
+ many collaborators, highlights: N. Hamaus (LMU, Munich), S. Contarini (MPE), G. Verza (CCA, NYU), B. Y. Wang (CMU), 
D. Spergel (Princeton, Flatiron), B. Wandelt (IAP), C. Kreisch (Princeton), R. Panchal (Princeton), M. Aubert (LPC), M.-C. 
Cousinou (CPPM), S. Escoffier (CPPM), G. Lavaux (IAP), M. Habouzit (MPIA), E. Massara (Waterloo),…. 

Unraveling cosmology with cosmic voids

Alice Pisani
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Stars, 
planets, us

?
?

⇤CDM

⇤CDM

Precision cosmology

A standard model                 , to 
explain the accelerated 
expansion of the Universe. 

⇤CDM

New Physics! 



‣ Large Scale Structure, Voids and Cosmology 
‣ How do we find voids?  
‣ Void-galaxy cross-correlation function 
‣ Void size function 
‣ Voids and the rising tensions 
‣ Void-void auto-correlation function and neutrinos 
‣ Challenges 
‣ Take home messages
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Galaxy maps contain information beyond the 2-point correlation function.

©SDSS

<latexit sha1_base64="ZIyHTVWuFJfToHXcMnwTFpml8UM=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadk1IZpb0IvHBMwDkiXMTjrJ6OyDmVkhLPkCLx4U8eonefNvnE0iqGhBQ1HVTXeXHwuutON8WLmV1bX1jfxmYWt7Z3evuH/QVlEiGbZYJCLZ9alCwUNsaa4FdmOJNPAFdvy7q8zv3KNUPApv9DRGL6DjkI84o9pITTkolhy7lqFKFqRcM8SpuE65TFzbmaMESzQGxff+MGJJgKFmgirVc51YeymVmjOBs0I/URhTdkfH2DM0pAEqL50fOiMnRhmSUSRNhZrM1e8TKQ2Umga+6QyonqjfXib+5fUSPbrwUh7GicaQLRaNEkF0RLKvyZBLZFpMDaFMcnMrYRMqKdMmm4IJ4etT8j9pn9lu1a40K6X65TKOPBzBMZyCC+dQh2toQAsYIDzAEzxbt9aj9WK9Llpz1nLmEH7AevsEgMSNbQ==</latexit>r
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Voids have a unique sensitivity to cosmology.

Dark energy dominated (first!) 

Sensitive to diffuse components 

Sweet spots to test gravity 

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

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

https://arxiv.org/abs/1903.05161
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Multi-scale sensitivity  (sizes 10 - 100 Mpc/h) 

Easier to model (traditional techniques, models 
valid down to small scales) 
Keep memory of initial conditions 
High signal-to-noise for dark matter

Voids have a unique sensitivity to cosmology.

Arcari, Pinetti, 
Fornengo 2022 
JCAP Arxiv: 2205.03360

https://arxiv.org/abs/2205.03360
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It’s the golden age for void cosmology!

Voids need large volume and 
deep, detailed maps!   
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<latexit sha1_base64="4s0uyLE13vxRy+VNMxgmpVWKkUo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG1dSwT6gM5RMmmlDk8yQZApl6G+4caGIW3/GnX9jpp2Fth4IHM65l3tywoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+C73OxOqNIvlk5kmNBB4KFnECDZW8h/6vsBmpEQ2mfWrNbfuzoFWiVeQGhRo9qtf/iAmqaDSEI617nluYoIMK8MIp7OKn2qaYDLGQ9qzVGJBdZDNM8/QmVUGKIqVfdKgufp7I8NC66kI7WSeUC97ufif10tNdBNkTCapoZIsDkUpRyZGeQFowBQlhk8twUQxmxWREVaYGFtTxZbgLX95lbQv6t5l3Xu8qjVuizrKcAKncA4eXEMD7qEJLSCQwDO8wpuTOi/Ou/OxGC05xc4x/IHz+QN1rJH1</latexit>

<latexit sha1_base64="f8ykqYN7UJJc2IIHrZ7C7xrL7So=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7ArGnMMevEYwTwgWcLspJMMmX0w0yuGJeLFX/HiQRGv/oQ3/8bJJgdNLGgoqrqnp8uLpNBo299WZml5ZXUtu57b2Nza3snv7tV1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15N/MYdKC3C4BZHEbg+6weiJzhDI3XyB22Ee0zfSTwZwzgp2+cPJdse006+YBftFHSRODNSIDNUO/mvdjfksQ8Bcsm0bjl2hG7CFAouYZxrxxoixoesDy1DA+aDdpN095geG6VLe6EyFSBN1d8TCfO1Hvme6fQZDvS8NxH/81ox9spuIoIoRgj4dFEvlhRDOgmEdoUCjnJkCONKmL9SPmCKcTSx5UwIzvzJi6R+WnRKRefmrFC5nMWRJYfkiJwQh1yQCrkmVVIjnDySZ/JK3qwn68V6tz6mrRlrNrNP/sD6/AFyKZde</latexit>

805 600

<latexit sha1_base64="fBBZ5WOCGYuvVlW2/EZjwgM5DII=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7QaLegl48RjAPSJYwO+kkQ2YfzPSKYUku/ooXD4p49S+8+TdOkj1oYkFDUdU9PV1eJIVG2/62Miura+sb2c3c1vbO7l5+/6Cuw1hxqPFQhqrpMQ1SBFBDgRKakQLmexIa3vBm6jceQGkRBvc4isD1WT8QPcEZGqmTP2ojPOLsnURBd5yUypMr2x7TTr5gF+0Z6DJxUlIgKaqd/Fe7G/LYhwC5ZFq3HDtCN2EKBZcwzrVjDRHjQ9aHlqEB80G7yWzzmJ4apUt7oTIVIJ2pvycS5ms98j3T6TMc6EVvKv7ntWLsXbqJCKIYIeDzRb1YUgzpNA7aFQo4ypEhjCth/kr5gCnG0YSWMyE4iycvk3qp6JSLzt15oXKdxpElx+SEnBGHXJAKuSVVUiOcTMgzeSVv1pP1Yr1bH/PWjJXOHJI/sD5/ACOYlqs=</latexit>

