https://arxiv.org/abs/1602.01784
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Modeling velocities with the linear model, multipole analysis of RSD

23

⇠
s(s) = ⇠(r)� 1 + z

H(z)

dvk(r)

dr
= ⇠(r) +

f

3
�(r) + fµ

2[�(r)��(r)] = ⇠(r) +
f

3b
⇠̄(r) +

f

b
µ
2[⇠(r)� ⇠̄(r)]

<latexit sha1_base64="3SIWZu+lroWMVblbBhNrd86ERZM="></latexit>

Linear model 
Only RSD, No AP

⇠̄(r) =
3

r3

Z r

0
⇠(r0)r02dr0

<latexit sha1_base64="r8qZuPTojYK6DJDwNOFtg7h8UcY="></latexit>

⇠s` (s) =
2`+ 1

2

Z 1

�1
⇠s(s, µ)P`(µ)dµ

<latexit sha1_base64="ISmFE2h/29aAtpzdCOEXKm5HSpU="></latexit>

Cai, Taylor, Peacock, Padilla 
2016; ArXiv: 1603.05184; MNRAS 

<latexit sha1_base64="HIfJAla/qVCLl8dZtpdCaptt11U="></latexit>

⇠0(r)� ⇠̄0(r) = ⇠2(r)
3 + (f/b)

2(f/b)

Hamaus, Cousinou, Pisani, Aubert,  
Escoffier, Weller 2017; ArXiv: 1705.05328 JCAP 

Theoretical model

https://arxiv.org/abs/1603.05184
https://arxiv.org/abs/1603.05184
https://arxiv.org/abs/1705.05328
https://arxiv.org/abs/1705.05328
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Modeling velocities with the linear model, multipole analysis of RSD

23
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2[⇠(r)� ⇠̄(r)]

<latexit sha1_base64="3SIWZu+lroWMVblbBhNrd86ERZM="></latexit>

Linear model 
Only RSD, No AP

⇠̄(r) =
3

r3

Z r

0
⇠(r0)r02dr0

<latexit sha1_base64="r8qZuPTojYK6DJDwNOFtg7h8UcY="></latexit>

⇠s` (s) =
2`+ 1

2

Z 1

�1
⇠s(s, µ)P`(µ)dµ

<latexit sha1_base64="ISmFE2h/29aAtpzdCOEXKm5HSpU="></latexit>

Cai, Taylor, Peacock, Padilla 
2016; ArXiv: 1603.05184; MNRAS 

<latexit sha1_base64="HIfJAla/qVCLl8dZtpdCaptt11U="></latexit>

⇠0(r)� ⇠̄0(r) = ⇠2(r)
3 + (f/b)

2(f/b)

Hamaus, Cousinou, Pisani, Aubert,  
Escoffier, Weller 2017; ArXiv: 1705.05328 JCAP 

Theoretical model

12%

<latexit sha1_base64="zE/i/eMp6AMQRlyq+FOI4rRqWm4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CZaCp7JbCtVb0YvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZneZ33uiSrNIPpp5TH2BJ5KFjGCTSV59WB2VK27NXQJtEi8nFcjRHpW/huOIJIJKQzjWeuC5sfFTrAwjnC5Kw0TTGJMZntCBpRILqv10eesCVa0yRmGkbEmDlurviRQLrecisJ0Cm6le9zLxP2+QmPDaT5mME0MlWS0KE45MhLLH0ZgpSgyfW4KJYvZWRKZYYWJsPCUbgrf+8ibp1mteo3bz0Ki0bvM4inABl3AFHjShBffQhg4QmMIzvMKbI5wX5935WLUWnHzmHP7A+fwB/d2Nkg==</latexit>

—1σ 
…. 2σ 

f/b

<latexit sha1_base64="+e8Ch9gcgSNDl+7Z30zsRy9vYEM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU02koN6KXjxWsB/QhrLZbtqlu5uwOxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSyFRdf9dgpr6xubW8Xt0s7u3v5B+fCoZaPEMN5kkYxMJ6CWS6F5EwVK3okNpyqQvB2M7zK//cSNFZF+xEnMfUWHWoSCUcyk8CIo9csVt+rOQVaJl5MK5Gj0y1+9QcQSxTUySa3tem6M/pQaFEzyWamXWB5TNqZD3k2ppopbfzq/dUbOUmVAwsikpZHM1d8TU6qsnagg7VQUR3bZy8T/vG6C4bU/FTpOkGu2WBQmkmBEssfJQBjOUE5SQpkR6a2EjaihDNN4shC85ZdXSeuy6tWqNw+1Sv02j6MIJ3AK5+DBFdThHhrQBAYjeIZXeHOU8+K8Ox+L1oKTzxzDHzifPyp/ja8=</latexit>

f b
(z
)

