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Abstract

Gravitational redshift and Doppler effects give rise to an antisymmetric component of the galaxy correlation function when cross-correlating two galaxy populations or two different tracers. In this paper, we assess the detectability of these effects in the Euclid spectroscopic galaxy survey. We model the impact of gravitational redshift on the observed redshift of galaxies in the Flagship mock catalogue using a Navarro–Frenk–White profile for the host haloes. We isolate these relativistic effects, largely subdominant in the standard analysis, by splitting the galaxy catalogue into two populations of faint and bright objects and estimating the dipole of their cross-correlation in four redshift bins. In the simulated catalogue, we detect the dipole signal on scales below 30 h−1 Mpc, with detection significances of 4σ and 3σ in the two lowest redshift bins, respectively. At higher redshifts, the detection significance drops below 2σ. Overall, we estimate the total detection significance in the Euclid spectroscopic sample to be approximately 6σ. We find that on small scales, the major contribution to the signal comes from the nonlinear gravitational potential. Our study on the Flagship mock catalogue shows that this observable can be detected in Euclid Data Release 2 and beyond.

Key words: cosmology: theory / large-scale structure of Universe
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1. Introduction
The current picture of the Universe and its evolution history is based on the concordance Λ cold dark matter (ΛCDM) model, which describes gravitational phenomena according to the laws of general relativity and assumes the Universe to be statistically homogeneous and isotropic on cosmological scales. This simple model is capable of fitting a wide variety of observations: the temperature and polarisation anisotropies of the cosmic microwave background (Hinshaw et al. 2013; Planck Collaboration I 2020), the clustering of galaxies on large scales (Alam et al. 2021; DESI Collaboration 2024), weak gravitational lensing, which causes distortion in the observed shapes of galaxies (Abbott et al. 2022), and the distance measurements from supernovae (Scolnic et al. 2018; DES Collaboration 2024). However, the standard model is not fully satisfactory. From a theoretical point of view, it requires that the majority of the energy content in our Universe takes some unknown form: a cosmological constant, whose inferred value lacks fundamental understanding, drives the current accelerated expansion of the Universe, while the matter content is mostly composed of a non-baryonic component that is yet to be directly detected. Furthermore, as recent cosmological experiments have become more precise, some tensions between parameters inferred from different probes have emerged (Di Valentino et al. 2021a,b; Schöneberg et al. 2022; DESI Collaboration 2024; Tutusaus et al. 2023a). Currently, it remains unclear whether these discrepancies either reveal a breakdown of the ΛCDM model, a sign that astrophysical or systematic effects have been overlooked in the analyses in tension, or whether they are nothing more than a statistical fluke.
One of the main goals of the next generation of cosmological surveys is to resolve these issues, in particular by testing one of the pillars of the standard model: Einstein’s theory of general relativity. In the near future, the Euclid Survey (Laureijs et al. 2011; Amendola et al. 2018; Euclid Collaboration: Mellier et al. 2025) is set to play a key role in this challenge. By using two complementary probes – weak lensing (including galaxy clustering and galaxy-galaxy lensing from its photometric survey) and 3D galaxy clustering (from its spectroscopic survey) – Euclid will map the expansion history of the Universe as well as the growth of cosmic structure within it.
The Euclid Spectroscopic Survey will provide a catalogue of more than 25 million emission-line galaxies using slitless spectroscopy for redshift determination, in the redshift range between z = 0.9 and z = 1.8. One of the key measurements that Euclid will carry out from these data is that of the growth rate at different cosmic times, using redshift-space distortions (RSDs; Kaiser 1987). RSDs manifest because we do not directly observe galaxies where they are but rather infer their physical distances from their observed redshifts, assuming that the latter is approximately given by the Hubble expansion. However, the observed redshift is also affected by the peculiar velocities of galaxies through the Doppler shift, for example. Since we do not know the peculiar velocities of individual objects, we cannot correct each redshift individually but rather model the distortions induced by the peculiar motions in the two-point statistics. The main effect is that galaxies moving along the line-of-sight toward an overdensity will appear closer to each other. Therefore, the observed two-point correlation function (or its Fourier counterpart, the power spectrum) is not isotropic, but also includes even multipoles (quadrupole and hexadecapole) that can be measured to extract cosmological information (Alam et al. 2016; Sanchez et al. 2017).
More recently, a fully relativistic computation has shown that in addition to the Kaiser RSDs, typically exploited in anisotropic galaxy clustering analysis, there are other subtle physical effects that can also influence the observed distribution of galaxies, such as gravitational redshift, Doppler effects, Shapiro time delay, and the integrated Sachs–Wolfe effect (Yoo et al. 2009; Yoo 2010; Bonvin & Durrer 2011; Challinor & Lewis 2011; Jeong et al. 2012). Although their impact on even multipoles of the correlation function has been shown to be negligible even for future galaxy surveys (Jelic-Cizmek et al. 2021), it is possible to isolate them using multiple tracers. Importantly, while standard RSDs generate only even multipoles of the correlation function at leading order, the gravitational redshift and further Doppler-type contributions generate odd multipoles in the two-point cross-correlation function (McDonald 2009; Bonvin et al. 2014).