26 900

<latexit sha1_base64="yCcelPXrjt+h7hEddlXGoopUKio=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclYyI7bLoxmUF+4C2lEyaaUMzD5I7YhlGcOOvuHGhiFs/wp1/YzqdhbYeCBzOuTcnOW4khQZCvq2V1bX1jc3CVnF7Z3dv3z44bOkwVow3WShD1XGp5lIEvAkCJO9EilPflbztTq5mfvuOKy3C4BamEe/7dBQITzAKRhrYpR7we8juSVxJ2SRNqjXyQAhJ8cAukwrJgJeJk5MyytEY2F+9YchinwfAJNW665AI+glVIJjkabEXax6ZDDriXUMD6nPdT7LwFJ8YZYi9UJkTAM7U3xsJ9bWe+q6Z9CmM9aI3E//zujF4tX4igigGHrB5kBdLDCGeNYKHQnEGcmoIZUqYt2I2pooyML0VTQnO4peXSeus4lxUnJvzcv0yr6OASugYnSIHVVEdXaMGaiKGHtEzekVv1pP1Yr1bH/PRFSvfOUJ/YH3+ABwLl7k=</latexit>

780 000

<latexit sha1_base64="Q8yheO0Lvx4gKSdTmNgEUle0Hoc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgaZlNosZb0IvHCOYByRJmJ7PJkNnZZWZWCCH+gxcPinj1e7z5N04eB00saCiquunuChLBtcH428msrW9sbmW3czu7e/sH+cOjho5TRVmdxiJWrYBoJrhkdcONYK1EMRIFgjWD4e3Ubz4ypXksH8woYX5E+pKHnBJjpWaxhJ8wxt18AbvXlfJFyUPYxTMgb5kUYIFaN//V6cU0jZg0VBCt2x5OjD8mynAq2CTXSTVLCB2SPmtbKknEtD+enTtBZ1bpoTBWtqRBM/X3xJhEWo+iwHZGxAz0sjcV//PaqQkr/pjLJDVM0vmiMBXIxGj6O+pxxagRI0sIVdzeiuiAKEKNTShnQ1h5eZU0iq536Xr35UL1ZhFHFk7gFM7Bgyuowh3UoA4UhvAMr/DmJM6L8+58zFszzmLmGP7A+fwBvfeOiA==</latexit>

230 000 <latexit sha1_base64="5jP9KTbAn7vKK/7wnY9VPnC97Gw=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ0+WSY5BLx4jmAWSIfR0epImPQvdPUIY4j948aCIV7/Hm39jZxFU9EHB470qqur5ieBKY/xhra1vbG5t53byu3v7B4eFo+O2ilNJWYvGIpZdnygmeMRammvBuolkJPQF6/iTq7nfuWNS8Ti61dOEeSEZRTzglGgjdUpVfI8xHhSK2MbVmlt2EbYr5Tp2S4Zgp1THVeTYeIEirNAcFN77w5imIYs0FUSpnoMT7WVEak4Fm+X7qWIJoRMyYj1DIxIy5WWLc2fo3ChDFMTSVKTRQv0+kZFQqWnom86Q6LH67c3Fv7xeqoO6l/EoSTWL6HJRkAqkYzT/HQ25ZFSLqSGESm5uRXRMJKHaJJQ3IXx9iv4n7ZLtuLZzUyk2Lldx5OAUzuACHKhBA66hCS2gMIEHeIJnK7EerRfrddm6Zq1mTuAHrLdP8tqOrQ==</latexit>

250 000

<latexit sha1_base64="GDpS9yHM6CDjMJ45DyuvqaDfD+o=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6jHoxWMUs0Ayhp5OT9Kkl6G7Rg1D/sOLB0W8+i/e/Bs7y0ETHxQ83quiql6UCG7B97+93NLyyupafr2wsbm1vVPc3atbnRrKalQLbZoRsUxwxWrAQbBmYhiRkWCNaHA19hsPzFiu1R0MExZK0lM85pSAk+7bwJ7AyOxWS6JGnWLJL/sT4EUSzEgJzVDtFL/aXU1TyRRQQaxtBX4CYUYMcCrYqNBOLUsIHZAeazmqiGQ2zCZXj/CRU7o41saVAjxRf09kRFo7lJHrlAT6dt4bi/95rRTiizDjKkmBKTpdFKcCg8bjCHCXG0ZBDB0h1HB3K6Z9YggFF1TBhRDMv7xI6ifl4Kwc3JyWKpezOPLoAB2iYxSgc1RB16iKaogig57RK3rzHr0X7937mLbmvNnMPvoD7/MHQOuTAQ==</latexit>
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<latexit sha1_base64="4s0uyLE13vxRy+VNMxgmpVWKkUo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG1dSwT6gM5RMmmlDk8yQZApl6G+4caGIW3/GnX9jpp2Fth4IHM65l3tywoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+C73OxOqNIvlk5kmNBB4KFnECDZW8h/6vsBmpEQ2mfWrNbfuzoFWiVeQGhRo9qtf/iAmqaDSEI617nluYoIMK8MIp7OKn2qaYDLGQ9qzVGJBdZDNM8/QmVUGKIqVfdKgufp7I8NC66kI7WSeUC97ufif10tNdBNkTCapoZIsDkUpRyZGeQFowBQlhk8twUQxmxWREVaYGFtTxZbgLX95lbQv6t5l3Xu8qjVuizrKcAKncA4eXEMD7qEJLSCQwDO8wpuTOi/Ou/OxGC05xc4x/IHz+QN1rJH1</latexit>

<latexit sha1_base64="f8ykqYN7UJJc2IIHrZ7C7xrL7So=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7ArGnMMevEYwTwgWcLspJMMmX0w0yuGJeLFX/HiQRGv/oQ3/8bJJgdNLGgoqrqnp8uLpNBo299WZml5ZXUtu57b2Nza3snv7tV1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15N/MYdKC3C4BZHEbg+6weiJzhDI3XyB22Ee0zfSTwZwzgp2+cPJdse006+YBftFHSRODNSIDNUO/mvdjfksQ8Bcsm0bjl2hG7CFAouYZxrxxoixoesDy1DA+aDdpN095geG6VLe6EyFSBN1d8TCfO1Hvme6fQZDvS8NxH/81ox9spuIoIoRgj4dFEvlhRDOgmEdoUCjnJkCONKmL9SPmCKcTSx5UwIzvzJi6R+WnRKRefmrFC5nMWRJYfkiJwQh1yQCrkmVVIjnDySZ/JK3qwn68V6tz6mrRlrNrNP/sD6/AFyKZde</latexit>