<latexit sha1_base64="AjRYQSeYvpFB75HnBs1T0AiagPw=">AAAB9XicbVBNT8JAEJ3iF+IX6tHLRmKCF9IaEvVG9OIREwskUMl22cKG7bbZ3Wqw6f/w4kFjvPpfvPlvXKAHBV8yyct7M5mZ58ecKW3b31ZhZXVtfaO4Wdra3tndK+8ftFSUSEJdEvFIdnysKGeCupppTjuxpDj0OW374+up336gUrFI3OlJTL0QDwULGMHaSPe9QGKSBlnqZ9Wn0365YtfsGdAycXJSgRzNfvmrN4hIElKhCcdKdR071l6KpWaE06zUSxSNMRnjIe0aKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif1430cGFlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhE4Q2QZVMCM7iy8ukdVZz6rXL23qlcZXHUYQjOIYqOHAODbiBJrhAQMIzvMKb9Wi9WO/Wx7y1YOUzh/AH1ucPiMqSjQ==</latexit>

https://arxiv.org/abs/1603.05184
https://arxiv.org/abs/1603.05184
https://arxiv.org/abs/1705.05328
https://arxiv.org/abs/1705.05328
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample 

Profile from fitting function  
Velocities (Gaussian streaming model) 
Alcock-Paczynski

Only velocities (linear model)

Models the profile from the de-
projection (model-independent)
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<latexit sha1_base64="WZn7f3V6SZwyMLFhXVNfas99oN4="></latexit>

⇠(r) = � 1

⇡

Z 1

r

d⇠sp(s?)

ds?

ds?p
s2? � r2

,
Line of sight

rp

v
r

<latexit sha1_base64="01BPu0vwer2JPsO7kDATSrSPNDs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripu/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fcyuMtA==</latexit>

+

Abel inverse transform

Pisani, Lavaux, Sutter, Wandelt 2014; ArXiv: 1306.3052 MNRAS 
Hamaus, Pisani, Choi, Lavaux, Wandelt, Weller 2020; ArXiv: 2007.07895 JCAP 

https://arxiv.org/abs/1306.3052
https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/1306.3052
https://arxiv.org/abs/2007.07895
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample 
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Nv = 5952

Models the profile from the de-projection (model-independent)
Models AP & velocities (linear model)

Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP sub. 

State-of-the-art 
theoretical model

Largest catalog 
of voids available 

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2007.07895
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Tested on mocks
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Z̄ = 0.41

Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP sub. 
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample 

Measure on mocks

Theoretical 
  model

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2007.07895
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Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP sub. 
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Applied on data

Void-galaxy cross-correlation: Final analysis from the combined BOSS sample 

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2007.07895
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Results 
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Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP sub. 

� =
f

b
=

⌦m(z)�

b
" =

[DA(z)H(z)]meas

[DA(z)H(z)]fid

<latexit sha1_base64="MrYo+OOnvJDljAr/ZewrVD+YNoQ="></latexit>

Void-galaxy cross-correlation: Final analysis from the combined BOSS sample 

What if we still want to use simulations?  

Precision

"

<latexit sha1_base64="3FTkDYgK/TJ5RPQSkwcuhmLKcb8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FLx4r2A9IQ9lsN+3SzW7YnRRK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RQ2Nre2d4q7pb39g8Oj8vFJy6hMU9akSijdiYhhgkvWRI6CdVLNSBIJ1o5G93O/PWbacCWfcJKyMCEDyWNOCVop6I6JZqnhQsleueJVvQXcdeLnpAI5Gr3yV7evaJYwiVQQYwLfSzGcEo2cCjYrdTPDUkJHZMACSyVJmAmni5Nn7oVV+m6stC2J7kL9PTEliTGTJLKdCcGhWfXm4n9ekGF8E065TDNkki4XxZlwUbnz/90+14yimFhCqOb2VpcOiSYUbUolG4K/+vI6aV1V/Vr19rFWqd/lcRThDM7hEny4hjo8QAOaQEHBM7zCm4POi/PufCxbC04+cwp/4Hz+AL2vkZM=</latexit>