Measuring the odd multipoles is interesting, as they provide complementary information to the even multipoles. In particular, the dipole is sourced in part by the gravitational redshift, so in principle is sensitive to the distortion of time (Sobral-Blanco & Bonvin 2022). Measuring the distortion of time through the dipole, in combination with existing probes, would thus allow for a range of novel tests. These include: a test of the validity of the equivalence principle for dark matter, by combining with RSDs (Bonvin & Fleury 2018), a test of the validity of local position invariance (Saga et al. 2023), a novel way to measure the anisotropic stress, by combining with weak gravitational lensing (Sobral-Blanco & Bonvin 2021; Tutusaus et al. 2023b), and more generally a way to distinguish between modifications of gravity and additional forces in the dark sector (Castello et al. 2022; Bonvin & Pogosian 2023; Castello et al. 2024). Furthermore, the dipole and octupole can be used to improve our understanding of astrophysical properties of galaxies (Sobral-Blanco et al. 2024).
Gravitational redshift has been measured in galaxy clusters (Wojtak et al. 2011; Sadeh et al. 2015; Rosselli et al. 2023), and also in large-scale structure, with a 2.8σ detection of the relativistic dipole reported at scales below 10 h−1 Mpc using data from SDSS-III (Alam et al. 2017). The detectability of the dipole has been investigated for different combinations of tracers and future cosmological surveys using analytical models for both signals and covariance, showing that it will be robustly detected in the linear and nonlinear regime, see for example Bonvin et al. (2016), Hall & Bonvin (2017), Lepori et al. (2018), Bonvin & Fleury (2018), Lepori et al. (2020) and Saga et al. (2022). The dipole has moreover been detected in N-body simulations, cross-correlating halo populations with different masses (Breton et al. 2019; Beutler & Di Dio 2020), and galaxy populations at low redshift selected based on their apparent flux (Bonvin et al. 2023).
In this paper, we aim to provide a realistic forecast on the detectability of the relativistic dipole in the Euclid Spectroscopic Galaxy Catalogue. Our forecasts are based on a mock catalogue constructed from the Flagship simulation. In Sect. 2 we present the theoretical basis of our work and discuss the models for the dipole in the linear and nonlinear regime. In Sect. 3 we describe the selection we have applied to the Flagship mock catalogue and the methodology of our analysis. In Sect. 4 we present the main results of our paper: we compare the measurements of the dipole for different selections, identify the main contributions to the measured dipole, and assess the detection significance in our mock. Finally, we draw the conclusions of our work in Sect. 5 and further discuss the implications for the measurements in the planned data releases of Euclid.
2. Relativistic effects in galaxy clustering
A galaxy survey can be used to measure the statistics of fluctuations in the galaxy counts,
[image: thumbnail](1)
where N(n,z) is the number of objects observed in a pixel of fixed solid angle in direction n at redshift z, and [image: equation] is the average count over all pixels. The observed angular positions and redshift of galaxies are influenced by the fact that we do not live in a perfectly homogeneous and isotropic Universe. Consequently, the wavelengths and paths of photons are affected by perturbations, which in turn affects the observed galaxy counts through RSDs and other relativistic effects. We represent the spacetime metric using the metric of a spatially flat Friedmann–Lemaître–Robertson–Walker (FLRW) universe, with scalar perturbations given by the peculiar gravitational potentials Φ and Ψ. The perturbed line element in longitudinal gauge is
[image: thumbnail](2)
where c is the speed of light, η denotes the conformal time, a represents the cosmological scale factor, xi are comoving Cartesian coordinates, and δij is the Kronecker delta operator1.
The fluctuations in galaxy counts have been computed in a perturbed spacetime assuming linear perturbations in Yoo et al. (2009), Yoo (2010), Bonvin & Durrer (2011), Challinor & Lewis (2011), and Jeong et al. (2012), and to higher orders in perturbation theory in Yoo & Zaldarriaga (2014), Bertacca et al. (2014), Di Dio et al. (2014a), Nielsen & Durrer (2017), Di Dio & Seljak (2019), and Di Dio & Beutler (2020). The leading order contributions relevant for this work are:
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In this expression, δ is the density contrast in the comoving gauge, V is the peculiar velocity at the source in longitudinal gauge, r ≡ r(z) is the comoving distance corresponding to z, ℋ ≡ a′/a is the conformal Hubble parameter, and the ‘prime’ symbol represents a derivative with respect to the conformal time. The redshift-dependent coefficients b, s, and fevo are the linear galaxy bias, the local count slope, and the evolution bias, respectively. The first line in Eq. (3) contains the dominant contributions to the fluctuation of the galaxy counts due to the linear density fluctuation of objects and the RSDs term. The second line represents the subdominant relativistic contributions and includes gravitational redshift (the first term in the second line) and Doppler terms, which we aim to measure with Euclid.