805 600

<latexit sha1_base64="fBBZ5WOCGYuvVlW2/EZjwgM5DII=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7QaLegl48RjAPSJYwO+kkQ2YfzPSKYUku/ooXD4p49S+8+TdOkj1oYkFDUdU9PV1eJIVG2/62Miura+sb2c3c1vbO7l5+/6Cuw1hxqPFQhqrpMQ1SBFBDgRKakQLmexIa3vBm6jceQGkRBvc4isD1WT8QPcEZGqmTP2ojPOLsnURBd5yUypMr2x7TTr5gF+0Z6DJxUlIgKaqd/Fe7G/LYhwC5ZFq3HDtCN2EKBZcwzrVjDRHjQ9aHlqEB80G7yWzzmJ4apUt7oTIVIJ2pvycS5ms98j3T6TMc6EVvKv7ntWLsXbqJCKIYIeDzRb1YUgzpNA7aFQo4ypEhjCth/kr5gCnG0YSWMyE4iycvk3qp6JSLzt15oXKdxpElx+SEnBGHXJAKuSVVUiOcTMgzeSVv1pP1Yr1bH/PWjJXOHJI/sD5/ACOYlqs=</latexit>

26 900

<latexit sha1_base64="yCcelPXrjt+h7hEddlXGoopUKio=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclYyI7bLoxmUF+4C2lEyaaUMzD5I7YhlGcOOvuHGhiFs/wp1/YzqdhbYeCBzOuTcnOW4khQZCvq2V1bX1jc3CVnF7Z3dv3z44bOkwVow3WShD1XGp5lIEvAkCJO9EilPflbztTq5mfvuOKy3C4BamEe/7dBQITzAKRhrYpR7we8juSVxJ2SRNqjXyQAhJ8cAukwrJgJeJk5MyytEY2F+9YchinwfAJNW665AI+glVIJjkabEXax6ZDDriXUMD6nPdT7LwFJ8YZYi9UJkTAM7U3xsJ9bWe+q6Z9CmM9aI3E//zujF4tX4igigGHrB5kBdLDCGeNYKHQnEGcmoIZUqYt2I2pooyML0VTQnO4peXSeus4lxUnJvzcv0yr6OASugYnSIHVVEdXaMGaiKGHtEzekVv1pP1Yr1bH/PRFSvfOUJ/YH3+ABwLl7k=</latexit>

780 000

<latexit sha1_base64="Q8yheO0Lvx4gKSdTmNgEUle0Hoc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgaZlNosZb0IvHCOYByRJmJ7PJkNnZZWZWCCH+gxcPinj1e7z5N04eB00saCiquunuChLBtcH428msrW9sbmW3czu7e/sH+cOjho5TRVmdxiJWrYBoJrhkdcONYK1EMRIFgjWD4e3Ubz4ypXksH8woYX5E+pKHnBJjpWaxhJ8wxt18AbvXlfJFyUPYxTMgb5kUYIFaN//V6cU0jZg0VBCt2x5OjD8mynAq2CTXSTVLCB2SPmtbKknEtD+enTtBZ1bpoTBWtqRBM/X3xJhEWo+iwHZGxAz0sjcV//PaqQkr/pjLJDVM0vmiMBXIxGj6O+pxxagRI0sIVdzeiuiAKEKNTShnQ1h5eZU0iq536Xr35UL1ZhFHFk7gFM7Bgyuowh3UoA4UhvAMr/DmJM6L8+58zFszzmLmGP7A+fwBvfeOiA==</latexit>

230 000 <latexit sha1_base64="5jP9KTbAn7vKK/7wnY9VPnC97Gw=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ0+WSY5BLx4jmAWSIfR0epImPQvdPUIY4j948aCIV7/Hm39jZxFU9EHB470qqur5ieBKY/xhra1vbG5t53byu3v7B4eFo+O2ilNJWYvGIpZdnygmeMRammvBuolkJPQF6/iTq7nfuWNS8Ti61dOEeSEZRTzglGgjdUpVfI8xHhSK2MbVmlt2EbYr5Tp2S4Zgp1THVeTYeIEirNAcFN77w5imIYs0FUSpnoMT7WVEak4Fm+X7qWIJoRMyYj1DIxIy5WWLc2fo3ChDFMTSVKTRQv0+kZFQqWnom86Q6LH67c3Fv7xeqoO6l/EoSTWL6HJRkAqkYzT/HQ25ZFSLqSGESm5uRXRMJKHaJJQ3IXx9iv4n7ZLtuLZzUyk2Lldx5OAUzuACHKhBA66hCS2gMIEHeIJnK7EerRfrddm6Zq1mTuAHrLdP8tqOrQ==</latexit>

250 000

<latexit sha1_base64="GDpS9yHM6CDjMJ45DyuvqaDfD+o=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6jHoxWMUs0Ayhp5OT9Kkl6G7Rg1D/sOLB0W8+i/e/Bs7y0ETHxQ83quiql6UCG7B97+93NLyyupafr2wsbm1vVPc3atbnRrKalQLbZoRsUxwxWrAQbBmYhiRkWCNaHA19hsPzFiu1R0MExZK0lM85pSAk+7bwJ7AyOxWS6JGnWLJL/sT4EUSzEgJzVDtFL/aXU1TyRRQQaxtBX4CYUYMcCrYqNBOLUsIHZAeazmqiGQ2zCZXj/CRU7o41saVAjxRf09kRFo7lJHrlAT6dt4bi/95rRTiizDjKkmBKTpdFKcCg8bjCHCXG0ZBDB0h1HB3K6Z9YggFF1TBhRDMv7xI6ifl4Kwc3JyWKpezOPLoAB2iYxSgc1RB16iKaogig57RK3rzHr0X7937mLbmvNnMPvoD7/MHQOuTAQ==</latexit>

Roman

Number density also plays a role!
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<latexit sha1_base64="4s0uyLE13vxRy+VNMxgmpVWKkUo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG1dSwT6gM5RMmmlDk8yQZApl6G+4caGIW3/GnX9jpp2Fth4IHM65l3tywoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+C73OxOqNIvlk5kmNBB4KFnECDZW8h/6vsBmpEQ2mfWrNbfuzoFWiVeQGhRo9qtf/iAmqaDSEI617nluYoIMK8MIp7OKn2qaYDLGQ9qzVGJBdZDNM8/QmVUGKIqVfdKgufp7I8NC66kI7WSeUC97ufif10tNdBNkTCapoZIsDkUpRyZGeQFowBQlhk8twUQxmxWREVaYGFtTxZbgLX95lbQv6t5l3Xu8qjVuizrKcAKncA4eXEMD7qEJLSCQwDO8wpuTOi/Ou/OxGC05xc4x/IHz+QN1rJH1</latexit>