6.6%

<latexit sha1_base64="ekFlJAL0rDBKsyXKyp5BYE10MYM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LJaCp5BIqXorevFYwbSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KY5aOuDgcd7M8zMCxLOlHacb6u0sbm1vVPereztHxweVY9POipOJaEeiXksewFWlDNBPc00p71EUhwFnHaD6d3C7z5RqVgsHvUsoX6Ex4KFjGBtJK9pNwf1YbXm2E4OtE7cgtSgQHtY/RqMYpJGVGjCsVJ910m0n2GpGeF0XhmkiiaYTPGY9g0VOKLKz/Jj56hulBEKY2lKaJSrvycyHCk1iwLTGWE9UaveQvzP66c6vPYzJpJUU0GWi8KUIx2jxedoxCQlms8MwUQycysiEywx0SafignBXX15nXQubbdh3zw0aq3bIo4ynME5XIALV9CCe2iDBwQYPMMrvFnCerHerY9la8kqZk7hD6zPH3cJjdM=</latexit>

0.60%

<latexit sha1_base64="sCOfPLG+qKBa3U398MOYsOlvBIY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBkPA07Irwcct6MVjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFSacaeN5305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD8e3Mbz9RpZkUD2aS0CDGQ8EiRrCxUstzL7xetV+ueK43B1olfk4qkKPRL3/1BpKkMRWGcKx11/cSE2RYGUY4nZZ6qaYJJmM8pF1LBY6pDrL5tVNUtcoARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JdfXiWtc9evudf3tUr9Jo+jCCdwCmfgwyXU4Q4a0AQCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8A3HmOBw==</latexit>

0.68%

<latexit sha1_base64="lesDE16XeadJ1dsdrVShKpjHei4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CZaCp2VXROut6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDvz209UaSbFg5kkNIjxULCIEWys1PLcy1qv2i9XPNebA60SPycVyNHol796A0nSmApDONa663uJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82imqWmWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpiWpBxkSSGirIYlGUcmQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQ/OWXV0nr3PUv3Ov7i0r9Jo+jCCdwCmfgwxXU4Q4a0AQCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8A6KmODw==</latexit>

16.9%

<latexit sha1_base64="9XAg/lApBPFeO78mh6BGQ/Goj5g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CZaCp2VXRO2t6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDvz209UaSbFg5kkNIjxULCIEWys1PIv3Vqv2i9XPNebA60SPycVyNHol796A0nSmApDONa663uJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82imqWmWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIh+Msvr5LWuetfuLX7i0r9Jo+jCCdwCmfgwxXU4Q4a0AQCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8A68COEQ==</latexit>

calib

<latexit sha1_base64="yZ39hQyK9pSODCF9apAXLOhb7cQ=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoborunFZwT6gHUsmzbShSWZIMkoZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wucn8ziNVmkXy3kxj6gs8kixkBBsrPfQFNmMlUoI5C2aDcsWtunOgVeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfzlPP0JlVhiiMlH3SoLn6eyPFQuupCOxkllIve5n4n9dLTHjpp0zGiaGSLA6FCUcmQlkFaMgUJYZPLcFEMZsVkTFWmBhbVMmW4C1/eZW0L6perXp1V6s0rvM6inACp3AOHtShAbfQhBYQUPAMr/DmPDkvzrvzsRgtOPnOMfyB8/kDFemS6g==</latexit>

indep

<latexit sha1_base64="9NODaZI1NuYJliI2TJDme/Io10U=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsA9ox5LJZNrQJDMkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3knNPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+R+55EqzWJ5byYJ9QUeShYxgo2VHvoCm5ESGZMhTaaDas2tuzOgZeIVpAYFmoPqVz+MSSqoNIRjrXuemxg/w8owwum00k81TTAZ4yHtWSqxoNrPZqmn6MQqIYpiZZ80aKb+3siw0HoiAjuZp9SLXi7+5/VSE1369qQkNVSS+UdRypGJUV4BCpmixPCJJZgoZrMiMsIKE2OLqtgSvMWTl0n7rO6d16/uzmuN66KOMhzBMZyCBxfQgFtoQgsIKHiGV3hznpwX5935mI+WnGLnEP7A+fwBNf2S/w==</latexit>