Equation (3) does not include lensing magnification, nor subdominant relativistic effects that are proportional to the gravitational potentials – the full expression can be found in Challinor & Lewis (2011), Bonvin & Durrer (2011), and Di Dio et al. (2013). These extra relativistic effects are suppressed compared to the gravitational redshift and Doppler corrections, and therefore can be safely neglected (Bonvin 2014). Lensing magnification also contributes to the number counts, and is expected to be an important effect for both the photometric and the spectroscopic Euclid Surveys (Euclid Collaboration: Lepori et al. 2022; Euclid Collaboration: Jelic-Cizmek et al. 2024), and the cross-correlation of photometric galaxy clustering with the cosmic microwave background (Bermejo-Climent et al. 2020). However, the lensing contribution to the dipole is negligible for most applications, because the only contribution comes from an integral over the correlation scale. Bonvin et al. (2014) show that in linear theory the impact of lensing on the dipole is largely subdominant with respect to the Doppler and gravitational redshift at z = 2; this is confirmed to be valid in the nonlinear regime, using N-body simulations, in Breton et al. (2019).
Equation (3) assumes that the photon moves on null geodesics in a perturbed FLRW spacetime, without making any assumption on the dynamics of the perturbations. However, it can be further simplified assuming that matter obeys Euler’s equation2. Using
[image: thumbnail](4)
Eq. (3) becomes
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2.1. Relativistic dipole: Linear regime
The information contained in the galaxy counts is normally compressed into summary statistics. For a spectroscopic survey, the most common data compression consists of estimating the multipoles of the two-point correlation function (2PCF) or the multipoles of the power spectrum in Fourier space. In real space, where only the galaxy overdensity contributes to the galaxy counts, the correlation function is isotropic as a consequence of the cosmological principle. The second term in the first line of Eq. (3), known as Kaiser RSDs (Kaiser 1987), breaks the isotropy of the correlation function. At leading order, RSDs generate only even multipoles of the correlation function: quadrupole and hexadecapole. The relativistic effects in the second line of Eq. (3) or Eq. (5) break the symmetry of the correlation function when two tracers with different biases are cross-correlated (McDonald 2009; Bonvin et al. 2014). Therefore, by measuring the odd multipoles in the cross-correlation function, we can isolate the relativistic effects from the dominant density and Kaiser RSDs contributions. The main contribution to the antisymmetric part of the cross-correlation function is given by the dipole and is the focus of this work.
To extract this relativistic dipole from the Euclid Spectroscopic Galaxy Catalogue, we need to split the sample into two distinct populations. Here we split it into a bright population and a faint population. This choice is straightforward to apply from an observational perspective, as flux is a directly observable quantity. Furthermore, assuming that galaxy luminosity traces mass, we expect the two populations to exhibit a significant bias difference for this selection, leading to a stronger signal, see for example Bonvin et al. (2014) and Alam et al. (2017). The method for performing this split is described in Sect. 3, while in this section we discuss the theoretical modelling of this observable. We denote the galaxy count fluctuations for the bright and faint populations by ΔB and ΔF, respectively. In the wide-angle regime, the cross-correlation of the number counts between the two populations depends on three coordinates and is given by
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where ⟨…⟩ denotes the ensemble average, and cos θ = n1 · n2. A commonly used coordinate system is given by the mean redshift [image: equation], the separation between the two tracers d, estimated assuming a fiducial cosmology, and the orientation of the two tracers [image: equation], where n and [image: equation] are unit vectors, with n pointing in the direction of the midpoint of the two tracers and [image: equation] pointing from the bright to the faint tracer. In this coordinate system, due to azimuthal symmetry around the direction n, we can expand the correlation function into Legendre polynomials Lℓ:
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The coefficients of this expansion [image: equation] are the multipoles of the correlation function. For separations d much smaller than the comoving distance to the mean redshift [image: equation], we can expand the dipole in powers of d/r, keeping only the leading-order terms (Bonvin et al. 2014). The dominant contributions to the dipole are given by the relativistic dipole in the flat-sky approximation and the leading-order wide-angle contribution from the d/r expansion,
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where ν1 and μ2 are the following dimensionless integrals of the linear matter power spectrum [image: equation],
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and ℛrel and ℛwa are given by the redshift-dependent coefficients
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with f denoting the growth rate.