<latexit sha1_base64="f8ykqYN7UJJc2IIHrZ7C7xrL7So=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7ArGnMMevEYwTwgWcLspJMMmX0w0yuGJeLFX/HiQRGv/oQ3/8bJJgdNLGgoqrqnp8uLpNBo299WZml5ZXUtu57b2Nza3snv7tV1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15N/MYdKC3C4BZHEbg+6weiJzhDI3XyB22Ee0zfSTwZwzgp2+cPJdse006+YBftFHSRODNSIDNUO/mvdjfksQ8Bcsm0bjl2hG7CFAouYZxrxxoixoesDy1DA+aDdpN095geG6VLe6EyFSBN1d8TCfO1Hvme6fQZDvS8NxH/81ox9spuIoIoRgj4dFEvlhRDOgmEdoUCjnJkCONKmL9SPmCKcTSx5UwIzvzJi6R+WnRKRefmrFC5nMWRJYfkiJwQh1yQCrkmVVIjnDySZ/JK3qwn68V6tz6mrRlrNrNP/sD6/AFyKZde</latexit>

805 600

<latexit sha1_base64="fBBZ5WOCGYuvVlW2/EZjwgM5DII=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7QaLegl48RjAPSJYwO+kkQ2YfzPSKYUku/ooXD4p49S+8+TdOkj1oYkFDUdU9PV1eJIVG2/62Miura+sb2c3c1vbO7l5+/6Cuw1hxqPFQhqrpMQ1SBFBDgRKakQLmexIa3vBm6jceQGkRBvc4isD1WT8QPcEZGqmTP2ojPOLsnURBd5yUypMr2x7TTr5gF+0Z6DJxUlIgKaqd/Fe7G/LYhwC5ZFq3HDtCN2EKBZcwzrVjDRHjQ9aHlqEB80G7yWzzmJ4apUt7oTIVIJ2pvycS5ms98j3T6TMc6EVvKv7ntWLsXbqJCKIYIeDzRb1YUgzpNA7aFQo4ypEhjCth/kr5gCnG0YSWMyE4iycvk3qp6JSLzt15oXKdxpElx+SEnBGHXJAKuSVVUiOcTMgzeSVv1pP1Yr1bH/PWjJXOHJI/sD5/ACOYlqs=</latexit>

26 900

<latexit sha1_base64="yCcelPXrjt+h7hEddlXGoopUKio=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclYyI7bLoxmUF+4C2lEyaaUMzD5I7YhlGcOOvuHGhiFs/wp1/YzqdhbYeCBzOuTcnOW4khQZCvq2V1bX1jc3CVnF7Z3dv3z44bOkwVow3WShD1XGp5lIEvAkCJO9EilPflbztTq5mfvuOKy3C4BamEe/7dBQITzAKRhrYpR7we8juSVxJ2SRNqjXyQAhJ8cAukwrJgJeJk5MyytEY2F+9YchinwfAJNW665AI+glVIJjkabEXax6ZDDriXUMD6nPdT7LwFJ8YZYi9UJkTAM7U3xsJ9bWe+q6Z9CmM9aI3E//zujF4tX4igigGHrB5kBdLDCGeNYKHQnEGcmoIZUqYt2I2pooyML0VTQnO4peXSeus4lxUnJvzcv0yr6OASugYnSIHVVEdXaMGaiKGHtEzekVv1pP1Yr1bH/PRFSvfOUJ/YH3+ABwLl7k=</latexit>

780 000

<latexit sha1_base64="Q8yheO0Lvx4gKSdTmNgEUle0Hoc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgaZlNosZb0IvHCOYByRJmJ7PJkNnZZWZWCCH+gxcPinj1e7z5N04eB00saCiquunuChLBtcH428msrW9sbmW3czu7e/sH+cOjho5TRVmdxiJWrYBoJrhkdcONYK1EMRIFgjWD4e3Ubz4ypXksH8woYX5E+pKHnBJjpWaxhJ8wxt18AbvXlfJFyUPYxTMgb5kUYIFaN//V6cU0jZg0VBCt2x5OjD8mynAq2CTXSTVLCB2SPmtbKknEtD+enTtBZ1bpoTBWtqRBM/X3xJhEWo+iwHZGxAz0sjcV//PaqQkr/pjLJDVM0vmiMBXIxGj6O+pxxagRI0sIVdzeiuiAKEKNTShnQ1h5eZU0iq536Xr35UL1ZhFHFk7gFM7Bgyuowh3UoA4UhvAMr/DmJM6L8+58zFszzmLmGP7A+fwBvfeOiA==</latexit>

230 000 <latexit sha1_base64="5jP9KTbAn7vKK/7wnY9VPnC97Gw=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ0+WSY5BLx4jmAWSIfR0epImPQvdPUIY4j948aCIV7/Hm39jZxFU9EHB470qqur5ieBKY/xhra1vbG5t53byu3v7B4eFo+O2ilNJWYvGIpZdnygmeMRammvBuolkJPQF6/iTq7nfuWNS8Ti61dOEeSEZRTzglGgjdUpVfI8xHhSK2MbVmlt2EbYr5Tp2S4Zgp1THVeTYeIEirNAcFN77w5imIYs0FUSpnoMT7WVEak4Fm+X7qWIJoRMyYj1DIxIy5WWLc2fo3ChDFMTSVKTRQv0+kZFQqWnom86Q6LH67c3Fv7xeqoO6l/EoSTWL6HJRkAqkYzT/HQ25ZFSLqSGESm5uRXRMJKHaJJQ3IXx9iv4n7ZLtuLZzUyk2Lldx5OAUzuACHKhBA66hCS2gMIEHeIJnK7EerRfrddm6Zq1mTuAHrLdP8tqOrQ==</latexit>

