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S. Ilić64,65 , K. Jahnke66 , M. Jhabvala67, B. Joachimi68 , S. Kermiche53 , A. Kiessling60 , M. Kilbinger51 ,
B. Kubik42 , M. Kunz69 , H. Kurki-Suonio16,17 , S. Ligori23 , P. B. Lilje59 , I. Lloro70 , G. Mainetti71 ,

D. Maino58,30,72, E. Maiorano3 , O. Mansutti8 , O. Marggraf73 , K. Markovic60 , M. Martinelli6,74 ,
N. Martinet1 , R. Massey75 , S. Maurogordato76, E. Medinaceli3 , S. Mei77 , M. Melchior78, Y. Mellier79,80,

M. Meneghetti3,4 , E. Merlin6 , G. Meylan81, M. Moresco2,3 , B. Morin51, L. Moscardini2,3,4 , E. Munari8,7 ,
C. Neissner82,32 , S.-M. Niemi83, C. Padilla82 , S. Paltani48 , F. Pasian8 , K. Pedersen84, W. J. Percival85,86,87 ,
V. Pettorino83, S. Pires51 , G. Polenta52 , M. Poncet22, L. Pozzetti3 , F. Raison57 , A. Renzi88,50 , J. Rhodes60 ,
G. Riccio18, E. Romelli8 , M. Roncarelli3 , E. Rossetti21 , R. Saglia54,57 , Z. Sakr89,65,90 , A. G. Sánchez57 ,

D. Sapone91 , B. Sartoris54,8 , P. Schneider73 , T. Schrabback92 , M. Scodeggio30, A. Secroun53 ,
E. Sefusatti8,7,10 , G. Seidel66 , M. Seiffert60 , S. Serrano35,93,19 , C. Sirignano88,50 , G. Sirri4 , L. Stanco50 ,

J. Steinwagner57 , C. Surace1 , P. Tallada-Crespí31,32 , A. N. Taylor38, I. Tereno46,94, R. Toledo-Moreo95 ,
F. Torradeflot32,31 , A. Tsyganov96, I. Tutusaus65 , L. Valenziano3,97 , T. Vassallo54,8 , Y. Wang98 ,

J. Weller54,57 , A. Zacchei8,7 , G. Zamorani3 , E. Zucca3 , A. Biviano8,7 , M. Bolzonella3 , E. Bozzo48 ,
C. Burigana99,97 , M. Calabrese100,30 , D. Di Ferdinando4, J. A. Escartin Vigo57, R. Farinelli3, F. Finelli3,97 ,

L. Gabarra101 , J. Gracia-Carpio57, S. Matthew38 , N. Mauri36,4 , A. Mora102 , A. Pezzotta57 , M. Pöntinen16 ,
V. Scottez79,103, P. Simon73, A. Spurio Mancini104,105 , M. Tenti4 , M. Wiesmann59 , Y. Akrami106,107 ,

I. T. Andika108,109 , S. Anselmi50,88,110 , M. Archidiacono58,72 , F. Atrio-Barandela111 ,
A. Balaguera-Antolinez37,112 , D. Bertacca88,56,50 , M. Bethermin113,1 , A. Blanchard65 , L. Blot114,110 ,

H. Böhringer57,115,116 , S. Borgani117,7,8,10,11 , M. L. Brown39 , S. Bruton118 , R. Cabanac65 , A. Calabro6 ,
B. Camacho Quevedo35,19 , G. Cañas-Herrera83,119 , A. Cappi3,76, F. Caro6, C. S. Carvalho94, T. Castro8,10,7,11 ,

K. C. Chambers120 , F. Cogato2,3 , S. Contarini57 , A. R. Cooray121 , O. Cucciati3 , S. Davini13 ,
F. De Paolis122,123,124 , G. Desprez125 , A. Díaz-Sánchez126 , S. Di Domizio15,13 , H. Dole127 , S. Escoffier53 ,

A. G. Ferrari4 , P. G. Ferreira101 , A. Finoguenov16 , A. Fontana6 , K. Ganga77 , J. García-Bellido106 ,
T. Gasparetto8 , V. Gautard128, E. Gaztanaga19,35,34 , F. Giacomini4 , F. Gianotti3 , G. Gozaliasl129 ,

A. Gregorio117,8,10 , M. Guidi21,3 , C. M. Gutierrez130 , A. Hall38 , S. Hemmati131 , H. Hildebrandt132 ,
J. Hjorth84 , A. Jimenez Muñoz133 , S. Joudaki34 , J. J. E. Kajava134,135 , Y. Kang48 , V. Kansal136,137 ,
D. Karagiannis138,139 , C. C. Kirkpatrick5, S. Kruk41 , M. Lattanzi140 , A. M. C. Le Brun110 , S. Lee60 ,