2.2. Relativistic dipole: Nonlinear regime
On small scales, it has been shown that the main contribution to the dipole comes from the gravitational redshift arising from the deep potential well of haloes at the galaxy position (Breton et al. 2019). To describe the small-scale dipole signal from the halo potential, we adopt the phenomenological model presented in Saga et al. (2020, 2022), where, on top of the standard RSDs term and linear gravitational redshift term, the observed redshift is further modulated by [image: equation] with [image: equation] being the nonlinear gravitational potential at the galaxy’s position, which we cannot simply characterise in a perturbative way. Although this correction gives a negligible contribution to even multipoles relative to the standard Doppler effect, it gives a major contribution to the dipole on small scales.
Assuming that we cross-correlate two populations having a typical potential depth [image: equation] for the bright population and [image: equation] for the faint population, the full dipole signal is modelled as a sum of a linear part, given by Eq. (8), and a nonlinear contribution,
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Here, the second term on the right-hand side, [image: equation], represents a nonlinear contribution to the dipole arising from the nonlinear potential, explicitly given by
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where the functions νΨ and ℛΨ are defined as
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This expression shows that the dipole signal from the nonlinear potential is nonvanishing only when we cross-correlate different populations with [image: equation].
Together with the model of the nonlinear potential presented in Sect. 3.2, the model in Eq. (14) has been shown to reproduce very well the measured dipole in N-body simulations down to d ≈ 5 h−1 Mpc (Saga et al. 2020). Since the contribution from the nonlinear gravitational redshift given in Eq. (15) is suppressed as the separation d increases, the total signal in Eq. (14) recovers the results of linear theory on large scales.
In Fig. 1 we show the nonlinear model for the dipole at the redshifts considered in this work. The signal is largely boosted on scales below 30 h−1 Mpc by the contribution of the nonlinear gravitational redshift. In our model, density and velocity fields are assumed to be linear. We have tested the impact of nonlinearities in the matter field by replacing the linear matter power spectrum in Eq. (16) with the nonlinear power spectrum. In all scales of interest for our work, the difference between these two cases is negligible.
	[image: thumbnail]	Fig. 1. Dipole model, including the contribution from nonlinear gravitational redshift. The top panel includes linear scales up to 120 h−1 Mpc, while the bottom panel is a zoom-in of the observable on nonlinear scales, up to 30 h−1 Mpc. In the two panels, we use a different range to display the dipole model for better visualization: the dipole amplitude is significantly larger on small scales. Specifics are taken from Table B.1, using the split 90% faint, 10% bright. Top and bottom panels focus on the large-scale and small-scale dipole predictions, respectively.



Other models have been proposed in the literature, which use perturbation theory and include higher-order bias correction (Di Dio & Seljak 2019; Di Dio & Beutler 2020; Beutler & Di Dio 2020). The main disadvantage of this perturbative approach is that it introduces extra parameters into the model that cannot be directly measured in simulations but must instead be fitted to the simulated data vectors. The model presented in Saga et al. (2022) and outlined in this section is more predictive, primarily because the extra ingredients [image: equation] and [image: equation] can be estimated from simulations.
2.3. Theory covariance
The theory covariance for the linear dipole was first derived in Hall & Bonvin (2017). For the cross-correlation between two galaxy populations, there are three contributions: a pure shot noise term, a pure sample variance term, and a shot noise–sample variance cross-term:
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The shot noise term is given by
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the sample variance term can be written as
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and the cross-term is
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where V denotes the volume of the redshift bin, [image: equation] is the average number density inside the bin, and Δd is the bin width used to estimate the correlation function. Here Gij and Jij are given by the following integrals of the linear matter power spectrum
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In the upper panel of Fig. 2 we show the different contributions to the uncertainty estimated from the linear covariance by taking the square root of its diagonal elements at [image: equation]. The sample variance term (SV) is largely subdominant on all scales. This is due to the fact that density and RSDs do not contribute to it – only relativistic effects affect this term. On scales larger than 15 h−1 Mpc, the uncertainty is mostly due to the cross term (SV  ×  noise), which, contrary to the sample variance term, is affected by density and RSDs. In the highly nonlinear regime, d < 10 h−1 Mpc, the Poisson noise contribution dominates over the others. As shown in Saga et al. (2022), the theory covariance for the nonlinear model presented in Sect. 2.2 contains additional contributions from nonlinear gravitational redshift. However, they only affect the sample variance contributions and turn out to be negligible.
	[image: thumbnail]	Fig. 2. Theory uncertainty, given by the square root of the diagonal elements of the theory covariance, estimated for the redshift bin [image: equation], with specifics from Table B.1, split ‘90% faint, 10% bright’. We have assumed a bin size of Δd = 2 h−1 Mpc. The top panel shows the different contributions to the uncertainty, coming from the pure shot noise term (black dotted line), the purely sample variance term (yellow dashed line), and the cross-term (red dot-dashed line). The sum of all contributions is shown as solid blue line. The bottom panel shows the theory uncertainty, including all terms, for different sky coverages corresponding to the planned data releases of Euclid and the Flagship mock used in this work.