250 000

<latexit sha1_base64="GDpS9yHM6CDjMJ45DyuvqaDfD+o=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6jHoxWMUs0Ayhp5OT9Kkl6G7Rg1D/sOLB0W8+i/e/Bs7y0ETHxQ83quiql6UCG7B97+93NLyyupafr2wsbm1vVPc3atbnRrKalQLbZoRsUxwxWrAQbBmYhiRkWCNaHA19hsPzFiu1R0MExZK0lM85pSAk+7bwJ7AyOxWS6JGnWLJL/sT4EUSzEgJzVDtFL/aXU1TyRRQQaxtBX4CYUYMcCrYqNBOLUsIHZAeazmqiGQ2zCZXj/CRU7o41saVAjxRf09kRFo7lJHrlAT6dt4bi/95rRTiizDjKkmBKTpdFKcCg8bjCHCXG0ZBDB0h1HB3K6Z9YggFF1TBhRDMv7xI6ifl4Kwc3JyWKpezOPLoAB2iYxSgc1RB16iKaogig57RK3rzHr0X7937mLbmvNnMPvoD7/MHQOuTAQ==</latexit>

Roman

Hundreds of thousands of voids
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From a practical perspective: quantities we wish to constrain

� =
f

b
=

⌦m(z)�

b

w(z) = w0 + wa
z

z + 1

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>

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

b =
�gal
�

Content of the Universe

Growth rate of structure

Dark energy equation of state

Sum of neutrino masses

Bias

<latexit sha1_base64="Sr47dENpLbauhUc99fJ7hA9+IqQ=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyoz46LLoxmUF+4B2KJk004YmmTHJCGXoT7hxoYhbf8edf2PazkJbD1w4nHMv994TJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHt1O/9cS04bF6sOOEBZIMFI84JdZJ7a7hA0l61V6p7FW8GfAy8XNShhz1Xumr249pKpmyVBBjOr6X2CAj2nIq2KTYTQ1LCB2RAes4qohkJshm907wqVP6OIq1K2XxTP09kRFpzFiGrlMSOzSL3lT8z+ukNqoGGVdJapmi80VRKrCN8fR53OeaUSvGjhCqubsV0yHRhFoXUdGF4C++vEya5xX/qnJ5f1Gu3eRxFOAYTuAMfLiGGtxBHRpAQcAzvMIbekQv6B19zFtXUD5zBH+APn8A06GP2A==</latexit>�8

Amplitude of 
density  
fluctuations  

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0 Hubble constant
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Void definition
A void definition must be well tested, suitable to your dataset and should enhance 
the S/N of the measurement we wish to do. We also wish to link it to theory!

Provides void detailed shape. 

Suitable for both simulations and 
surveys (accounts for mask). 

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

 
https://bitbucket.org/cosmicvoids/vide_public/
src/master/, Sutter et al. 2015 A&C 
based on ZOBOV (Neyrinck 2008)

Void IDentification and Examination

https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/


 18/03/2024     —      CPPM Seminar      —   Alice Pisani    — / 4712

Void definition: VIDE    (Void IDentification and Examination)

 

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

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

Void finding 
in 3D!

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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Yue Bonny 
Wang

No a priori on the shape.  
Void’s shape is not regular on a one-to-one basis!

Void definition: VIDE    (Void IDentification and Examination)

Wang, Pisani, Villaescusa-Navarro and  
Wandelt 2023, ApJ 955 131, Arxiv: 2212.06860

https://arxiv.org/abs/2212.06860
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Verza, Pisani, Carbone, Hamaus, 
Guzzo 2019; ArXiv: 1906.00409 JCAP

Void definition: VIDE    (Void IDentification and Examination)

Using voids means more 
than one application!

We have void centers, 
void radii, and tracers!

Giovanni 
Verza

https://arxiv.org/abs/1906.00409
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Shape

Numbers

Clustering

Dark energy
Modified gravity

Neutrinos

Pisani et al. 2014 MNRAS 

Pisan
i et 

al. 2
015 P

RD 

Kreisch, Pisani et al. 2019 MNRAS 

Hamaus, Aubert, Pisani et al. 2021 A&A

Kreis
ch, P

isani
 et a

l. 20
21 Ap

J 

Verza
, Pis

ani e
t al.

 2019
 JCAP

 

Contarini, Verza, Pisani et al. 2022 A&A 

Massara et al. JCAP 2015 

⇠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>

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

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

Not at the same degree of maturity !

Many different void statistics

https://arxiv.org/abs/1903.05161
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The observed void-galaxy cross-correlation function ⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

Void’s shape is 
not regular on a 

one-to-one basis!

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

In a homogeneous and isotropic 
universe void stacks are spherically 

symmetric in real space. 

Wang, Pisani, Villaescusa-Navarro and  
Wandelt 2023, ApJ 955 131, Arxiv: 2212.06860

https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
https://arxiv.org/abs/2212.06860
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The observed void-galaxy cross-correlation function ⇠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

But… we observe 
voids in redshift 

space!

Our model needs 
many ingredients: }Density profile modeling

Redshift space distortion modeling
Alcock-Paczynski (AP) distortions
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The observed void-galaxy cross-correlation function ⇠vg
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Pisani, Lavaux, Sutter, Wandelt 2014; 
ArXiv: 1306.3052 MNRAS 
Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP 

Models the profile from data

Other prescriptions model the profile 
from simulations(fit). 

Caveat: introduces simulation bias! 

https://arxiv.org/abs/1306.3052
https://arxiv.org/abs/2007.07895
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AP test

2. Alcock-Paczynski (AP) distortions: Relationship 
between measured quantities and physical sizes

c�z = H(z)rk
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Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP  

1. Stacked void density 
profile  in real space

Pisani, Lavaux, Sutter, 
Wandelt 2014; ArXiv: 
1306.3052 MNRAS
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3. Redshift-space distortions 
(RSD)  modeling due to 

galaxies peculiar velocities
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Peebles (1980) 
Schuster et al. 2022; ArXiv:2210.02457
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https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/1306.3052
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Tested on mocks
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Measure on mocks
Theoretical 

  model

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

Measure 
on mocks

Theoretical 
  model

The observed void-galaxy cross-correlation function ⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

Nico 
Hamaus

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

The observed void-galaxy cross-correlation function ⇠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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The observed void-galaxy cross-correlation function ⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</latexit>

Nico 
Hamaus
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Hamaus, Pisani, Choi, Lavaux, Wandelt, 
Weller 2020; ArXiv: 2007.07895 JCAP  
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[DA(z)H(z)]meas

[DA(z)H(z)]fid

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

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

What if we still want to use 
simulations?  