J. Le Graet53 , L. Legrand141,142 , M. Lembo138,140 , J. Lesgourgues33 , T. I. Liaudat143 , A. Loureiro144,145 ,

? Corresponding author: sylvain.delatorre@lam.fr

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A78, page 1 of 18

https://doi.org/10.1051/0004-6361/202553927
https://www.aanda.org
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org
http://orcid.org/0000-0002-0839-2884
http://orcid.org/0000-0002-8850-0303
http://orcid.org/0000-0003-1804-7715
http://orcid.org/0000-0001-9383-786X
http://orcid.org/0000-0002-2642-5707
http://orcid.org/0000-0003-2387-1194
http://orcid.org/0000-0002-0808-6908
http://orcid.org/0000-0001-7475-9894
http://orcid.org/0000-0002-9407-585X
http://orcid.org/0000-0001-6225-3693
http://orcid.org/0000-0003-2317-5471
http://orcid.org/0000-0001-7232-5152
http://orcid.org/0000-0002-2539-2472
http://orcid.org/0000-0002-1256-655X
http://orcid.org/0000-0002-6467-8078
http://orcid.org/0000-0002-2041-8784
http://orcid.org/0000-0003-4444-8651
http://orcid.org/0000-0002-8211-1630
http://orcid.org/0000-0003-4145-1943
http://orcid.org/0000-0002-8900-0298
http://orcid.org/0000-0002-3336-9977
http://orcid.org/0000-0001-9506-5680
http://orcid.org/0000-0003-4359-8797
http://orcid.org/0000-0003-3399-3574
http://orcid.org/0000-0002-3309-7692
http://orcid.org/0000-0003-0125-3563
http://orcid.org/0000-0002-3130-0204
http://orcid.org/0000-0002-4751-5138
http://orcid.org/0000-0001-7316-4573
http://orcid.org/0000-0001-9875-8263
http://orcid.org/0000-0001-6831-0687
http://orcid.org/0000-0002-3787-4196
http://orcid.org/0000-0003-2508-0046
http://orcid.org/0000-0003-1949-7638
http://orcid.org/0000-0002-6710-8476
http://orcid.org/0000-0002-5317-7518
http://orcid.org/0000-0003-0758-6510
http://orcid.org/0000-0003-0509-1776
http://orcid.org/0000-0002-9745-6228
http://orcid.org/0000-0002-6385-1609
http://orcid.org/0000-0002-5887-6799
http://orcid.org/0000-0002-6220-9104
http://orcid.org/0000-0002-4767-2360
http://orcid.org/0000-0001-5075-1601
http://orcid.org/0000-0002-6533-2810
http://orcid.org/0009-0003-3573-0791
http://orcid.org/0000-0002-1128-0664
http://orcid.org/0000-0002-3089-7846
http://orcid.org/0000-0002-9594-9387
http://orcid.org/0000-0001-6274-5145
http://orcid.org/0009-0005-6816-6925
http://orcid.org/0000-0002-7400-2135
http://orcid.org/0000-0002-0585-6591
http://orcid.org/0000-0001-6787-5950
http://orcid.org/0000-0002-3748-5115
http://orcid.org/0000-0002-1734-8455
http://orcid.org/0000-0003-4744-9748
http://orcid.org/0000-0002-4478-1270
http://orcid.org/0000-0002-9590-7961
http://orcid.org/0000-0002-8594-5358
http://orcid.org/0000-0003-2694-9284
http://orcid.org/0000-0002-5688-0663
http://orcid.org/0000-0001-8264-5192
http://orcid.org/0000-0001-9648-7260
http://orcid.org/0000-0002-3363-0936
http://orcid.org/0000-0003-4285-9086
http://orcid.org/0000-0003-3804-2137
http://orcid.org/0000-0001-7494-1303
http://orcid.org/0000-0002-0302-5735
http://orcid.org/0000-0002-2590-1273
http://orcid.org/0000-0001-9513-7138
http://orcid.org/0009-0006-5823-4880
http://orcid.org/0000-0002-3052-7394
http://orcid.org/0000-0002-4618-3063
http://orcid.org/0000-0003-4172-4606
http://orcid.org/0000-0003-4324-7794
http://orcid.org/0000-0001-5966-1434
http://orcid.org/0000-0003-2384-2377
http://orcid.org/0000-0003-2593-4355
http://orcid.org/0000-0001-5758-4658
http://orcid.org/0000-0001-7242-3852
http://orcid.org/0000-0001-6764-073X
http://orcid.org/0000-0002-6943-7732
http://orcid.org/0000-0003-2786-7790
http://orcid.org/0000-0002-6085-3780
http://orcid.org/0000-0002-4040-7783
http://orcid.org/0000-0002-2849-559X
http://orcid.org/0000-0003-1225-7084
http://orcid.org/0000-0001-6870-8900
http://orcid.org/0000-0002-7616-7136
http://orcid.org/0000-0002-3473-6716
http://orcid.org/0000-0002-1751-5946
http://orcid.org/0000-0001-8524-4968
http://orcid.org/0000-0001-7951-0166
http://orcid.org/0000-0002-8108-9179
http://orcid.org/0000-0002-4869-3227
http://orcid.org/0000-0002-0644-5727
http://orcid.org/0000-0002-0249-2104
http://orcid.org/0000-0003-4067-9196
http://orcid.org/0000-0001-7085-0412
http://orcid.org/0000-0002-7819-6918
http://orcid.org/0000-0001-9856-1970
http://orcid.org/0000-0002-4485-8549
http://orcid.org/0000-0003-3069-9222
http://orcid.org/0000-0001-9587-7822
http://orcid.org/0000-0003-0238-4047
http://orcid.org/0000-0003-0378-7032
http://orcid.org/0000-0002-4823-3757
http://orcid.org/0000-0003-1198-831X
http://orcid.org/0000-0001-7089-4503
http://orcid.org/0000-0003-1337-5269
http://orcid.org/0000-0001-8561-2679
http://orcid.org/0000-0002-6987-7834
http://orcid.org/0000-0003-0505-3710
http://orcid.org/0000-0003-0473-1567
http://orcid.org/0000-0003-2907-353X
http://orcid.org/0000-0002-7536-9393
http://orcid.org/0000-0002-0211-2861
http://orcid.org/0000-0002-0995-7146
http://orcid.org/0000-0003-2626-2853
http://orcid.org/0000-0002-9706-5104
http://orcid.org/0000-0001-7443-1047
http://orcid.org/0000-0003-2592-0113
http://orcid.org/0000-0002-1336-8328
http://orcid.org/0000-0002-2997-4859
http://orcid.org/0000-0003-1160-1517
http://orcid.org/0000-0002-3199-0399
http://orcid.org/0000-0002-1170-0104
http://orcid.org/0000-0001-6512-6358
http://orcid.org/0000-0002-4749-2984
http://orcid.org/0000-0002-8282-2010
http://orcid.org/0000-0003-0396-1192
http://orcid.org/0000-0002-2318-301X
http://orcid.org/0000-0002-5845-8132
http://orcid.org/0000-0002-0857-0732
http://orcid.org/0000-0003-3278-4607
http://orcid.org/0000-0002-8201-1525
http://orcid.org/0000-0002-3005-5796
http://orcid.org/0000-0002-2637-2422
http://orcid.org/0000-0002-6694-3269
http://orcid.org/0000-0002-8486-8856
http://orcid.org/0000-0001-8448-1697
http://orcid.org/0000-0001-8196-1548
http://orcid.org/0000-0002-1922-8529
http://orcid.org/0000-0003-0726-2268
http://orcid.org/0000-0001-5442-2530
http://orcid.org/0000-0001-5698-0990
http://orcid.org/0000-0002-4254-5901
http://orcid.org/0009-0000-8199-5860
http://orcid.org/0000-0002-2407-7956
http://orcid.org/0000-0001-6102-9526
http://orcid.org/0000-0002-3579-9583
http://orcid.org/0000-0003-4952-9012
http://orcid.org/0000-0002-2130-2513
http://orcid.org/0000-0001-5028-3035
http://orcid.org/0000-0002-2490-7139
http://orcid.org/0000-0002-3915-2015
http://orcid.org/0000-0001-8555-9003
http://orcid.org/0000-0002-9622-7167
http://orcid.org/0000-0001-8241-4204
http://orcid.org/0000-0001-6151-6439
http://orcid.org/0000-0002-0370-8077
http://orcid.org/0000-0002-6503-5218
http://orcid.org/0000-0001-6679-2600
http://orcid.org/0000-0003-2536-1614
http://orcid.org/0000-0002-8789-4232
http://orcid.org/0000-0003-2796-2149
http://orcid.org/0000-0002-6292-3228
http://orcid.org/0000-0001-6965-7789
http://orcid.org/0000-0003-4632-6113
http://orcid.org/0000-0002-9843-723X
http://orcid.org/0000-0002-3892-0190
http://orcid.org/0000-0002-9336-7551
http://orcid.org/0000-0003-3269-1718
http://orcid.org/0000-0001-6460-7563
http://orcid.org/0000-0001-8325-1742
http://orcid.org/0000-0003-0748-4768
http://orcid.org/0000-0003-2863-5895
http://orcid.org/0000-0002-9767-3839
http://orcid.org/0000-0002-2847-7498
http://orcid.org/0009-0005-5266-4110
http://orcid.org/0000-0002-3021-2851
http://orcid.org/0000-0002-4606-5403
http://orcid.org/0000-0003-3820-2823
http://orcid.org/0000-0001-8159-8208
http://orcid.org/0000-0002-9370-8360
http://orcid.org/0000-0002-7913-4866
http://orcid.org/0000-0001-9632-0815
http://orcid.org/0000-0002-3129-2814
http://orcid.org/0000-0003-4666-119X
http://orcid.org/0000-0002-0236-919X
http://orcid.org/0000-0003-4028-8785
http://orcid.org/0000-0001-9408-1101
http://orcid.org/0000-0001-7854-783X
http://orcid.org/0000-0002-3139-8651
http://orcid.org/0000-0003-2226-5395
http://orcid.org/0000-0002-9814-3338
http://orcid.org/0000-0002-4571-2306
http://orcid.org/0009-0004-5252-185X
http://orcid.org/0000-0001-8820-673X
http://orcid.org/0000-0002-3010-8333
http://orcid.org/0009-0000-8588-7250
http://orcid.org/0000-0002-4008-6078
http://orcid.org/0000-0002-4927-0816
http://orcid.org/0000-0001-8010-8879
http://orcid.org/0000-0003-1059-2532
http://orcid.org/0000-0002-0936-4594
http://orcid.org/0000-0002-8289-740X
http://orcid.org/0000-0001-6523-7971
http://orcid.org/0000-0003-0610-5252
http://orcid.org/0000-0002-5271-5070
http://orcid.org/0000-0001-7627-353X
http://orcid.org/0000-0002-9104-314X
http://orcid.org/0000-0002-4371-0876
mailto: sylvain.delatorre@lam.fr
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Euclid Collaboration: de la Torre, S., et al.: A&A, 700, A78 (2025)

J. Macias-Perez133 , M. Magliocchetti49 , F. Mannucci146 , R. Maoli147,6 , J. Martín-Fleitas102 ,
C. J. A. P. Martins148,26 , L. Maurin127 , R. B. Metcalf2,3 , M. Miluzio41,149, P. Monaco117,8,10,7 ,

C. Moretti9,11,8,7,10 , G. Morgante3, C. Murray77, S. Nadathur34 , K. Naidoo34 , A. Navarro-Alsina73 ,
S. Nesseris106 , K. Paterson66 , L. Patrizii4, A. Pisani53,150 , V. Popa151 , D. Potter152 , P. Reimberg79 ,

I. Risso153 , P.-F. Rocci127, M. Sahlén154 , A. Schneider152 , M. Schultheis76, D. Sciotti6,74 , E. Sellentin155,156,
M. Sereno3,4 , A. Silvestri119 , L. C. Smith157 , K. Tanidis101, C. Tao53 , N. Tessore68 , G. Testera13,

R. Teyssier150 , S. Toft63,158 , S. Tosi15,13 , A. Troja88,50 , M. Tucci48, C. Valieri4, D. Vergani3 , G. Verza159 ,
P. Vielzeuf53 , and N. A. Walton157

(Affiliations can be found after the references)

Received 28 January 2025 / Accepted 18 June 2025

ABSTRACT

The two-point correlation function of the galaxy spatial distribution is a major cosmological observable that enables constraints on the dynamics
and geometry of the Universe. The Euclid mission is aimed at performing an extensive spectroscopic survey of approximately 20–30 million
Hα-emitting galaxies up to a redshift of about 2. This ambitious project seeks to elucidate the nature of dark energy by mapping the three-
dimensional clustering of galaxies over a significant portion of the sky. This paper presents the methodology and software developed for estimating
the three-dimensional two-point correlation function within the Euclid Science Ground Segment. The software is designed to overcome the
significant challenges posed by the large and complex Euclid dataset, which involves millions of galaxies. The key challenges include efficient pair
counting, managing computational resources, and ensuring the accuracy of the correlation function estimation. The software leverages advanced
algorithms, including k-d tree, octree, and linked-list data partitioning strategies, to optimise the pair-counting process. These methods are crucial
for handling the massive volume of data efficiently. The implementation also includes parallel processing capabilities using shared-memory open
multi-processing to further enhance performance and reduce computation times. Extensive validation and performance testing of the software are
presented. Those have been performed by using various mock galaxy catalogues to ensure that it meets the stringent accuracy requirement of the
Euclid mission. The results indicate that the software is robust and can reliably estimate the two-point correlation function, which is essential
for deriving cosmological parameters with high precision. Furthermore, the paper discusses the expected performance of the software during
different stages of Euclid Wide Survey observations and forecasts how the precision of the correlation function measurements will improve over
the mission’s timeline, highlighting the software’s capability to handle large datasets efficiently.

Key words. methods: data analysis – galaxies: statistics – large-scale structure of Universe

1. Introduction

Galaxies in the Universe tend to cluster as they evolve within
the large-scale structure, itself growing under the influence of
gravity and universal expansion. Their observed positions are pos-
sibly the best tracers of the overall three-dimensional (3D) matter
spatial distribution, given their high and unrivalled observed num-
ber density, among all observable objects on cosmological scales.
This makes galaxy clustering and its features crucial for study-
ing the expansion and structure growth in the late Universe (e.g.
Amendola et al. 2018). In particular, the baryon acoustic oscil-
lations (BAO) feature can be used as a standard ruler, making
galaxy clustering sensitive to the geometry and energy content of
the Universe (e.g. Alam et al. 2021). Moreover, peculiar veloci-
ties contribute to observed galaxy redshifts and distort the genuine
spatial distribution along the line-of-sight direction. On large
scales, these velocities map the coherent flows towards over-
densities induced by the growth of structure, whose strength
is dictated by the laws of gravity. This apparent feature is of
paramount importance in testing standard gravity and the cosmo-
logical model (Kaiser 1987; Guzzo et al. 2008).