In the lower panel of Fig. 2 we show how the theory uncertainty scales with respect to the sky coverage, assuming a fixed number density of galaxies. The theory uncertainty estimated for the Flagship mock is close to the uncertainty expected for the second data release of Euclid (DR2). We expect the uncertainty in Euclid DR3 to be reduced by about a factor 3/5 compared to the Flagship mock.
3. Method
3.1. Simulated data
3.1.1. The Flagship galaxy mock
The Euclid Flagship simulation (FS hereafter) is the reference simulation for the Euclid mission and it has been used as a key ingredient for the scientific preparation of the mission. The FS features a simulation box of 3600 h−1 Mpc on a side with 16 0003 particles, leading to a mass resolution of mp = 109 h−1 M⊙. This 4 trillion particle simulation is one of the largest N-body simulation performed to date and meets the basic science requirements of the mission: it allows us to include the faintest galaxies that Euclid will observe while sampling a cosmological volume comparable to what the Euclid Surveys will cover. The simulation is performed using PKDGRAV3 (Potter & Stadel 2016) on the ‘Piz Daint’ supercomputer at the Swiss National Supercomputing Centre (CSCS). The FS uses the following values for the density parameters: Ωm = 0.319, Ωb = 0.049, and ΩΛ = 0.681 − Ωrad − Ων, with a radiation density Ωrad = 0.00005509, and a contribution from massive neutrinos Ων = 0.00140343. Additional parameters are: the dark energy equation-of-state parameter w = −1.0, the reduced Hubble constant h = 0.67, the scalar spectral index of initial fluctuations ns = 0.96, and the amplitude of the scalar power spectrum As = 2.1 × 10−9 (corresponding to σ8 = 0.813) at k = 0.05 Mpc−1. The initial conditions are set at z = 99 using first-order Lagrangian perturbation theory (1LPT) displacements from a uniform particle grid. The transfer functions for the density field and the velocity field are generated at this initial redshift by CLASS (Lesgourgues 2011) and CONCEPT (Dakin et al. 2022).
The main data product are produced on the fly during the simulation and is a continuous full-sky particle light cone that extends to z = 3. The 3D particle light-cone data are used to identify roughly 150 billion dark matter haloes using Rockstar (Behroozi et al. 2013), and to create all-sky 2D maps of dark matter in 200 tomographic redshift shells between z = 0 and z = 99. The halo catalogue and the set of 2D dark matter maps are the main inputs for the Flagship mock galaxy catalogue. For a detailed description of the production of the catalogue, see Euclid Collaboration: Castander et al. (2025), but the main steps can be summarised as follows. First, galaxies are generated following a combination of halo occupation distribution (HOD) and abundance matching techniques. Following the HOD prescription, haloes are populated with central and satellite galaxies. Each halo contains a central galaxy and a number of satellites that depends on the halo mass. The halo occupation is chosen to reproduce observational constraints of galaxy clustering in the local Universe (Zehavi et al. 2011).
The luminosities of the central galaxies are assigned by performing abundance matching between the halo mass function of the simulation halo catalogue and the galaxy luminosity function (LF). The satellite luminosities are assigned assuming a universal Schechter LF in which the characteristic luminosity depends on the central luminosity in a way that ensures that the global LF agrees with observations. Galaxies are divided into three colour types, namely red, green, and blue, and the central and satellite galaxies in each group were distributed to match the clustering as a function of colour observed by Zehavi et al. (2011). The radial positions of the satellites within a given halo follow a best-fit ellipsoidal Navarro–Frenk–White (NFW) profile (Navarro et al. 1997). Finally, galaxy lensing properties are assigned within the Born approximation following the ‘onion universe’ approach presented in Fosalba et al. (2008) and Fosalba et al. (2015).
3.1.2. Selection of spectroscopic sample
We selected the spectroscopic catalogue from the Flagship simulation, version 2.1.10, in the following way. Objects were selected based on their Hα flux, with threshold FHα,  lim = 2 × 10−16 erg cm−2 s−1. We considered two samples: a sample that only includes central galaxies and a sample with both central and satellite galaxies. The simulated data set covers a redshift range between zmin = 0.9 and zmax = 1.8, and we split it into four redshift bins, centred at [image: equation], with half-bin width [image: equation]. This is the binning that is used for the standard analysis of the spectroscopic sample of Euclid (Euclid Collaboration: Mellier et al. 2025). The properties of the objects within each of these redshift bins are summarised in Table 1. Galaxy bias and local count slope are estimated as described in Sect. 3.5.
Table 1. 
Properties of the full catalogue.

The fraction of satellite galaxies in the catalogue ranges between 10% and 15% in the four redshift bins. Satellite galaxies are found preferentially in the proximity of the most massive haloes, and this results in a large galaxy bias when satellites are included, compared to the sample that only considers central galaxies. The values of the local count slope are only mildly affected by the presence of satellites.