https://arxiv.org/abs/2007.07895
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The observed void-galaxy cross-correlation function
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Two nuisance parameters:
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<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%
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How will it perform with future surveys? 
The observed void-galaxy cross-correlation function ⇠vg

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

°0.02 0.00 0.02
æ[≠§]

Flat §CDM

Planck
±0.0073

Planck + BOSS BAO
±0.0056

BOSS Voids (RSD + AP)
±0.020

BOSS Voids (RSD + AP, cal.)
±0.017

Euclid Voids (RSD + AP)
±0.0048

Euclid Voids (RSD + AP, cal.)
±0.0039

Euclid Main Probes (pessimistic)
±0.0071

Euclid Main Probes (optimistic)
±0.0025 0.68 0.70

≠de

°1.2

°1.0

°0.8

w

0.6830+0.0049
°0.0058

°1.3 °1.0 °0.7

w

°1.01+0.12
°0.097

Flat wCDM

independent

calibrated

Hamaus, Aubert, Pisani et al. 
2022 Euclid collaboration paper 
ArXiv: 2108.10347 A&A 

Nico 
Hamaus

Marie 
Aubert

https://arxiv.org/abs/2108.10347


0.2

0.4

0.6

0.8

1.0

f
æ

8
(z

)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

D
A
H

(z
)/

D
0 A
H

0 (
z)

Planck 2018 flat §CDM

SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)

SDSS DR7 + DR10 (Sutter, Pisani, Wandelt, et al. 2014)

BOSS DR11 CMASS (Hamaus, Pisani, Sutter, et al. 2016)

BOSS DR12 CMASS (Mao, Berlind, Scherrer, et al. 2016)

6dFGS (Achitouv, Blake, Carter, et al. 2017)

VIPERS (Hawken, Granett, Iovino, et al. 2017)

BOSS DR12 LOWZ, CMASS (Hamaus, Cousinou, Pisani, et al. 2017)

BOSS DR12 CMASS (Nadathur, Carter, Percival, et al. 2019)

BOSS DR12 LOWZ, CMASS (Achitouv 2019)

eBOSS DR14 LRG, QSO (Hawken, Aubert, Pisani, et al. 2020)

BOSS DR12 final (Hamaus, Pisani, Choi, et al. 2020)

eBOSS LRG, ELG, QSO (Aubert, Cousinou, Esco±er, et al. 2020)

eBOSS LRG (Nadathur, Woodfinden, Percival, et al. 2020)

Euclid forecast (Hamaus, Aubert, Pisani, et al. 2021)

0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.975

1.000

1.025

0.2

0.4

0.6

0.8

1.0

f
æ

8
(z

)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

D
A
H

(z
)/

D
0 A
H

0 (
z)

Planck 2018 flat §CDM

SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)

SDSS DR7 + DR10 (Sutter, Pisani, Wandelt, et al. 2014)

BOSS DR11 CMASS (Hamaus, Pisani, Sutter, et al. 2016)

BOSS DR12 CMASS (Mao, Berlind, Scherrer, et al. 2016)

6dFGS (Achitouv, Blake, Carter, et al. 2017)

VIPERS (Hawken, Granett, Iovino, et al. 2017)

BOSS DR12 LOWZ, CMASS (Hamaus, Cousinou, Pisani, et al. 2017)

BOSS DR12 CMASS (Nadathur, Carter, Percival, et al. 2019)

BOSS DR12 LOWZ, CMASS (Achitouv 2019)

eBOSS DR14 LRG, QSO (Hawken, Aubert, Pisani, et al. 2020)

BOSS DR12 final (Hamaus, Pisani, Choi, et al. 2020)

eBOSS LRG, ELG, QSO (Aubert, Cousinou, Esco±er, et al. 2020)

eBOSS LRG (Nadathur, Woodfinden, Percival, et al. 2020)

Euclid forecast (Hamaus, Aubert, Pisani, et al. 2021)

0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.975

1.000

1.025

 18/03/2024     —      CPPM Seminar      —   Alice Pisani    — / 4726

0.2

0.4

0.6

0.8

1.0

f
æ

8
(z

)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

D
A
H

(z
)/

D
0 A
H

0 (
z)

Planck 2018 flat §CDM

SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)

SDSS DR7 + DR10 (Sutter, Pisani, Wandelt, et al. 2014)

BOSS DR11 CMASS (Hamaus, Pisani, Sutter, et al. 2016)

BOSS DR12 CMASS (Mao, Berlind, Scherrer, et al. 2016)

6dFGS (Achitouv, Blake, Carter, et al. 2017)

VIPERS (Hawken, Granett, Iovino, et al. 2017)

BOSS DR12 LOWZ, CMASS (Hamaus, Cousinou, Pisani, et al. 2017)

BOSS DR12 CMASS (Nadathur, Carter, Percival, et al. 2019)

BOSS DR12 LOWZ, CMASS (Achitouv 2019)

eBOSS DR14 LRG, QSO (Hawken, Aubert, Pisani, et al. 2020)

BOSS DR12 final (Hamaus, Pisani, Choi, et al. 2020)

eBOSS LRG, ELG, QSO (Aubert, Cousinou, Esco±er, et al. 2020)

eBOSS LRG (Nadathur, Woodfinden, Percival, et al. 2020)

Euclid forecast (Hamaus, Aubert, Pisani, et al. 2021)

0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.975

1.000

1.025

RSD constraints

AP constraints

0.2

0.4

0.6

0.8

1.0

f
æ

8
(z

)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

D
A
H

(z
)/

D
0 A
H

0 (
z)

Planck 2018 flat §CDM

SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)

SDSS DR7 + DR10 (Sutter, Pisani, Wandelt, et al. 2014)

BOSS DR11 CMASS (Hamaus, Pisani, Sutter, et al. 2016)

BOSS DR12 CMASS (Mao, Berlind, Scherrer, et al. 2016)

6dFGS (Achitouv, Blake, Carter, et al. 2017)

VIPERS (Hawken, Granett, Iovino, et al. 2017)

BOSS DR12 LOWZ, CMASS (Hamaus, Cousinou, Pisani, et al. 2017)

BOSS DR12 CMASS (Nadathur, Carter, Percival, et al. 2019)

BOSS DR12 LOWZ, CMASS (Achitouv 2019)

eBOSS DR14 LRG, QSO (Hawken, Aubert, Pisani, et al. 2020)