⌦m
<latexit sha1_base64="0JcJgV4p3KJC2W/EOQwHoUYScKA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxZsV7Ae0oWy2k3bp7ibuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+HoZuq3nlBpFssHM04wEGQgWcQoMVZqd+8EDkhP9MoVr+rN4C4TPycVyFHvlb+6/ZimAqWhnGjd8b3EBBlRhlGOk1I31ZgQOiID7FgqiUAdZLN7J+6JVfpuFCtb0rgz9fdERoTWYxHaTkHMUC96U/E/r5Oa6CrImExSg5LOF0Upd03sTp93+0whNXxsCaGK2VtdOiSKUGMjKtkQ/MWXl0nzrOqfV/37i0rtOo+jCEdwDKfgwyXU4Bbq0AAKHJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8A5DOP3g==</latexit>

<latexit sha1_base64="pBKeVNEsmEJ25P8lJ9vEw4CFSrg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LJaCp5BIqR6LXjxWMLXQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTjk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI08docjv3H5+o0iyRD2aa0lDgkWQxI9hYKWi6jX59UK15rrcAWid+QWpQoD2ofvWHCckElYZwrHXP91IT5lgZRjidVfqZpikmEzyiPUslFlSH+eLYGapbZYjiRNmSBi3U3xM5FlpPRWQ7BTZjverNxf+8Xmbi6zBnMs0MlWS5KM44Mgmaf46GTFFi+NQSTBSztyIyxgoTY/Op2BD81ZfXSefS9Zuud9+otW6KOMpwBudwAT5cQQvuoA0BEGDwDK/w5kjnxXl3PpatJaeYOYU/cD5/AHHDjco=</latexit>

6.4%
<latexit sha1_base64="qiDcUWwO2TJ4TjiXfb+urIsXD6w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E1GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CM+CXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs3zqndZde8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDzL42U</latexit>

f/b

<latexit sha1_base64="BmRL5zxzbHzp53zqaRNYSCpuzp4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVLwFBKx6rHoxWMF0xbaUDbbTbt0dxN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHKmjed9O2vrG5tb26Wd8u7e/sFh5ei4pZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2N72Z++4kqzRL5aCYpDQUeShYzgo2Vgrpb79X6larnenOgVeIXpAoFmv3KV2+QkExQaQjHWnd9LzVhjpVhhNNpuZdpmmIyxkPatVRiQXWYz4+doppVBihOlC1p0Fz9PZFjofVERLZTYDPSy95M/M/rZia+CXMm08xQSRaL4owjk6DZ52jAFCWGTyzBRDF7KyIjrDAxNp+yDcFffnmVtC5c/8r1Hi6rjdsijhKcwhmcgw/X0IB7aEIABBg8wyu8OdJ5cd6dj0XrmlPMnMAfOJ8/ccGNyg==</latexit>

5.5%

<latexit sha1_base64="dF9XIZRYTDaGd+ajsWNl/WRuLwQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXA2ZKupGKLpxZwXbCp1hyKSZNjSZGZKMUIa68VfcuFDErX/hzr8xbWehrQcu93DOvST3hClnSiP0bZUWFpeWV8qrlbX1jc0te3unpZJMEtokCU/kfYgV5SymTc00p/eppFiEnLbDwdXYbz9QqVgS3+lhSn2BezGLGMHaSIG9590I2sOBuEDOsVuDXiogclANBXbV9AngPHELUgUFGoH95XUTkgkaa8KxUh0XpdrPsdSMcDqqeJmiKSYD3KMdQ2MsqPLzyQUjeGiULowSaSrWcKL+3sixUGooQjMpsO6rWW8s/ud1Mh2d+zmL00zTmEwfijIOdQLHccAuk5RoPjQEE8nMXyHpY4mJNqFVTAju7MnzpFVz3FMH3Z5U65dFHGWwDw7AEXDBGaiDa9AATUDAI3gGr+DNerJerHfrYzpasoqdXfAH1ucPb86USw==</latexit>

⌦m = 0.312± 0.020

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2007.07895
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Void-galaxy cross correlation: Final analysis from the combined BOSS sample 
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RSD constraints

AP constraints

Calibrated on mocks 
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void-size function 
‣ Void-void auto-correlation function 

‣ Take home messages

Outline
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Void evolve emptying themselves4+&
)'

Void formation=shells undergo shell-crossing

Critical under-density: �NL
v = �0.8
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Latest AP+RSD results use ~ 6000 voids 
=> GOLDEN ERA

How to estimate void numbers?