Galaxy clustering can be quantified in a statistical man-
ner by determining the n-point statistics of the spatial distri-
bution of galaxies. This is achieved in configuration space by
estimating the two-point correlation function (2PCF), as well
as higher order n-point correlation functions, which enable
the exploration of non-Gaussian features of the galaxy spatial
distribution. The 3D 2PCF, alongside the power spectrum, is
the most commonly used tool for analysing galaxy spectro-

scopic survey data and inferring cosmological model parame-
ters. For this purpose, it is crucial to estimate the contributions
of the 2PCF along the parallel and transverse directions to the
line of sight, as the apparent spatial distribution of galaxies is
anisotropic.

The Euclid mission is a medium-sized European Space
Agency (ESA) space mission to unravel the dark sector of
the Universe (Euclid Collaboration: Mellier et al. 2025). It is
primarily devoted to the investigation of the nature of dark
energy and the dark matter distribution. The Euclid satellite was
launched on 1 July 2023 and will survey about 14 000 deg2 of
the extragalactic sky, performing one of the largest galaxy sur-
veys ever made. It will probe the last 10 billion years of the
universal expansion history via its main cosmological probes:
weak gravitational lensing and galaxy clustering. In particu-
lar, Euclid’s Near-Infrared Spectrometer and Photometer (NISP,
Euclid Collaboration: Jahnke et al. 2025) will measure the spec-
troscopic redshifts of about 20–30 million Hα-emitting galax-
ies using grism spectroscopy. The resulting 3D galaxy map will
serve to characterise the clustering of matter and, in turn, deter-
mine the cosmological parameters with an unprecedented pre-
cision. In this regard, the estimation of the 2PCF of spectro-
scopic galaxies will play a crucial role. Nonetheless, the esti-
mation of the 2PCF from such a large dataset presents a num-
ber of challenges, particularly in terms of the efficiency of
the estimation. To address those challenges, we have designed
a robust, amply tested, and efficient software that can be
used within the Euclid Science Ground Segment (SGS). This
pipeline element, which provides one of the critical end-products
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for Euclid scientific exploitation, is the processing function
2PCF-GC.

This paper presents the method and 2PCF-GC processing
function software devised to estimate the 3D 2PCF within the
Euclid SGS pipeline. It describes the ensemble of tests that have
been performed to ensure the highest accuracy and efficiency in
the estimation. Furthermore, it provides a discussion on how the
2PCF-GC processing function addresses Euclid computational
challenges and provides forecasts on real survey 2PCF estima-
tion. In the following, we simply refer to the 2PCF-GC pro-
cessing function and software as 2PCF-GC. This paper is part
of a series that describes all Euclid galaxy clustering process-
ing functions, which also includes those for three-point corre-
lation function (Veropalumbo et al., in prep.), as well as the
power spectrum and bispectrum estimations (Salvalaggio et al.,
in prep.).

The paper is structured as follows. Section 2 presents the
2PCF definition and estimators. Section 3 discusses the opti-
misation of the software. Section 4 describes the validation and
performance tests as well as associated results. Section 5 shows
predictions of 2PCF measurements in the Euclid Wide Survey
and Sect. 6 provides our conclusions.

2. Two-point correlation function

2.1. Definition and estimators

The 2PCF is defined as the probability of finding two objects at
volume elements, dV1 and dV2, separated by a vector, r, with
respect to a Poisson random distribution. This excess probability
is defined as (Peebles 1980):

dP = n2 [
1 + ξ(r)

]
dV1dV2, (1)

where n is the object mean number density; therefore, ξ(r) mea-
sures the clustering in excess or in deficit compared to a random
Poisson point distribution in space. In the previous equation, sta-
tistical homogeneity is implicitly assumed in that the 2PCF is
only a function of the separation vector and not on the positions
of the two objects.

In 2PCF-GC, we used the minimum-variance estimator from
Landy & Szalay (1993), which allows the estimation of the two-
point auto-correlation function for a set of spatially distributed
objects, based on pair counts as a function of separation. As
opposed to other proposed estimators, it minimises the estimator
variance and mitigates discreteness and edge effects. This esti-
mator is defined as

ξ(r) =
DD(r) − 2 DR(r) + RR(r)

RR(r)
, (2)

where DD, DR, and RR correspond to data-data, data-random,
and random-random normalised (distinct) pair counts, respec-
tively. It requires a catalogue of unclustered objects (random
catalogue hereafter) that randomly samples the effective vol-
ume of the data catalogue, for which we want to estimate the
2PCF. Schematically, the Landy & Szalay (1993) estimator can
be derived by taking the two-point correlation of the catalogue
density contrast δ defined from data and random catalogues,
such that δ = (D − R)/R, where D and R represent the data
and associated random catalogue counts, respectively. The raw
pair counts need to be normalised to the total number of pairs.
With ND and NR as the number of objects in the data and ran-
dom catalogues, respectively, the normalised counts are obtained

as

DD(r) =
2 D̂D(r)

ND(ND − 1)
, (3)

DR(r) =
D̂R(r)
NDNR

, (4)

RR(r) =
2 R̂R(r)

NR(NR − 1)
, (5)

where D̂D, D̂R, R̂R correspond to raw counts. These factors
result from the fact that the number of distinct pairs that can be
drawn from N objects is N(N−1)/2 and the number of cross pairs
that can be drawn from two sets of N1 and N2 objects is N1N2.
In the presence of object weights, w, as in the case when we are
using Feldman et al. (1994) weights, each pair in the counts con-
tribute with the multiplication of individual object weights and
the normalised counts become

DD(r) =
2 D̂D(r)(∑ND

i=1 wi

)2
−

∑ND
i=1 w

2
i

, (6)

DR(r) =
D̂R(r)(∑ND

i=1 wi

) (∑NR
i=1 wi

) , (7)

RR(r) =
2 R̂R(r)(∑NR

i=1 wi

)2
−

∑NR
i=1 w

2
i

, (8)

where the index, i, goes over the objects in the catalogues.
We could also want to measure the cross-correlation function

between two sets of objects in an overlapping volume. For this,
we can devise a cross-correlation estimator in a similar fashion
as for the auto-correlation case. By defining the density contrasts
for the two populations, δ1 = (D1−R1)/R1 and δ2 = (D2−R2)/R2,
where now D1 (D2) and R1 (R2) stand for the data and random
catalogue counts of the population 1 (2), the two-point cross-
correlation function estimator is expressed as

ξ12(r) =
D1D2(r) − D1R2(r) − R1D2(r) + R1R2(r)

R1R2(r)
, (9)

where D1D2, D1R2, R1D2, and R1R2 are the data 1-data 2, data 1-
random 2, random 1-data 2, and random 1-random 2 normalised
pair counts, respectively.

For some purposes, it can also be useful to define a modi-
fied density contrast that uses two different random catalogues.
Such a modification allows the subtraction of known correlations
from the data catalogue, for instance, for the purpose of build-
ing BAO reconstruction estimators (Padmanabhan et al. 2012) or
correcting for observational systematic errors (e.g. Paviot et al.
2022). If we define an auxiliary random catalogue, S , and mod-
ified density contrast, δm = (D − S )/R, the estimator for the
auto-correlation function associated with that density contrast
becomes

ξm(r) =
DD(r) − 2 DS(r) + SS(r)

RR(r)
· (10)

Similarly, the cross-correlation function estimator associated
with the modified density contrast is expressed as

ξm
12(r) =

D1D2(r) − D1S2(r) − S1D2(r) + S1S2(r)
R1R2(r)

. (11)

The pair counts and estimated 2PCF with these estimators
involve a binning scheme in the pair separation. In 2PCF-GC,
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the latter can be set to either linear or logarithmic base 10.
For instance, in the case of the angle-averaged1 2PCF with lin-
ear binning in r, the notation ξ(r) will refer to the 2PCF for
separations between r − ∆r/2 and r + ∆r/2, where ∆r is the
constant linear bin size. In the case of logarithmic binning, it
will refer to the 2PCF for logarithms of the separation between
log10(r/u) − ∆ log10(r/u)/2 and log10(r/u) + ∆ log10(r/u)/2,
where ∆ log10(r/u) is the constant logarithmic bin size and u is
the fiducial unit of length.

Finally, it is important to emphasise that all previous estima-
tors are exact and unbiased in the limit of infinite random cata-
logues, for Poisson and binomial point processes and generally
for a point process with structures much smaller than the size of
the sample (Kerscher 1999). From the computational perspec-
tive, those estimators reduce to counting pairs as a function of
separation from different catalogues. It is clear from the defini-
tions that the main technical challenge in estimating the 2PCF is
the ability of counting all pairs as a function of separation from
large catalogues. Naively, this process would scale as N2, where
N is the number of objects in the catalogue. This can become
intractable in the case of very large catalogues, typically with
numbers of object above 106, but efficient algorithms can reduce
the amplitude of the scaling.

2.2. Scale dependence

The 2PCF is a function of the separation vector r and under the
assumption of an isotropic universe, the 2PCF may only depend
on the norm of the separation vector r = |r|. Nonetheless, cor-
relations are affected by apparent physical anisotropies, such as
redshift-space distortions, which we want to quantify. For this,
the 3D separation vector can be decomposed into transverse and
parallel to the line-of-sight directions. We define the transverse
and parallel separation vectors, r⊥ and r‖, such that

r = r⊥ + r‖ (12)

and

r‖ ≡ r‖ u‖ = (r · u‖) u‖, (13)
r⊥ ≡ r⊥ u⊥ = r − (r · u‖) u‖, (14)

where r = x2 − x1, x1 and x2 are the 3D positions of the
two objects, x is the pair line-of-sight vector (defined below in
Eq. (15)), u‖ = x/|x|, and u⊥ is a unit vector perpendicular to u‖
and belonging to the plane determined by the non-collinear vec-
tors r and x. With these definitions, we can define the anisotropic
2PCF ξ(r⊥, r‖).