BOSS DR12 final (Hamaus, Pisani, Choi, et al. 2020)

eBOSS LRG, ELG, QSO (Aubert, Cousinou, Esco±er, et al. 2020)

eBOSS LRG (Nadathur, Woodfinden, Percival, et al. 2020)

Euclid forecast (Hamaus, Aubert, Pisani, et al. 2021)

0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.975

1.000

1.025

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

Moresco et al. 2022, Living 
Reviews in Relativity; 
ArXiv: 2201.07241 

Hamaus, Aubert, Pisani et al. 
2022 Euclid collaboration paper 
ArXiv: 2108.10347 A&A 

"

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

⌦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

The observed void-galaxy cross-correlation function ⇠vg
<latexit sha1_base64="uLBtPvyN0Skp0z4o0YXUoquAA3c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KooMuiG5cV7APaECbTSTt0ZhJmJsUa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+Z+Z0KkorF40NOE+BwNBY0oRtpIgV3tP9Kgz5EeSZ5NhrPArrl1dw5nlXgFqUGBZmB/9QcxTjkRGjOkVM9zE+1nSGqKGZlV+qkiCcJjNCQ9QwXiRPnZPPjMOTXKwIliaZ7Qzlz9vZEhrtSUh2Yyj6iWvVz8z+ulOrr2MyqSVBOBF4eilDk6dvIWnAGVBGs2NQRhSU1WB4+QRFibriqmBG/5y6ukfV73Lure/WWtcVPUUYZjOIEz8OAKGnAHTWgBhhSe4RXerCfrxXq3PhajJavYOYI/sD5/AHQok5o=</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>

https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2201.07241
https://arxiv.org/abs/2108.10347
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‣ Large Scale Structure, Voids and Cosmology 
‣ How do we find voids?  
‣ Void-galaxy cross-correlation function 
‣ Void size function
‣ Voids and the rising tensions 
‣ Void-void auto-correlation function and neutrinos 
‣ Challenges 
‣ Take home messages
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w(z) = w0 + wa
z

z + 1

An excursion set model to predict void numbers.

Sheth and van de Weygaert 2004; 
Arxiv: 0311260 
Jennings, Li & Hu ArXiv: 
1304.6087 MNRAS; DM

The void size function is 
sensitive to cosmology!

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

The void size function

https://arxiv.org/abs/1503.07690
https://arxiv.org/abs/1304.6087
https://arxiv.org/abs/1906.00409
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Verza, Pisani, Carbone, Hamaus, Guzzo 
2019; ArXiv: 1906.00409 JCAP

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

Pollina, Hamaus et al. ArXiv: 1806.06860 MNRAS

Sheth and van de Weygaert 2004; Arxiv: 0311260 
Jennings, Li & Hu ArXiv: 1304.6087 MNRAS; DM

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

Predicts void numbers as spherical non-overlapping regions embedding a fixed density 
contrast in the biased tracer field.

The void size function
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F(be↵ , z)
, with

F(be↵ , z) = Bslope be↵(z) +Bo↵set ,Multiplicity function 
(volume fraction of the 
Universe by cosmic voids) 

Density contrasts for the formation of 
dark matter halos and cosmic voids 

Root mean square variance of linear matter perturbations
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Vdn model

Large scale effective bias

https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1304.6087
https://arxiv.org/abs/1806.06860
https://arxiv.org/abs/2009.03309
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The void size function

Contarini, Verza, Pisani et al. 
2022 Euclid collaboration paper 
A&A, ArXiv: 2205.11525  

https://arxiv.org/abs/2205.11525
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w0waCDM model - fixed calib.

w0waCDM model - relaxed calib.
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Contarini, Verza, Pisani et al. 
2022 Euclid collaboration paper 
A&A, ArXiv: 2205.11525  

The void size function: Euclid forecasted constraints

https://arxiv.org/abs/2205.11525
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The void size function: forecasted constraints combined

⇠vg
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Contarini, Verza, Pisani et al. 
2022 Euclid collaboration paper 
A&A, ArXiv: 2205.11525  
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https://arxiv.org/abs/2205.11525
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The void size function: first data application

Sofia  
Contarini
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Contarini, Pisani, Hamaus et al. 
2022a ArXiv: 2212.03873 JCAP 
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Large scale effective bias
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Sheth and van de Weygaert 2004; 
Arxiv: 0311260 
Jennings, Li & Hu ArXiv: 
1304.6087 MNRAS; DM

https://arxiv.org/abs/2212.03873
https://arxiv.org/abs/1304.6087
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§CDM - relaxed calibration

§CDM - fixed calibration
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The void size function: first data application

Contarini, Pisani, Hamaus et al. 
2022a ArXiv: 2212.03873 , JCAP  

https://arxiv.org/abs/2212.03873
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‣ Large Scale Structure, Voids and Cosmology 
‣ How do we find voids?  
‣ Void-galaxy cross-correlation function 
‣ Void size function 
‣ Voids and the rising tensions
‣ Void-void auto-correlation function and neutrinos 
‣ Challenges 
‣ Take home messages
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Voids can fill us in on rising cosmology tensions

Contarini, Pisani, Hamaus et al. 
2022b ArXiv: 2212.07438 A&A 

Cosmic voids (combination)

Cosmic chronometers (Moresco et al. 2022)

Cepheids + SNIa
(Riess et al. 2022, Brout et al. 2022a,b)

45 60 75 90

H0 [km s°1 Mpc°1]

0.1
5

0.3
0

0.4
5

0.6
0

≠
m

0.1
5

0.3
0

0.4
5

0.6
0

≠m

Void counts (this work)

Void shapes (Hamaus et al. 2020)

Cosmic voids (combination)

45 60 75 90

H0 [km s°1 Mpc°1]

0.1
5

0.3
0

0.4
5

0.6
0

≠
m

0.1
5

0.3
0

0.4
5

0.6
0

≠m

https://arxiv.org/abs/2212.0743
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Voids can fill us in on rising cosmology tensions

Void counts (this work)

Void shapes (Hamaus et al. 2020)
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https://arxiv.org/abs/2212.0743
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Voids can fill us in on rising cosmology tensions
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‣ Void size function 
‣ Voids and the rising tensions 
‣ Void-void auto-correlation function and neutrinos
‣ Challenges 
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Christina 
Kreisch

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

DEMNUni Simulation Suite  
Carbone et al. 2016 
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The void-void autocorrelation function & neutrinos

https://arxiv.org/abs/1808.07464
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Kreisch, Pisani, Villaescusa-
Navarro, Spergel, Wandelt, Hamaus 
and Bayer ApJ, ArXiv: 2107.02304 

Combined

Void numbers 
Void clustering 
Cluster counts 
Halo clustering 

⇠vv
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Significant contribution but… needs large numbers.