Sheth and van de Weygaert 2004; Arxiv: 0311260

32

An excursion set 
model to predict 
void numbers!

n(R, z) / ⌫f(⌫) ⇡
r

⌫

2⇡
exp(�⌫/2)
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Ne =

Z z+�z

z
dz

Z 1

Rmin

dR

Z

⌦survey

d⌦n(R, z)
dV

dzd⌦
,

Fraction of mass evolved 
into voids 

Density variance inside a 
sphere with given mass

⌫ =
�2v
�2

,
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https://arxiv.org/abs/astro-ph/0311260
https://arxiv.org/abs/astro-ph/0311260


Upcoming surveys (DESI, Euclid, 
LSST, Roman, SPHEREx) will 
provide               voids per survey!  
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The void-size function is sensitive to DE!
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DE properties at 
≠ scales

Pisani, Sutter, Hamaus,  Alizadeh, Biswas, 
Wandelt, Hirata 2015; ArXiv:1503.07690 PRD

33

Impact on voids: when DE 
becomes relevant and how 
‘strong’ it is

O(105)
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w(z) = w0 + wa
z

z + 1

https://arxiv.org/abs/1503.07690
https://arxiv.org/abs/1503.07690
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Voids from theory, voids from observations

‣ Account for tracer bias 
‣ Rescale voids to account for actual under-density 

�H
v,NL

= be↵ ⇥ �mat

v,NL
<latexit sha1_base64="ga/a09ZfjfXLtqcEcnjMP6d8TYs=">AAACInicbVDJSgNBEO1xjXEb9eilMQgeJMyooB4E0UsOIhGMCpk49HRqkiY9C901QhjmW7z4K148KOpJ8GPsLAe3goLHe6+oqhekUmh0nA9rYnJqema2NFeeX1hcWrZXVq90kikODZ7IRN0ETIMUMTRQoISbVAGLAgnXQe90oF/fgdIiiS+xn0IrYp1YhIIzNJRvH3ptkMj8/G77/Ky4rR0Fvhcx7KoohzAsqIciAk1/unLjKHy74lSdYdG/wB2DChlX3bffvHbCswhi5JJp3XSdFFs5Uyi4hKLsZRpSxnusA00DY2YWt/LhiwXdNEybhokyHSMdst8nchZp3Y8C4xycr39rA/I/rZlheNDKRZxmCDEfLQozSTGhg7xoWyjgKPsGMK6EuZXyLlOMo0m1bEJwf7/8F1ztVN3dqnuxVzk+GcdRIutkg2wRl+yTY1IjddIgnNyTR/JMXqwH68l6td5H1glrPLNGfpT1+QV90qTi</latexit>

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

34

Giovanni 
Verza

Sofia  
Contarini

Contarini, Ronconi, Marulli, Moscardini, 
Veropalumbo, Baldi ArXiv: 1904.01022 MNRAS

Sutter et al.  2012

Pollina, Hamaus et al. ArXiv: 1806.06860 MNRAS
Jennings, Li & Hu ArXiv: 1304.6087 MNRAS; DM

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1304.6087
https://arxiv.org/abs/1806.06860
https://arxiv.org/abs/1806.06860
https://arxiv.org/abs/1304.6087
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DEMNUni Simulation Suite  
Carbone et al. 2016 

DM part.
Dense surveys!

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
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Many thresholds: observationally powerful
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⇤CDM

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
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DE models
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w(z) = w0 + wa
z

z + 1

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
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Prepares the application to data!

Future developments for the void-size function

‣ Model with tracer bias 

‣ Test other cosmological models  

‣ Estimate observational effects (mask, boundaries!), galaxies properties   

‣ Estimate peculiar velocities effects  

‣ Poisson voids: machine learning to enhance void catalogs reliability 

‣ Model the density profile from first principles (and how it changes with cosmology!)