In the decomposition presented in Eq. (12), we made the
implicit assumption that all galaxy lines of sight are parallel and
we defined a mean pair line-of-sight direction, x. This choice is
motivated in the distant-observer limit, when r⊥ � r‖. In full
generality, one should consider the dependence on the triangu-
lar configuration comprising the observer and the two objects of
the pair. This would require the use of three scalars to define the
pair configuration. The systematic error in the correlation func-
tion estimated within the distant-observer approximation, usu-
ally referred to as wide-angle effects is, however, only relevant
at large transverse separations and is generally neglected. Usual
prescriptions2 for the pair line-of-sight definition are the mid-
point, bisector, or end-point definitions, the mid-point being the

1 This is the 2PCF as a function of the norm of the separation vector.
2 Alternatively, one can define r‖ = |x2| − |x1|, where in that case, there
is no explicit need to define a pair line-of-sight vector.

end-point mid-point bisector
Fig. 1. Geometry and separation definition for end-point (left), mid-
point (middle), and bisector (right) pair line-of-sight conventions. The
observer is at the point ‘O’ and the two other points represent the objects
of the pair. In those figures, all vectors and segments are contained in
the plane determined by the vectors x and r.

most commonly used. These correspond to using

x =


x1/2 + x2/2 for mid-point,
x1 for end-point,
x1/|x1| + x2/|x2| for bisector.

(15)

The geometry and different definitions are made explicit in
Fig. 1. Given the symmetries present in the mid-point and
bisector definitions, they are less sensitive to wide-angle dis-
tortions than the end-point one. Those three definitions use the
so-called local plane-parallel approximation, while using a sin-
gle constant line-of-sight direction for all pairs in a catalogue
would lead to the so-called global plane-parallel approximation
(Samushia et al. 2015). The standard approach used in 2PCF-GC
is to use the mid-point definition but the other definitions can be
chosen for specific cases.

Instead of directly using a decomposition of the separation
vector around the line-of-sight direction, it can be useful to
express the separation vector in the associated polar basis with
coordinates

r = |r|, (16)
µ = r‖/|r|, (17)

where µ is the cosine angle between the separation and line-of-
sight directions (see Fig. 1). From this we can further define the
2PCF multipole moments of the order, `,

ξ`(r) =
2` + 1

2

∫ 1

−1
dµ ξ(r, µ) L`(µ), (18)

where L`(µ) is the Legendre polynomial of order `. In the auto-
correlation function case, there is no physically expected odd
multipole signal. However, in the case of the cross-correlation
between different populations, a relativistic signal can arise in
the odd multipole correlation functions (e.g. Breton et al. 2019).
2PCF-GC has been built such that this type of signal can be
extracted and provides in output all even and odd moments up
to ` = 4.

Finally, an estimate of real-space clustering, namely, with-
out the effect of redshift-space distortions, can be obtained by
integrating ξ(r⊥, r‖) over r‖. This leads to the projected 2PCF

w⊥(r⊥) =

∫ ∞

−∞

dr‖ ξ(r⊥, r‖), (19)
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where, in practice, the integral is definite and finite integra-
tion limits have to be defined to mitigate the effect of large
uncorrelated pairs in the integral. In 2PCF-GC, both integrals
in Eqs. (18) and (19) are evaluated as Riemann sums over the
linearly binned anisotropic 2PCF.

2.3. Data spatial partitioning

The implementation of the 3D 2PCF estimation in Euclid
uses specific data partitionings to enable an efficient estima-
tion from the huge dataset that Euclid will produce. An over-
all spectroscopic sample of about 20–30 million galaxies with
redshifts is expected in the completed Euclid Wide Survey
(Euclid Collaboration: Mellier et al. 2025). To address this task,
three efficient pair-counting algorithms have been developed,
based on different data spatial partitionings: linked-list, k-d tree,
and octree. They exploit the observation that, at fixed requested
scale range, not all possible distinct pairs have to be com-
puted and stored. Those data spatial partitionings allowed us
to explore efficiently all pairs where the separation falls within
the requested scale range and prune the exploration of irrelevant
data. The purpose of developing different pair-counting meth-
ods is to have different ways of assessing the same quantity and
identify the fastest and more reliable method. After the develop-
ment and optimisation of the methods, we found that in the end
all three are very efficient, as discussed in the next section. It is
worth emphasising that those methods are exact and no approx-
imation is involved at the pair-counting level.

2.3.1. Linked-list algorithm

The linked-list algorithm for range searching, also sometimes
referred to as the chained-mesh algorithm, implements a 3D
regular pixellation scheme. Our implementation builds on the
work of Marulli et al. (2016) and a similar algorithm has been
used in other implementations (e.g. Alonso 2012; Donoso 2019;
Sinha & Garrison 2020). The data bounding volume was divided
into a regular Cartesian mesh and the indexes of objects resid-
ing in each cell are stored in a list: the linked list. In prac-
tice, the elements (or nodes) of the list are not explicitly linked,
instead they are stored in a vector of indexes that map to their 3D
positions.

The pair counting was performed through two nested loops: a
first loop goes through all cells containing objects, while the sec-
ond explores the neighbouring cells whose maximum distance is
below the requested maximum separation. In the inner loop, all
pairs of objects are counted as in the naive nested-loop algo-
rithm. This strategy allows the pruning of irrelevant pair counts
that are outside of the required separation range. The efficiency
of the algorithm depends on the cell size and mean number of
object per cell. Optimally, one would like to have a cell vol-
ume corresponding to a multiple of the search sphere and the
most appropriate mean number of object per cell. The latter has
to be large enough to avoid having to explore too many cell-
cell pairs but small enough to avoid having a too large cell vol-
ume, and in turn the pruning to be inefficient. After several trials,
an optimal choice of setting the number of cells such that there
are about 100 objects per cell on average is used in our imple-
mentation. Practically, this is done by first taking the maximum
separation as cell size and estimating the averaged number of
objects per cell. Then, the cell size is divided by the integer value
that allows us to reach approximately 100 objects per cell on
average.

2.3.2. k-d tree algorithm

The k-d tree range-search algorithm (Bentley 1975) is based on
partitioning the set of object positions into a binary tree. Starting
from the smallest axis-aligned bounding volume encompassing
all data points, namely, the tree root, tree nodes are obtained by
recursively dividing into two equipopulated subsets until reach-
ing the leaves of the tree. Each subsequent partitioning forms two
children nodes that contain subsets of the parent node set and
in which objects are close in space. Each binary split increases
by unity the depth of the tree. In the classical k-d tree, the
node splitting is performed along the dimension with largest
spread, at the median object position. The leaves correspond to
the highest-depth nodes, when the number of objects reaches a
minimum value. In our implementation, we used a minimum
value of 100 objects and the sliding-midpoint method for the
node splitting rule, which is more adapted for clustered objects
(Maneewongvatana & Mount 1999). This choice has proven to
be the most efficient.

A crucial aspect of k-d tree is that the bounding volume coor-
dinates of each node are kept in the data structure. This infor-
mation is then used to search through the tree. For the purpose
of counting pairs, we use the dual-tree approach that is a gen-
eralisation of the single-tree range-search algorithm for pairs
(Moore et al. 2001; Zhao 2023). The search is performed by
spanning two trees simultaneously and testing each node pair
recursively. Depending of the minimum and maximum distance
between the tested nodes, the search can be stopped or passed
through to the children nodes. This process stops when reach-
ing the leaves. With this method, one can efficiently prune pairs,
when separations are outside of the required separation range.
The pair counting is effectively performed at the level of the
leaves, using a nested loop going over all pairs, whose complex-
ity goes as O(n2), where n is the number of objects in the leaves.

2.3.3. Octree algorithm

In the octree algorithm (Meagher 1980), the partitioning of the
data volume is organised in a tree structure in which each internal
node has exactly eight children, as opposed to two children for
the k-d tree. The octree is built from the smallest cubic bounding
volume encompassing all the data points. This root node is then
recursively subdivided in octants, obtained by dividing the side
in each of the three dimensions in two equal parts. Each subse-
quent partitioning increases the depth of the tree and this process
stops when reaching the leave nodes. The leaves can be defined
by imposing the maximum depth of the tree, or a minimum value
for the number objects in the leaves. Similarly as for the k-d tree,
and after several trials, we set the latter minimum value to 100
objects.

Our implementation used a hashed octree structure
(Warren & Salmon 1993), where tree nodes are stored in a hash
table and each node is identified by its Morton binary code
(Morton 1966). This allows for the optimisation of the data struc-
ture storage and memory access, while also leading to the most
optimal performance in tree traversing. Because of the regular-
ity of the octree spatial structure, the node bounding volume
coordinates can efficiently be deduced from the Morton code by
using bitwise operations. This information is then used to search
through the tree. The pair counting is performed similarly as for
the k-d tree, by spanning two octrees simultaneously and test-
ing each node pair recursively. Depending of the minimum and
maximum distance between the tested nodes, the search can be
stopped or passed through to the children nodes, and the process
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Fig. 2. 2PCF-GC process overview. The different boxes illustrate the different steps involved in the processing.

stops when reaching the leaves. The pair counting is performed
at the level of leaves, in a similar manner as for the k-d tree.

2.4. Software architecture

The 2PCF-GC processing function is a processing element of the
Euclid SGS, which carries out the entire data processing up to
cosmological parameter extraction. There are ten Organisational
Units (OU) within the SGS, each one having the responsibil-
ity to define, design, and validate a specific analysis of the SGS
workflow. 2PCF-GC belongs to OU-Level 3 that is in charge
of producing the highest-level scientific data products. The data
processing within the Euclid SGS is performed in a distributed
system across the Science Data Centers (SDC) from Finland,
France, Germany, Italy, Netherlands, Spain, Switzerland, United
Kingdom, and the United States. While most of the SDC have
a High Throughput Computing (HTC) design, the underlying
infrastructure can vary across SDC. For high-performance com-
putation, as particularly required by this processing function, the
overall infrastructure allows for parallelisation.