3.2. Implementation of gravitational redshift in Flagship
In FS, the observed redshift is estimated from the peculiar velocities of galaxies. Other relativistic corrections, including gravitational redshift and the integrated Sachs–Wolfe effect, are neglected. In this work, to include the gravitational redshift zΨ = −Ψ/c2, we simply corrected the observed redshift zobs, FS provided in the Flagship catalogue by
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where [image: equation] is the cosmological redshift, and we have neglected subdominant contributions.
To estimate the gravitational redshift we require the potential Ψ at each galaxy. Since on small scales the relativistic dipole is primarily sourced by gravitational redshift (Breton et al. 2019), it is important that the potential is accurately modelled on these scales. But given that high-resolution gravitational potential maps are not provided by the Flagship simulation, we adopted a semi-analytical approach and assumed that each halo where a galaxy is found can be modelled using a NFW density profile. The gravitational potential of the halo can then be estimated from the Poisson equation. The NFW gravitational potential Ψ ≡ ΨNFW at a comoving distance R from the centre of the halo is
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Here, ρs and Rs are the scale density and the scale radius, the two parameters that describe a NFW density profile. They depend on the concentration parameter, the virial radius, and the virial overdensity of the halo, see Mo et al. (2010) and Saga et al. (2022) for the exact expression of these quantities. For satellite galaxies, at a comoving distance R from the centre of the parent halo, we estimated the gravitational potential from Eq. (25). For the central galaxies, we took the limit
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This phenomenological model has been tested to be adequate for modelling the dipole (Saga et al. 2020, 2022).
3.3. Flux magnification
The measured fluxes of galaxies depend on the intrinsic luminosity of the object L and its luminosity distance DL by
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Since the luminosity distance is affected by perturbations (Bonvin et al. 2006; Challinor & Lewis 2011), the measured fluxes are also affected by relativistic effects such as magnification and Doppler corrections. While the observed fluxes in FS include observational effects such as dust extinction, magnification due to lensing and Doppler effects are not included. We corrected the fluxes to account for these effects using the relation
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where FFS are the fluxes stored in the mock, Fmagn are the magnified fluxes, and μL is the magnification factor due to gravitational lensing. This quantity can be expressed in terms of the convergence κ and shear γ = γ1 + i γ2:
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The fluxes Fmagn are therefore affected by gravitational lensing through μL and by Doppler effects and gravitational redshift through zobs.
3.4. Flux reference to perform split in bright and faint
The spectroscopic catalogue is constructed by selecting all objects based on their Hα flux. However, Euclid also measures the flux of galaxies in different colour bands, in particular the YE band, JE band, and HE band, see Euclid Collaboration: Jahnke et al. (2025), so performing this split using the Hα flux as reference is not necessarily the optimal choice. In order to determine which quantity is more suitable to split the catalogue in a bright and faint population, we checked the correlation between the fluxes and the mass of the parent halo.
In Fig. 3 we show the correlation of different galaxy fluxes, including the Hα flux, and the fluxes in the YE, JE, and HE bands, and the mass of the host halo. The top panels include only central objects, while the bottom panels include both central and satellite galaxies. Fluxes in infrared bands are more strongly correlated with the halo mass, especially for central galaxies. This is because these fluxes are correlated with the stellar mass of the galaxy, which is correlated to the halo mass. However, the Hα flux is correlated with the star-formation rate, which in general does not correlate with the mass of the host halo. For this reason, fluxes in the infrared bands are expected to be a better choice than the Hα flux to perform the split into bright and faint populations because they better trace the mass of the host halo. Bright objects in the infrared bands are more massive than the analogue selection applied to the Hα flux. Therefore, the former selection leads to larger differences in galaxy bias between faint and bright objects, consequently boosting some of the contributions to the dipole.
	[image: thumbnail]	Fig. 3. Correlation of galaxy fluxes with the mass of the host halo. The top panel includes only central galaxies, the bottom panel includes both central and satellite galaxies. The reference fluxes are FHα0 = 1 erg cm−2 s−1 and FY0 = FJ0 = FH0 = 1 erg cm−2 s−1 Hz−1, while the reference halo mass is give by M0 = 1 h−1 M⊙, where M⊙ is the mass of the Sun. The colourbar highlights the density of objects in arbitrary units.



In order to ensure that bright and faint populations have the same redshift evolution across all bins, we did not use a single flux cut. In fact, flux is inversely proportional to the square of the luminosity distance, meaning that a fixed flux cut would lead to more bright objects at low redshift and more faint objects at high redshift. To avoid this asymmetry in the redshift distribution, we performed the split in 20 sub-bins, following a similar procedure to the one described in Bonvin et al. (2023).
3.5. Estimation of biases
We describe here the method we used to estimate the galaxy bias and local count slope for the full Euclid spectroscopic sample, as well as for the bright and faint populations. In our analysis, we neglect the impact of evolution bias3.