Pisani, Sutter, Wandelt 2015, ArXiv: 1506.07982 
Correa, Paz, Sánchez, Ruiz, Padilla, Angulo, ArXiv: 2007.12064 

Cousinou, Pisani, Tilquin, Hamaus, 
Hawken, Escoffier ArXiv: 1805.07181 A&C

Contarini, Ronconi, Marulli, Moscardini, 
Veropalumbo, Baldi ArXiv: 1904.01022 MNRAS

Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

Contarini, Marulli, Moscardini, Veropalumbo, 
Giocoli, Baldi ArXiv: 2009.03309 MNRAS

Panchal, Pisani, Spergel 2020; 
ArXiv: 2009.14751 ApJ

For precision cosmology, theoretical modeling needs to keep the pace with data.  

https://arxiv.org/abs/1506.07982
https://arxiv.org/abs/2007.12064
https://arxiv.org/abs/1506.07982
https://arxiv.org/abs/2007.12064
https://arxiv.org/abs/1805.07181
https://arxiv.org/abs/1805.07181
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/2009.03309
https://arxiv.org/abs/2009.03309
https://arxiv.org/abs/2009.14751
https://arxiv.org/abs/2009.14751
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void-size function 

‣ Void-void auto-correlation function 
‣ Take home messages

Outline
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Clustering of voids
⇠vv
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Christina 
Kreisch

Kreisch, Pisani, Carbone, Liu, 
Hawken, Massara, Spergel and Wandelt 
2019; ArXiv: 1808.07464 MNRAS

Theoretical model for the void-
void auto-correlation function? 

MassiveNuS                 JL et al. 2018, 1711.10524

Cosmological   Massive   Neutrino   Simulations

101 cosmological models
capturing the full nonlinear evolution
in massive neutrino cosmologies

Data Fully Public
➔ CMB & galaxy lensing maps
➔ Halo catalogues
➔ Merger trees
➔ Snapshots

Available @ ColumbiaLensing.org
Hosted @ SkiesAndUniverses.org

Code: 
Gadget-2 
10243 DM particles
512Mpc/h box
+ kspace-neutrino  
+ LensTools 
+ Rockstar 
+ Consistent Tree
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capturing the full nonlinear evolution
in massive neutrino cosmologies

Data Fully Public
➔ CMB & galaxy lensing maps
➔ Halo catalogues
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➔ Snapshots

Available @ ColumbiaLensing.org
Hosted @ SkiesAndUniverses.org

Code: 
Gadget-2 
10243 DM particles
512Mpc/h box
+ kspace-neutrino  
+ LensTools 
+ Rockstar 
+ Consistent Tree

Liu et al. 
2018 

DEMNUni Simulation Suite  
Carbone et al. 2016 

DM part.

. .

.2R̄v
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https://arxiv.org/abs/1808.07464
https://arxiv.org/abs/1808.07464


15000 VIDE void 
catalogs    

+ 7000 cosmologies 
⇤CDM
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Kreisch, Pisani, Villaescusa-Navarro, Spergel et al. in prep. (2021) 
Bayer et al. 2021 (DM)

Power from the combination

QUIJOTE simulations 

Villaescusa-Navarro 
et al. 2019
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⌦m,⌦b, h, ns,�8,M⌫ , w

Christina 
Kreisch
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Preliminary

Halos & 
voids
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‣ Cosmology and Large Scale Structure 

‣ Why are voids great for Cosmology? 

‣ How do we find voids?  

‣ Void-galaxy cross-correlation function (constraints so far) 

‣ Void size function 

‣ Void-void auto-correlation function  

‣ Take home messages

Outline
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Take home messages

43

‣ Void analysis: active field of galaxy clustering=> competitive sub-percent level constraints.  

‣         is a robust tool for cosmology. Velocities have turned from being a systematic effect               
into becoming source of information. 

‣ Importance of model-independent techniques. 

‣ Robust theoretical modeling of the void-size function will lead to application on data. 

‣ The void-void auto-correlation function is a new promising tool to constrain cosmology 

‣ PFS, DESI, Euclid, Rubin, Roman, SPHEREx :  a unique set of >             voids per survey!  

‣ Theory needs to keep the pace with data! 

‣ Voids can independently constrain

⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>
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Supplementary slides:

Systematic tests: tracer bias and fiducial cosmology
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Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP sub. 

X

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2007.07895