The development of the 2PCF-GC code was performed in
C++11 within the framework of the Euclid SGS common tools
and guidelines to ensure homogeneity in terms of develop-
ment, storage, and computing, independently of the location
(Frailis et al. 2019). This development followed the common
Euclid Development ENvironment (EDEN), which establishes
the set of libraries and associated versions to be used by any
of the Euclid software and prevents inconsistencies or changes
in the functionality of different libraries between development
and production. 2PCF-GC was integrated in the COllaborative
DEvelopment ENvironment (CODEEN), a continuous integra-
tion and delivery (CI/CD) platform that automates the building,
unit testing, and distribution of all the scientific software in the
SGS. The source code is stored in a Version Control System
(Gitlab) and can be run through a CI/CD pipeline to be finally
deployed on a distributed file system available on all SDCs. This
system design allows SGS operations to be performed smoothly
and efficiently across all SDC, providing the extra advantage of
increased computing power and storage capacity. 2PCF-GC has
been developed to run within the SGS infrastructure, but can also
be run in standalone mode, which has demonstrated to be crucial
for testing and validation activities.

2.4.1. Process overview

The overall 2PCF-GC processing follows four main steps as
illustrated in Fig. 2. In the first step, it reads the inputs: a con-
figuration file, data and random catalogues, and pre-computed
pair counts if this option is selected in the configuration file. In
pipeline mode, those catalogues are provided by the preceding

processing function in the SGS pipeline chain, the SEL-ID pro-
cessing function. The latter extracts a catalogue from the Euclid
Wide Survey using certain selection criteria and provides it with
the associated random catalogue to 2PCF-GC. The input galaxy
and random catalogues are then read and decomposed into an
internal spatial representation: linked-list, k-d tree, or octree,
depending on the chosen pair-counting method. After building
the internal data structure, the counting algorithm roams over it
to identify the pairs as a function of separation. Weighted pair
counts in each separation bin are stored in arrays. 2PCF-GC
performs the necessary pair counts in series depending on the
requested estimator. Alternatively, they can be read from input
files. Those pair counts are finally combined to obtain the 2PCF
estimate. At the end of the process the 2PCF and individual pair
counts products are prepared and delivered in the form of FITS
files (Pence et al. 2010).

2.4.2. Inputs and outputs

The inputs and outputs of 2PCF-GC are defined in the Euclid
Common Data Model, which defines the format of the input
and output data and metadata, and ensures the stability of inter-
faces between pipelines and the Euclid Archive System (EAS).
The latter is the database containing all data products and meta-
data processed for the Euclid mission (Williams et al. 2019).
The input products of 2PCF-GC are a configuration file, a set
of data and random catalogues, and possible pre-computed pair
counts from a previous run. The input catalogues contain the
3D spatial information of objects as well as optional statisti-
cal weights. The latter can be used for instance to up-weight or
down-weight objects in pairs to account for variations in the spa-
tial sampling of certain objects. The input celestial coordinate
system can be either the equatorial Cartesian or spherical sys-
tem, where in the spherical case, the radial coordinate is either a
redshift or a comoving radial distance. In the case that the red-
shift is provided, 2PCF-GC first converts the redshift to a comov-
ing radial distance from a provided fiducial cosmological model.
After that, Cartesian coordinates are used in the pair counting.
The output products are tabulated 2PCF measurements and asso-
ciated pair counts. Apart from the input catalogues, through the
parameter list, the configuration file allows for the specification
of:

– the correlation function estimator: auto-correlation, cross-
correlation, modified auto-correlation, modified cross-
correlation;

– the correlation function type: angle-averaged ξ(r),
anisotropic ξ(r⊥, r‖) and w⊥(r⊥), anisotropic ξ(r, µ) and
ξ`;

– the pair-counting method: linked-list, k-d tree, or octree;
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– the type of binning (linear or logarithmic) and definition of
bins;

– the pair line-sight definition for ξ`;
– the upper limit of integration along r‖ for the projected cor-

relation function;
– an option to enable reusing pre-computed pair counts;
– the number of splits of the random catalogue when using the

random split option.

3. Optimisation

The main challenge in estimating the 2PCF from Euclid data is
to perform pair counting from massive galaxy and random cata-
logues in a reasonable amount of time. Euclid scientific accuracy
requirements impose a 10% accuracy relative to statistical uncer-
tainty. This translates at estimation level into imposing a number
of random catalogue objects of at least 50 times that of the galaxy
catalogue, since the estimator variance depends on the number
of objects in the data and random catalogues (Landy & Szalay
1993; Keihänen et al. 2019). The choice of using random cata-
logues with at least 50 times more objects than in the data cat-
alogue is a formal requirement of the Euclid mission endorsed
by ESA, allowing us to reach only a percent-level contribution
to the 2PCF standard error from the finiteness of the random
catalogue. A significant effort has been put on optimising 2PCF-
GC for speed and memory consumption. This was performed by
making use of optimal data spatial partitioning and pair-counting
method as previously discussed, but also by implementing paral-
lelisation and a specific treatment of random-random pair counts
based on a the random split technique. We describe those two
aspects in the following.

3.1. Parallelisation

The parallelisation of pair counting can be achieved straightfor-
wardly for the three considered algorithms. For the linked-list
algorithm, this is done by splitting the loop over mesh cells in
chunks and performing the computation for each chunk in par-
allel. In the case of the k-d tree and octree algorithms, instead
of starting from the tree root, the pair counting starts in paral-
lel from all internal tree nodes at a given depth (greater than
zero). In all cases, the parallel instances computes partial counts
that are then summed up in order to obtain the final counts.
Those parallelisation strategies have been implemented using
the shared-memory Open Multi-Processing (OpenMP) applica-
tion programming interface. The scaling and performance of
these implementations are presented in Sect. 4.

3.2. Treatment of random-random pair counts

Random-random pair counts dominate the overall computation
time of the 2PCF as it involves the largest number of pairs. A
major gain in runtime can be obtained by using the so-called ran-
dom split technique in the computation of those pairs. This tech-
nique, described in Keihänen et al. (2019), relies on first splitting
the random catalogue in NS sub-catalogues, calculating all DRi
and RRi pair counts, and finally summing up sub-catalogue pair
counts to obtain the final random-random and data-random pair
counts. Therefore the estimator for the 2PCF (auto-correlation
case) becomes

ξ(r) =
DD(r) − 2 DR′(r) + RR′(r)

RR′(r)
, (20)

where

DR′(r) =
1

NS

i=NS∑
i=1

DRi(r), (21)

RR′(r) =
1

NS

i=NS∑
i=1

RRi(r). (22)

With this strategy the maximum number of random-random
pairs to be computed is smaller by a factor of N−1

S compared
to the case without random split, leading to a significant gain
in computational time. An optimal NS is such that each ran-
dom sub-catalogue is of the same size as the data catalogue.
Keihänen et al. (2019) studied the bias and variance of the 2PCF
estimator with this treatment and found that, for a random cata-
logue 50 times larger than the galaxy catalogue, this technique
reduces the computation time by a factor of more than ten with-
out affecting estimator variance or bias. In the following, we
adopt as baseline random catalogues that have 50 times the num-
ber of galaxies in the data catalogue, and when using the random
split technique, an optimal value of NS = 50. We show in the
next sections that this effectively allows us to reach the accuracy
requirement of Euclid.

4. Validation and performance

The testing and validation of 2PCF-GC were performed at the
different stages of development of the code. 2PCF-GC has suc-
cessfully passed six maturity level gates, each one involving a
series of validation tests including 2PCF calculations on mock
data. Significant efforts have been put in making the code meet
high coding standards following the quality requirement defined
by SGS. We present in this section the results from the most sig-
nificant validation tests, with a focus on accuracy, runtime, and
memory tests.

4.1. Benchmark catalogues

To perform benchmarks of 2PCF-GC, we made use of different
sets of mock data catalogues. Each one was selected to perform
a specific test and has different characteristics. We review in the
following those characteristics.

Euclid Large Mocks: The ELM suite has been designed for
studying observational systematic errors on galaxy cluster-
ing. Those are realisations of Hα-emitting galaxies in a
lightcone of radius 30 deg on the sky. They are based on
the Pinocchio approximate method for efficiently generating
halo catalogues and lightcones (Monaco et al. 2013). Pinoc-
chio halos are populated with emission-line galaxies using
a halo occupation distribution model calibrated on the flag-
ship galaxy mock presented in the next section. As for the
flagship galaxy mock, the simulated galaxy catalogue corre-
sponds to Hα emitters with flux above 2× 10−16 erg s−1 cm−2

and distributed over the redshift range 0.9 < z < 1.8.
To perform validation tests, we only considered galaxies at
0.9 < z < 1.1 in the first mock, leading to an effective volume
of V = 1.5 h−3 Gpc3. Details of the ELM mocks are provided
in Monaco et al. (in prep.).

CoxMock suite: The CoxMock suite has been designed to pro-
duce mocks for which the true 2PCF is known, and which
can be produced massively in a reasonable amount of time.
To do this, we used an isotropic line-point Cox process
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where lines of a given length are randomly placed in a peri-
odic cubical volume and points are randomly scattered on
those lines (Stoyan et al. 1995). We generated 10 000 cat-
alogue realisations of a cube of side 1.74 h−1 Gpc contain-
ing 106 objects. For each realisation, 100 000 lines of length
800 h−1 Mpc and 1 000 000 points were drawn. More pre-
cisely, each line was drawn at random position and orien-
tation by randomly selecting one of the endpoints inside the
simulation box. Each point was then randomly placed on one
line by first randomly choosing a line and second uniformly
distributing it on the chosen line. If lines or points fell outside
of the cube boundaries, they were mirrored by the opposite
face, effectively applying periodic boundary conditions. The
expected 2PCF of points in these mocks resembles a cosmo-
logical ξ(r) as it is described by a damped power-law with an
index of −2 (see Sect. 4.3).