GIGANTES void catalogs suite: power from the combination

The void-void autocorrelation function & neutrinos

https://arxiv.org/abs/2107.02304
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Hints of neutrinos constraints! 

Leander 
Thiele

Thiele, Massara, Pisani et al. 
2023 ArXiv: 2307.07555 

Other void statistics deserve 
attention: ellipticity

Yue Bonny 
Wang

Wang, Pisani, Villaescusa-Navarro and 
Wandelt 2022 ApJ Arxiv: 2212.06860

Lavaux and Wandelt 2009 MNRS Arxiv: 
0906.4101

Kreisch, Pisani, Villaescusa-Navarro, 
Spergel, et al. ApJ ArXiv: 2107.02304  

GIGANTES: 
https://
gigantes.read
thedocs.io

https://arxiv.org/abs/2307.07555
https://arxiv.org/abs/0906.4101
https://gigantes.readthedocs.io
https://gigantes.readthedocs.io
https://gigantes.readthedocs.io
https://arxiv.org/abs/2107.02304
https://iopscience.iop.org/article/10.3847/1538-4357/aceaf6
https://arxiv.org/abs/2212.06860


The GIGANTES void catalogs suite:  
15000 VIDE void catalogs  
+ 7000 cosmologies 

⇤CDM
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A billion voids: GIGANTES void catalogs suite
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⌦m,⌦b, h, ns,�8,M⌫ , w

Median Void Radius (35 Mpc/h)

Void Exclusion Scale (70 Mpc/h)

ρ

Mean Halo Separation (13 Mpc/h)

Median Void Radius

Median Void Radius

Average Void Radius
& Void Wall Rim

HMF

VSF

ξvv

ξhh

ξvh

HMF VSF ξvv ξhh ξvh

A massive dataset for ML

QUIJOTE 
simulations 

Villaescusa-Navarro 
et al. 2019

Kreisch, Pisani, Villaescusa-
Navarro, Spergel, Wandelt, Hamaus 
and Bayer ApJ, ArXiv: 2107.02304 https://gigantes.readthedocs.io/

https://arxiv.org/abs/2107.02304
https://gigantes.readthedocs.io/
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Kreisch, Pisani, Villaescusa-
Navarro, Spergel, Wandelt, Hamaus 
and Bayer ApJ, ArXiv: 2107.02304 

The void size function: void shape matters! 

https://arxiv.org/abs/2107.02304
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‣ Large Scale Structure, Voids and Cosmology 
‣ How do we find voids?  
‣ Void-galaxy cross-correlation function 
‣ Void size function 
‣ Voids and the rising tensions 
‣ Void-void auto-correlation function and neutrinos 
‣ Challenges
‣ Take home messages
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Verza, Pisani  
et al. 2019 JCAP

Kreisch, 
Pisani  
et al. 
2019 
MNRAS

Challenges: Void statistics do not have the same degree of maturity.

Spurious voids: very conservative void selection! 
Theory: robust profile from theory + bias  
Loss in statistics at smaller scales, needs improvement in light of denser surveys. 
Controlling galaxy properties’ impact down to the cosmological constraints.

Verza, Carbone, Pisani et al. 2024 
ArXiv: 2401.14451 

https://arxiv.org/abs/2401.14451


‣ Void analysis: active field of galaxy clustering! 
‣ Many statistics, not at the same degree of maturity  
‣ PFS, DESI, Euclid, Rubin, Roman, SPHEREx :  a unique set of >             voids per survey!  
‣ Voids can independently constrain 
‣ Voids can contribute to the tension landscape: impressive constraining power coming soon! 
‣ There are challenges that we need to address to exploit voids’ power at their best.

O(105)
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Merci beaucoup!

Take home messages

<latexit sha1_base64="DxHNiyJX7LmAqHGliDsR/5urDdw="></latexit>

⌦m,⌦⇤, w0, wa, f,⌃m⌫
<latexit sha1_base64="kpQFmshjkDnHTH1Arkdduu137pk=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4kJIU7WNXdNNlBfuAdiiZNG1Dk8yQZIQy9BfcuFDErT/kzr8x01ZQ0QMXDufcy733BJHgxiL04WXW1jc2t7LbuZ3dvf2D/OFR24SxpqxFQxHqbkAME1yxluVWsG6kGZGBYJ1gepP6nXumDQ/VnZ1FzJdkrPiIU2JT6aIxQIN8ARURQhhjmBJcKSNHarVqCVchTi2HAlihOci/94chjSVTlgpiTA+jyPoJ0ZZTwea5fmxYROiUjFnPUUUkM36yuHUOz5wyhKNQu1IWLtTvEwmRxsxk4DolsRPz20vFv7xebEdVP+Eqii1TdLloFAtoQ5g+DodcM2rFzBFCNXe3QjohmlDr4sm5EL4+hf+TdqmIy8Wr28tC/XoVRxacgFNwDjCogDpogCZoAQom4AE8gWdPeo/ei/e6bM14q5lj8APe2yd5Xo3l</latexit>

, H0
<latexit sha1_base64="5JO785FmUZqELBnpet8BKpw6wwk=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4kJIpWqe7ohuXFewD26Fk0kwbmmSGJCOUoX6FGxeKuPVv3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpzc0vLK6lp+vbCxubW9U9zda+koUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjC8zv31HlWaRvDGTmPoCDyULGcHGSrcn9z3NhgL3vX6xhMrIolqFGXE95FpSq3mVSg26MwuhElig0S++9wYRSQSVhnCsdddFsfFTrAwjnE4LvUTTGJMxHtKupRILqv10dvEUHlllAMNI2ZIGztTvEykWWk9EYDsFNiP928vEv7xuYkLPT5mME0MlmS8KEw5NBLP34YApSgyfWIKJYvZWSEZYYWJsSAUbwten8H/SqpTdavns+rRUv1jEkQcH4BAcAxecgzq4Ag3QBARI8ACewLOjnUfnxXmdt+acxcw++AHn7RN8DpDT</latexit>, �8