3.5.1. Galaxy bias
The galaxy biases for the full and the bright/faint samples is estimated using the method described in Lepori et al. (2023) and Bonvin et al. (2023). We constructed a map of the galaxy number counts using HEALPix (Górski et al. 2005) and we extracted its angular power spectrum; we fitted it to a theory prediction of the power spectrum computed with the code CLASS (Di Dio et al. 2013, 2014b; Lesgourgues 2011; Blas et al. 2011), using HMCODE to account for nonlinear effects (Mead et al. 2016). The angular power spectrum of the map is estimated with the library NaMaster (Alonso et al. 2019), which corrects for the effect of the mask. The HEALPix map is constructed from the comoving position of the objects, and therefore its angular power spectrum only includes density contributions. Thus, we fitted the galaxy bias in real space, so included only the density term in our theory model. In the fit of the simulated spectrum to the model, we fixed the cosmology so that the only free parameter is the galaxy bias.
3.5.2. Local count slope
The local count slope for the entire sample is calculated from the slope of the cumulative LF of objects [image: equation], estimated at the flux limit (Bonvin et al. 2023).
The impact of flux magnification is more complex for the bright and faint populations, because the two samples are constructed by applying multiple flux cuts. Magnification from multiple flux selections has been first discussed in Borgeest et al. (1991). In Appendix A we derive an expression for the effective local count slope of the two populations, adapted to our case of interest, and we test the robustness of this method. Here we report the final result. Since bright and faint populations are the result of two flux selections, first in Hα flux and, second, in YE-band flux, we expect that for both populations, magnification can change the count of objects in two ways: moving objects across the threshold FHα,  lim to the faint or bright population, and transferring objects from the faint to the bright population across the threshold FYE,  lim. This is shown schematically in Fig. A.1. Therefore, we can define an effective count slope for the bright and faint population as the sum of two contributions,
[image: thumbnail](30)
where
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and we introduce the LF of bright and faint galaxies in the redshift bin [image: equation], that is [image: equation] and [image: equation], respectively. The luminosities [image: equation] are the luminosities corresponding to the flux FX in the background FLRW cosmology.
Since across the flux cut FY,  lim objects are transferred from the bright to the faint catalogue and vice versa, sF, YE and sB, YE are not independent, that is,
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In practice, we estimated the slopes sB/F, Hα by fixing the flux cuts in the YE band and performing the same cuts on a version of the mock that is deeper in Hα flux. The slope sB, YE is estimated after applying the selection in the Hα flux, from the cumulative LF of the bright population at the flux cut in the YE band. Since we performed the split between bright and faint in sub-bins, the YE-band flux cut is redshift dependent. We estimated the slope of the cumulative LF in sub-bins and estimated an effective value by taking an average weighted by the number of objects in each sub-bin.
3.6. Measurements of the dipole and its covariance
We used the Landy–Szalay (LS) estimator (Landy & Szalay 1993) to measure the 3D cross-correlation between bright and faint objects within each redshift bin,
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This pair count-based estimator requires introducing two Poisson-sampled random catalogues, RB and RF, that mimic the redshift distribution of the respective bright (DB) and faint (DF) data catalogues but have a uniform distribution in the solid angle. The XYBF in Eq. (33) are then histograms of pair counts between catalogue XB and catalogue YF, binned in d and μ and normalised by their total number of pairs, i.e., the pair counts in each bin are divided by the product of the number of objects in catalogue XB and the number of objects in catalogue YF.
The LS estimator has been shown to have the lowest possible variance and bias among all possible estimators based on pair counts, if the correlation is small (ξ ≪ 1) and if the number densities of the random catalogues are sufficiently high (Landy & Szalay 1993; Kerscher et al. 2000; Keihänen et al. 2019). In order to get unbiased results, we hence created random catalogues that have ten times as many objects as their corresponding data catalogues.
In practice, we created the Poisson-sampled random catalogues from the density distribution of the data catalogues using the inversion method, as described in Schulz (2023). The LS estimator is computed using a modified version of the publicly available code CUTE (Alonso 2012). The modifications, which are the same as in Breton et al. (2019), extend the capabilities of CUTE to allow the computation of odd multipoles in the two-point correlation function. We counted the pairs for separations 2 h−1 Mpc ≤ d ≤ 30 h−1 Mpc and orientations −1 ≤ μ ≤ 1, binning into d-bins of width Δd = 2 h−1 Mpc and μ-bins of width Δμ = 0.004.
We did not estimate the correlation for smaller separations because such separations are not well sampled by our catalogues. The average separation between a bright object and the closest faint object can be derived from the cross-correlation function monopole, as it represents the average overdensity of faint objects in the neighbourhood of a bright object. From the measurements of the real-space monopoles on the light cone at small separations we found that there are typically no faint objects separated by d ≲ 1 h−1 Mpc from the average bright object, and at [image: equation], the average separation between a bright and the closest faint object is d = 3.6 h−1 Mpc. The number of pairs with separation below this value is generally small, leading to very large Poisson errors on the measurement at those separations. Additionally, at very small separations, the LS estimator can in principle become undefined in certain (d, μ)-bins if there are no pairs between the two random catalogues. For these reasons, we excluded d < 2 h−1 Mpc from the analysis.