4.2. Runtimes and scaling with number of objects

We tested the runtime of 2PCF-GC with the different pair-
counting algorithms and as a function of the number of objects
in the catalogues. For this, we extracted four sub-catalogues with
No = [104, 105, 106, 5 × 106] randomly chosen objects from the
ELM mock. We then built the associated random catalogues with
50 times more objects than in the data. The redshift distribution
of random objects was drawn from the estimated mean distribu-
tion over 1000 mocks. Since the volume of the mock is the same,
the sub-catalogues probe different number densities of objects.
In this test, we considered the estimation of the multipole cor-
relation functions in 40 linear bins in r spanning the interval
[0, 200] h−1 Mpc and 200 in µ. The runtimes are obtained using
a computer cluster node equipped with 32 physical central pro-
cessing units (CPU) Intel(R) Xeon(R) Silver 4216 at 2.10 GHz,
and by performing 5 runs with 4, 8, 16, or 32 parallel threads,
except for the longest runs with No > 106 where only one run
with 32 threads was performed.

Figure 3 presents the times in CPU-hour that we obtained
when estimating the multipole correlation functions with the dif-
ferent algorithms, as a function of the number of objects. The
total runtimes, denoted by 2PCF in the figure, are divided in
different parts corresponding to the time spent on data struc-
ture construction, DD and RR pair counting. While the data
structure construction time scales linearly with the number of
objects, the DD, DR, and RR pair-counting times scale quadrati-
cally for a constant volume, as expected. Overall, the data struc-
ture construction has a subdominant contribution of one up to
seven orders of magnitude smaller than pair counting. The DD,
DR, and RR pair-counting times are similar for the tree-based
algorithms, while the linked-list algorithm shows a steeper slope
with the number of objects, that is, smaller times for low No
and slightly longer times above 106 objects. The full calcula-
tion of the 2PCF is dominated by the RR counts and the overall
runtimes reflect this, with the tree-based algorithms and partic-
ularly the octree performing best. Furthermore, the random split
option allows us to drastically reduce the runtimes by up to a
factor of 10 for a data catalogue of 5 × 106 objects, as shown in
Fig. 3. In that case, the 2PCF multipoles are computed in about
7 hours on 32 threads, while without this lasts 4 days. The scal-
ing with the number of objects is slightly different for the three
pair-counting algorithms. Since the individual random split sub-
catalogues have approximately the same size as the data cata-
logue, the times are dominated by smaller-size catalogues for
which the linked-list algorithm proves to be slightly faster. This
is true up to approximately No = 5 × 105, and at larger No the

Fig. 3. Run times for the calculation of the multipole correlation of
galaxies obtained from the ELM mock. The times are expressed in
CPU-hour and as a function of the data or random catalogue size. The
various symbols represent the time spent on the data structure construc-
tion, DD calculation, DR calculation, RR calculation, and the overall
2PCF runtime with and without random split option. The DR calcula-
tion times are provided as a function of the number of objects in the data
catalogue and assuming a fifty times larger random catalogue. The dif-
ferent curves represent the runtimes obtained with the linked-list (solid),
k-d tree (dashed), and octree (dotted) algorithms. The blue vertical band
shows the range of expected number densities in the spectroscopic sam-
ple at redshifts within 0.9 < z < 1.8. The abscissa refers to the number
of object in the data catalogue except for RR calculation where it refers
to that in the random catalogue.

runtimes are similar for the three algorithms, with only the octree
being marginally faster for 5×106 objects. For the full 2PCF cal-
culation, the linked-list algorithm runtimes scale very accurately
as N2

o , while for tree-based algorithms as N1.96
o in the regime of

No > 105.
The volume of the ELM mock that we used for runtime tests

corresponds approximately to the volume probed spectroscop-
ically by the Data Release 1 of Euclid in the redshift interval
0.9 < z < 1.1. We show with the vertical blue band in Fig. 3 the
expected number density of galaxies over 0.9 < z < 1.8, which
gives an idea of the expected runtime to measure the multipole
correlation functions in the first redshift interval: about 30 min
on 32 threads. It is worth noting that the runtimes also scale in
an independent manner with volume and maximum scale. Up to
approximately 5 millions of Hα-emitting galaxies 0.9 < z < 1.1
are expected in the spectroscopic catalogue by the end of the
Euclid Wide Survey, and according to our tests, the calculation
would last a bit less than a day on 32 threads using the random
split option. This represents a reasonable time and meets Euclid
mission requirement, given that more than 32 threads will be
usable in the SDC for the actual Euclid data processing. In par-
ticular, some SDC can provide up to 128 usable parallel threads.

We compare in Fig. 4 the runtimes for the correlation func-
tion multipole moments measured by 2PCF-GC with those
obtained with the publicly available Corrfunc code v2.5.3
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Fig. 4. Comparison of the runtimes for the calculation of the multi-
pole correlation of galaxies in the ELM mocks using 2PCF-GC and
Corrfunc publicly available code.

(Sinha & Garrison 2020). In this comparison, we use the same
binning configuration and input catalogues. In addition to
OpenMP, Corrfunc makes use of Single Instruction Multiple
Data (SIMD) parallelism that permits vectorising some opera-
tions at the CPU level. This can allow a speed-up in the pair
counting from about 50% to up to a factor of 2–3 depending
on the CPU used (Sinha & Garrison 2020; Zhao 2023). Because
computing infrastructures can vary across Euclid SDC and the
constraint on portability of the different PF, no attempt was made
to include SIMD parallelism in 2PCF-GC. Therefore, for a fair
comparison we only used Corrfunc without SIMD vectorisation
enabled. As shown in Fig. 4, in this configuration 2PCF-GC is
slightly faster than Corrfunc by up to 30%, depending on the
number of objects.

4.3. Accuracy tests

Within the validation of 2PCF-GC, we conducted a series of tests
on the accuracy of the estimated 2PCF. We tested both the abso-
lute accuracy and relative accuracy to estimates obtained from
an external software. Those tests are presented in the following.

4.3.1. Absolute accuracy

We made a comprehensive analysis that uses a series of mocks
for which the underlying 2PCF is perfectly known, namely
the CoxMock suite of mocks. We generated 10 000 realisations
allowing us to reach extremely precise summary statistics on the
2PCF. Pons-Bordería et al. (1999) give the following expression
for the 2PCF of the line-point Cox process when r ≤ L:

ξcox(r) =
1

2πL nL

(
1
r2 −

1
rL

)
, (23)

where L is the line length and nL is the line number density. Due
to the finite number of lines and the fact that each point is placed
on a randomly chosen line, for a given point, the probability that
another point falls on another line is given by 1 − 1/NL . This
leads to an additional term −N−1

L to the above expression for
ξcox and in turn, the reference bin-averaged CoxMock isotropic
correlation function becomes

ξref(rlow, rup) =
3

4πL2nL

(rup − rlow)(2L − rup − rlow)

r3
up − r3

low

−
1

NL
, (24)

Fig. 5. Accuracy of the estimated real-space correlation function from
the CoxMocks. While the top panel presents the mean bias relative to
the standard deviation ∆ξ/σ, the bottom panel exhibits the absolute
value of the mean relative bias |∆ξ/ξref |. These estimates are obtained
by averaging over 10 000 mock realisations. In the top panel, the hori-
zontal coloured band represents ±10% of σ(r).

where rlow and rup are the lower and upper limits of the bin in r.
We measured the angle-averaged and multipole correlation

functions in the mock realisations using 200 and 40 linear bins in
r spanning the range [0, 200] h−1 Mpc and including the random
split option. In those mocks there is no anisotropic clustering and
we recover vanishing quadrupole and hexadecapole moments
with residual random variation around zero, as expected. To
quantify the accuracy on the estimation, we calculate the mean
bias relative to the standard deviation ∆ξ/σ and mean relative
bias ∆ξ/ξref , respectively defined as

∆ξ(r)
σ(r)

=
〈ξ(r)〉 − ξref(r)

σ(r)
, (25)

∆ξ(r)
ξref(r)

=
〈ξ(r)〉 − ξref(r)

ξref(r)
, (26)

where 〈ξ(r)〉 refers to the mean ξ(r) over the realisations, and
σ corresponds to the reference statistical uncertainty in Euclid.
The detailed calculation of the latter is given in Appendix A. The
mean over the 10 000 realisations suppresses field stochasticity
and sample variance. Both quantities are shown in Fig. 5. We
find that the mean bias in the estimated correlation is extremely
low, always below 10% of the statistical uncertainties for all con-
sidered scales. There are residual sample variance fluctuations,
but overall we do not find any trend of bias. On closer inspec-
tion, we find that, except on scales below 10 h−1 Mpc, the mean
bias is always below about 5%. Similarly, the mean relative bias
is always below 1% and can reach 0.1 per cent at the small-
est scales. Finally, we can also estimate the mean bias relative
to the uncertainty in the CoxMocks, where σ(r) is replaced by
σcox(r) in Eq. (25). This is presented in Fig. 6, where we can see
that intrinsically the relative accuracy on the 2PCF is essentially
always within 3% for a volume of 5.268 h−3 Gpc3.
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Fig. 6. Same as in the top panel of Fig. 5, but relative to the uncer-
tainty in the CoxMocks. This estimate is obtained by averaging over
10 000 mock realisations. The horizontal coloured band represents ±3%
of σcox(r).

4.3.2. Relative accuracy

We further compared the standard and modified correlation
function multipole moments measured by 2PCF-GC with those
obtained with Corrfunc. For this test we used the Flagship
Galaxy Mock v1 galaxies at 0.9 < z < 1.1 (see Sect. 5) and con-
sidered 40 linear bins in r spanning the range [0, 200] h−1 Mpc.
We used the same catalogues as input of 2PCF-GC and
Corrfunc. The difference in the monopole, quadrupole, and
hexadecapole relative to the expected statistical error expected
in Euclid, are presented in Fig. 7. For each multipole moment,
the relative accuracy between the two estimates is of the order of
the machine precision, both for the standard and modified 2PCF.
In the modified 2PCF estimation, the reconstructed data and aux-
iliary random catalogues were obtained using the recSym BAO
reconstruction algorithm, as detailed in Sarpa et al. (in prep.).
The latter reconstruction algorithm uses Lagrangian Perturbation
Theory to predict bulk-flow displacements and substracts them
from the random point and galaxy positions (Padmanabhan et al.
2012; Burden et al. 2015).

Finally, we tested the impact of using the random split option
on the accuracy of the estimated 2PCF multipole moments. For
this, we compared the measurements obtained in the same mock
catalogue with the same setup as before while using or not this
option. The difference in the monopole, quadrupole, and hexade-
capole relative to the expected statistical error is shown in Fig. 8.
The results show that the random split option with NS = 50
introduces random errors below 10% of the statistical uncer-
tainties for all considered scales and no systematic error. It is
worth emphasising that those uncertainties can be reduced by
reducing the number of random splits, at the expense of longer
runtimes.

Overall, these tests validates 2PCF-GC accuracy and the
choice of using 50 times more random points than objects in
the data catalogue and the usage of the random split option. We
would like to emphasise that, even if not presented here, we also
performed other accuracy and consistency tests on the cross-
correlation function, and in all cases, we found similar, very
good accuracies. This includes for instance consistency tests of
the cross-correlation function where the two data catalogues are
taken as two random sub-samples of a data catalogue. 2PCF-GC
has been used to estimate cross-correlation functions in Risso
et al. (in prep.).

Fig. 7. Difference in the monopole (top panel), quadupole (central
panel), and hexadecapole (bottom panel) moments of the standard
(ξ`) and modified (ξm

` ) correlation function between the 2PCF-GC and
Corrfunc estimates, relative to the standard deviation. These measure-
ments are obtained from a single mock realisation.

4.4. Memory usage

The random-access memory (RAM) usage of 2PCF-GC is dom-
inated by the storage of the input data and random object posi-
tions and weights. Furthermore, the memory required to process
the data can increase depending on the amount of information
comprised by the linked-list or tree structures. Although object
properties are not directly copied into the spatial partitioning
structures, additional metadata associated with the latter must
be stored in memory. The linked-list structure, which comprises
an ordered array of integers that convey information about the
objects present in each cell, formally requires the least mem-
ory. The tree structures generally require the storage of more
information. Each tree node contains several pieces of informa-
tion including the coordinates of the bounding volume associ-
ated with the node, the indices of the objects contained in the
node, and pointers to child nodes. This increases the amount of
information to be stored in memory. However, the use of hash
tables allows the pointer information to be removed, and in the
case of the octree, the Morton code associated with each node
allows the bounding volume coordinates to be computed directly,
thus saving further memory.

In Fig. 9 we present estimates of the memory usage of 2PCF-
GC from the ELM mock, both accounting for the RAM resident
set size and swap space, for the three methods and as a func-
tion of the number of objects in the data catalogue. The memory
usage increases with the number of objects and the storage of the
input catalogues dominates the overall budget. The linked-list
method tends to use less memory, but thanks to the implemen-
tation of hash tables for both k-d tree and octree, the memory
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Fig. 8. Impact of the random split option on the accuracy of the mea-
sured 2PCF. The curve shows the difference in the monopole (top
panel), quadupole (central panel), and hexadecapole (bottom panel)
moments of the correlation function, while using or not the random split
option with NS = 50. The shaded areas represent the regions encom-
passing respectively 10% and 20% of the expected statistical uncer-
tainty. These measurements are obtained from a single mock realisation.

usage is only marginally larger for the latter methods. Overall,
for a data catalogue of five million objects and 50 times more
in the random catalogue, about 19 GB of memory is required. In
the case where the random split option is used, only a fraction of
the random catalogue needs to be stored in memory at a time and
thus the necessary memory for storing the random object infor-
mation is significantly lower. In that case only about 0.9 GB of
memory is required for a data catalogue containing five million
objects.

5. Expectations for Euclid Wide Survey

We present in this section some forecasts on 2PCF estima-
tion and showcase some interesting features of 2PCF-GC using
a realistic full-sky mock catalogue of the Euclid Wide Sur-
vey. We made use of the Flagship Galaxy Mock (FGM) v2.1
(Carretero et al. 2017; Tallada et al. 2020), which has been con-
structed from the Flagship 2 N-body simulation by populating
dark matter halos with emission-line galaxies as described in
Euclid Collaboration: Castander et al. (2025). A sub-sample of
the galaxies with an Hα flux greater than 2 × 10−16 erg s−1 cm−2

and a redshift in the range 0.9 < z < 1.8 has been extracted,
which represents the targeted galaxies for the spectroscopic sam-
ple of the Euclid Wide Survey. The mock consist of a light-
cone covering an octant of the sky, and for the purpose of per-
forming realistic forecasts, we replicated the octant in order to
have full-sky catalogue. We note that this procedure does not
introduce spurious clustering features on the scales smaller than

Fig. 9. Memory usage as function of the number of objects in the data
catalogue, for the considered data partitionings and while using or not
the random split option. The different lines shows the results for the
different pair-counting methods, while the different symbols indicate
whether or not the random split option is used.

Fig. 10. Sky coverage of Euclid Wide Field after one, three, and
six years of observations, as defined in the Euclid Reference Survey
(Euclid Collaboration: Scaramella et al. 2022).

200 h−1 Mpc, which are of interest for our analysis. This mock
represents current most realistic expectation for the intrinsic
clustering of Hα-emitting galaxies in the Euclid Wide Survey
available within the Euclid collaboration.

5.1. Galaxy two-point correlation function across survey
timeline

To illustrate the performance of 2PCF-GC and provide fore-
casts on the expected measured 2PCF at different stages
of Euclid observations, we estimated the correlation func-
tion multipole moments in the FGM after 1, 3, and 6 years
of observations, as defined in the Euclid Reference Sur-
vey3 (Euclid Collaboration: Scaramella et al. 2022). The angular
extent of year 1, year 3, and year 6 observations as defined in the
Euclid Reference Survey is presented in Fig. 10. We defined four
redshift intervals: 0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5,
1.5 < z < 1.8, as used for Euclid cosmological forecasts (e.g.
Euclid Collaboration: Blanchard et al. 2020).

3 In this analysis we use the Euclid Reference Survey rsd2024A.
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Fig. 11. Monopole correlation function estimated from the FGM mock
for galaxies with Hα flux above 2×10−16 erg s−1 cm−2 at different epochs
of observations. The different colours show the monopole in the redshift
intervals: 0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5, 1.5 < z < 1.8.

The correlation function monopole, quadrupole, and hexade-
capole are presented in Figs. 11, 12, and 13, respectively. Even
if these measurements are extracted from a specific mock reali-
sation of the observable universe, with its own sample variance,
it gives a sense of the improvement on the estimation of the cor-
relation function and high precision recovered after 6 years of
observation. In particular, one can see from the monopole that
the BAO peak in the lowest redshift interval is not very pro-
nounced with the first year coverage, while at the end of the
survey, the signal is much more significant. On scales beyond
100 h−1 Mpc, we can see significant variations of the amplitude
between year 1 and year 6, which can be attributed to sample
variance, the fact that the over-density distribution associated
with galaxies differs significantly. Similar trends are seen in the
quadrupole and hexadecapole. Particularly for the latter, which is
the most uncertain, one can see that the end-of-survey amplitude
tends to vanish on large scales, as expected.

5.2. Impact of pair line-of-sight definition

In order to showcase the capabilities of 2PCF-GC, we estimated
the multipole correlation functions in the FGM using the mid-
point and end-point line-of-sight definition. Even if the estima-
tor assumes the local plane-parallel approximation, the choice of
the line-of-sight definition has different sensitivity to wide-angle
effects. From its maximally-symmetric properties, the mid-point
definition minimises the latter effects, while the end-point defi-
nition is more affected (e.g. Reimberg et al. 2016; Beutler et al.
2019). This can be seen in Fig. 14, which shows the absolute dif-
ference between using the mid-point and end-point definitions
in the estimator, for the monopole and quadrupole correlation
functions in the year 6 dataset. In particular, it is instructive to
see that the absolute difference has no strong redshift depen-
dence in the monopole. This difference remains within the 1σ
statistical error expected in the completed Euclid Wide Survey
at r < 100 h−1 Mpc, shown with the dotted line in the figure.

Fig. 12. Same as Fig. 11, but for the quadrupole correlation function.

Fig. 13. Same as Fig. 11, but for the hexadecapole correlation function.

In the quadrupole instead, the effect can be more significant. In
the two highest redshift intervals, the difference goes beyond the
expected 2σ statistical error on the quadrupole. Overall, these
results gives some insights on the typical wide-angle effects
expected on large scales in the final Euclid Wide Survey sam-
ple when using the end-point line-of-sight definition.

5.3. Integral constraint

The normalisation of the pair counts to the observed number of
galaxies in the LS estimator imposes a constraint on the integral
of the observed over-density field in the survey, which is that the
latter vanishes. However, because of the finite size of the sample,
the integral over the observed over-density field does not neces-
sarily vanish and this leads to biasing negatively the correlation
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Fig. 14. Impact of the choice of pair line-of-sight definition on the
estimated monopole (upper panel) and quadrupole (lower panel) cor-
relation functions in FGM mock. The curves show the absolute value
of the difference between using mid-point and end-point definitions
in the estimator for the monopole and quadrupole correlation func-
tions. The different colours show this quantity for the redshift intervals:
0.9 < z < 1.1, 1.1 < z < 1.3, 1.3 < z < 1.5, 1.5 < z < 1.8. The
dotted (dashed) line shows the expected 1σ (2σ) statistical error in the
completed Euclid Wide Survey in the interval 1.1 < z < 1.3.

function on large scales (Peebles 1980). This effect, commonly
referred to as the integral constraint, is particular important for
small surveys. In the Euclid Wide Survey, which will be among
the largest spectroscopic survey of galaxies, the expected effect
is very small. Nonetheless, given the unprecedented statistical
precision in the correlation function measurements expected in
Euclid, it is important to assess the level and scales at which the
integral constraint can impact the measurements.

The integral constraint introduces a bias on the observed cor-
relation function and, at first order, the model for the latter is (e.g.
de Mattia & Ruhlmann-Kleider 2019):

ξ(r) − 2 〈δε〉 + 〈ε2〉 ' ξ(r) − 〈ε2〉, (27)

where ξ(r) is the theoretical correlation function,

ε =

∫
V

d3x δ(x) W(x)
/ ∫

V
d3x W(x), (28)

δ(x) is the over-density field, W(x) is the survey window func-
tion, and

∫
V d3x denotes an integral over the survey volume.

The leading integral-constraint term in the correlation function
is (de Mattia & Ruhlmann-Kleider 2019):

〈ε2〉 =

∫
V d3∆ ξ(∆)W(∆)∫

V d3∆W(∆)
=

∫ ∞
0 d∆ ∆2 ∑∞

`=0
ξ`(∆)
2`+1W`(∆)∫ ∞

0 d∆ ∆2W0(∆)
, (29)

where the survey window function correlation function and asso-
ciated multipole moments are

W(∆) =

∫
V

d3x W(x)W(x + ∆), (30)

W`(∆) =
2` + 1

2

∫ 1

−1
dµ∆W(∆) L`(µ∆), (31)

respectively. In the previous equations, ∆ denotes a separation
vector. By expanding Eq. (27) in multipole moments, one can see
that the constant integral constraint term will only survive in the
monopole correlation function. Moreover, by realising that the
survey window function correlation function is directly related
to random-random counts by RR(∆) ∝ ∆2W(∆) (Wilson et al.
2017), Eq. (29) can be rewritten as

〈ε2〉 =

∫ ∞
0 d∆

∑∞
`=0 (2` + 1)−1RR`(∆)ξ`(∆)∫

d∆ RR0(∆)
(32)

=

∑Nb
i=1

∑∞
`=0 (2` + 1)−1 RR`(∆i) ξ`(∆i)∑Nb

i=1 RR0(∆i)
, (33)

where in Eq. (33) the continuous integral is approximated by a
discrete sum over bins4 ∆i, and Nb is the number of bins. In the
previous equation, RR` is defined as

RR`(r) =
2` + 1

2

∫ 1

−1
dµRR(s, µ) L`(µ). (34)

Therefore, by using Eq. (33) we can directly estimate the impact
of the integral constraint from the random-random pair counts
and a prior knowledge on the true underlying multipole correla-
tion functions.

We compute the integral constraint correction expected in
Euclid from Eq. (33) by using the RR counts estimated by 2PCF-
GC and performing the discrete sum up to ∆ = 1000 h−1 Mpc.
The correlation function multipoles in the integral are taken
from the measured multipole (symbols) or by using an analytical
model for the redshift-space multipole correlation functions. The
latter was obtained by fitting the FGM measurements with most
accurate full-shape models for the correlation function multipole
moments, as described in Kärcher et al. (in prep.). The main
advantages of using a model ξ` is to have a prediction up to
the largest scales and that is not itself affected by the integral
constraint. Overall, we found values of 〈ε2〉 varying within (3–
8)× 10−5, depending on the epoch of observations and the red-
shift interval.

We present in Fig. 15 the leading integral-constraint term
〈ε2〉 estimated from the FGM, for the different redshift intervals
and observing periods considered. We can see that the impact
of the integral constraint depends on the size of the surveyed
volume and the considered redshift interval. The effect is the
most important at year 1 for all redshift intervals, as expected.
At year 3 and then year 6, the effect diminishes. The predictions
obtained from using the analytical ξ` in the integral constraint
calculation for year 6 are shown in Fig. 15 with the solid curves.
Those predictions are perfectly in line with those obtained from
taking the measured ξ`, although on the largest scales, they pro-
vide more robust predictions as they are not affected by sample
variance. In essentially all cases, the effect remains within the
1σ statistical uncertainty expected at year 6, as shown with the
dotted line in Fig. 15. In future Euclid cosmological analyses,

4 Formally, here the bins in ∆ need to be equally spaced.
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Fig. 15. Impact of the integral constraint on the monopole correlation
function in the Euclid Wide Survey. The curves with the different dif-
ferent symbols show the leading integral-constraint term 〈ε2〉, after 1, 3,
and 6 years of observation respectively. The solid curves show the same
quantity for year 6 observations, but when the integral constraint effect
is derived from a model correlation function. The different colours show
this quantity for the redshift intervals: 0.9 < z < 1.1, 1.1 < z < 1.3,
1.3 < z < 1.5, 1.5 < z < 1.8. The dotted curves delineate the expected
1σ statistical uncertainty on the monopole correlation function in the
completed Euclid Wide Survey in the interval 1.1 < z < 1.3.

this effect can be straightforwardly accounted for at likelihood
level, when confronting measurements to model predictions, or
simply neglected if the analysis is limited to scales below about
r = 150 h−1 Mpc.

As a final remark, we note that we did not con-
sider here the impact of the sample purity and complete-
ness, as well as possible radial integral constraint effects
(de Mattia & Ruhlmann-Kleider 2019), which are beyond the
scope of this paper and are the subject of forthcoming Euclid
Collaboration papers.

6. Conclusions

This paper describes the development and validation of the pro-
cessing function of the Science Ground Segment for estimating
the 3D 2PCF, as part of the Euclid mission. The methodology
employed in the software is both robust and effective. The data
handling process has been optimised through innovative spa-
tial partitioning strategies, which drastically reduce computa-
tion time while maintaining high accuracy. These optimisations
are crucial for meeting the Euclid mission’s stringent scientific
requirement, which demand speed and precision. This involves
advanced algorithms such as k-d tree, octree, and linked-list,
employed for pair counting and that ensure an efficient, yet exact,
estimation of the 2PCF. The other key feature of the software
is its optimisation and parallelisation capabilities. By leverag-
ing the OpenMP application programming interface, the software
achieves significant improvements in computational efficiency.
These methods are indispensable for managing the extensive
and complex dataset anticipated from the Euclid survey, which
involves billions of galaxy pairs.

The software has undergone extensive validation using a
variety of mock galaxy catalogues, which were designed to sim-
ulate the conditions and challenges of Euclid survey data. Rig-
orous tests have demonstrated that the software can handle the
anticipated data volume and complexity, ensuring that the Euclid
mission’s scientific goals can be met. The validation process has
confirmed the software’s high accuracy and reliability in esti-
mating the 2PCF, leading to an accuracy below that required
by the Euclid mission. Moreover, the software’s integration into
the Euclid SGS pipeline exemplifies its readiness for large-scale
deployment and its pivotal role in the mission’s data processing
framework for the production of highest-level scientific products
for cosmology. This integration ensures that the vast amount of
data collected by the Euclid mission can be processed efficiently.

We have presented forecasts of 2PCF-GC performance in
measuring the 2PCF at different stages of the Euclid Wide Sur-
vey. These forecasts are based on a realistic mock dataset and
illustrated the robustness and efficiency in estimating the 2PCF.
This mock dataset has also allowed us to investigate the impact
of different pair line-of-sight definitions on the estimation of the
multipole correlation functions, highlighting differences in sen-
sitivity to wide-angle effects over the scales that will be reached
by Euclid after six years of observations. We found that devia-
tions in the monopole and quadrupole correlation functions are
less than 5% below 100 h−1 Mpc, but can exceed 25% at larger
scales. We have also estimated the integral constraint bias affect-
ing Euclid Wide Survey measurements. While this is expected to
be minimal in the Euclid Wide Survey, due to the unprecedented
precision required in the Euclid measurements, the assessment
of the magnitude and extent of the integral constraint effect
remains critical. Using both measured and analytically modelled
multipole correlation functions, we estimated that the integral
constraint effect is of the order of 5 × 10−5, depending on the
redshift interval and observing epoch considered. Our results
indicate that the effect is most pronounced in the first year of
the survey, reaching 10% at the BAO scale and up to 30% at
200 h−1 Mpc, but it diminishes in subsequent years. Nonetheless,
future works will need to consider additional factors in the esti-
mation of the 2PCF, such as sample purity, completeness, and
potential radial integral constraint effects, which are beyond the
scope of this paper. In particular, a first assessment of the impact
of expected redshift errors on the 2PCF indicate that the results
shown in this paper should be considered optimistic (Risso et al.,
in prep.).
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Appendix A: Reference statistical uncertainty on
the multipole two-point correlation functions in
Euclid

The expected statistical uncertainty on the multipole 2PCF
is based on the expected Euclid survey characteristics, num-
ber density, and clustering of observed Hα-emitting galax-
ies. Based on the assumptions detailed in Table 1–3 of
Euclid Collaboration: Blanchard et al. (2020), 4 redshift inter-
vals have been considered for which the observed volume,
galaxy mean number density, and galaxy linear bias are given
in Table A.1. With this information and a theoretical prediction
for the matter power spectrum, we can calculate the expected
Gaussian covariance matrix for the galaxy correlation function
monopole, quadrupole, and hexadecapole using the method of
Grieb et al. (2016). For the purpose of testing the accuracy on
the 2PCF, we considered the case of the interval at 1.1 < z < 1.3
as representative of Euclid. The standard deviations σ0(r), σ2(r),
and σ4(r) were then obtained by taking the square root of the
diagonal elements of the covariance matrices of ξ0(r), ξ2(r), and
ξ4(r), respectively. We assumed σ(r) = σ0(r), where σ(r) is
associated with the real-space 2PCF. Those reference uncertain-
ties are shown in Fig. A.1.

Table A.1. Specifications of the 4 spectroscopic galaxy samples used
as baseline for Euclid forecasts (Euclid Collaboration: Blanchard et al.
2020). The table lists the redshift interval, observed volume, galaxy
mean number density n̄gal, and galaxy linear bias b.

Redshift interval Volume
[
h−3 Gpc3

]
n̄gal

[
h3 Mpc−3

]
b

0.9 < z < 1.1 7.94 0.000686 1.46
1.1 < z < 1.3 9.15 0.000558 1.61
1.3 < z < 1.5 10.05 0.000421 1.75
1.5 < z < 1.8 16.22 0.000261 1.90

Fig. A.1. Reference statistical 1σ uncertainty on the monopole,
quadrupole, and hexadecapole 2PCF for the completed Euclid Wide
Survey.
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