The ℓ-th multipole of the LS estimator is defined by the relation
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In practice, the integral is numerically computed as a sum over the μ-bins. We thus computed the dipole of the LS estimator as
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The covariance of the measurement was estimated with the jackknife (JK) method (Norberg et al. 2009),
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where the survey volume at redshift [image: equation] was divided into N = 50 sub-volumes with approximately equal surface area and shape by running a KMEANS4 algorithm (Kwan et al. 2017; Suchyta et al. 2016) on one of the corresponding random catalogues. The same split was applied to the data catalogues and the LS dipole was measured N times, each time removing a different sub-volume k from the survey. In Eq. (36), [image: equation] is the dipole measured within the survey volume at redshift [image: equation] from which the k-th sub-volume has been removed, and [image: equation] is the JK sample mean,
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We confirmed that increasing the number of sub-volumes from 50 to 100 does not change the estimated covariance. We conclude that with 50 JK regions, the JK covariance is already well converged and is thus a robust estimate of the measurement covariance.
In Fig. 4 we compare the uncertainty estimate from the JK and the theory covariance. The theory covariance underestimates the uncertainty on all scales. In the redshift bin centred at [image: equation], the discrepancy between the JK and theory covariance ranges between 10% and 20% on scales larger than 10 h−1 Mpc, while on smaller scales, the uncertainty estimated from our mock is up to a factor of two larger than the theory uncertainty. This difference is even larger at higher redshift. In the nonlinear regime, the JK covariance provides a significantly more conservative forecast for the detection significance.
	[image: thumbnail]	Fig. 4. Comparison of the uncertainty estimate from the theory covariance (continuous lines) and numerical covariance, computed from the mock using the JK resampling method (data points). We consider the two representative redshift bins centred at [image: equation] (in blue) and [image: equation] (in red). Both estimates use a split of 90% faint and 10% bright.



3.7. Method to estimate the significance of the detection
Given a set of observations for the dipole and its theoretical prediction, we want to provide a quantitative estimate of its detection. To do this, we determined the detection in units of σ as the difference in χ2 between accepting or rejecting the presence of the dipole. In practice, we considered the following χ2 when we include a dipole in our prediction,
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where i and j run over different separation bins, [image: equation] stands for the theoretical prediction of the dipole, [image: equation] represents its estimate from observed data, and cov corresponds to the covariance, which can be the theoretical covariance, the JK covariance, or their combination.
We further considered the χ2 when no dipole is added into the prediction,
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The detection significance in units of σ can then be expressed as
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It is important to note that the computation of the detection significance requires the inversion of the covariance matrix. However, JK covariances may contain a non-negligible level of noise, which can lead to biased results. We corrected for this by applying the Hartlap factor (Hartlap et al. 2007). In more detail, we multiplied the inverse covariance matrix by (NJK − p − 2)/(NJK − 1), where NJK stands for the number of JK regions and p represents the number of separation bins.
4. Results
In this section, we report the main results of the paper.
In Sect. 4.1 we discuss the signal-to-noise ratio (S/N) of the relativistic dipole in the linear regime. In Sect. 4.2 we present the measurement of the dipole from the Flagship simulation on small scales, for separations smaller than 30 h−1 Mpc. We consider two ways of splitting the catalogue of Euclid into a bright and faint population, and we report the significance of detection for these two cases. In Sect. 4.3 we isolate the different contributions to the dipole and discuss the contribution of nonlinear velocities. In Sect. 4.4 we investigate the impact of satellite objects and flux magnification on the significance of detection.
In Table B.1 we report the details for two representative splits considered in this work: a case with 90% of faint objects and 10% of bright objects, and a case with 50% of bright and faint objects. The table shows the number of objects in each redshift bin, the galaxy bias and local count slope estimates, and the mean gravitational potential at the position of the galaxy. These quantities have been used to compute the theory model in the linear and nonlinear regime and to estimate the theory covariance. We report the measurements for our selection of objects including only central galaxies, as well as both central and satellite galaxies.
4.1. Relativistic dipole in the linear regime
As a preliminary study, we examine the expected S/N of the dipole for the spectroscopic catalogue of Euclid on large scales. The S/N is estimated in each redshift bin as
[image: thumbnail](41)
where the dipole [image: equation] and covariance Cov[ξ1j,ξ1k], given by Eq. (18), are both computed using linear theory. We evaluate Eq. (41) including separations between dmin ≡ 20 h−1 Mpc and dmax ≡ 200 h−1 Mpc, and a bin width Δd = 2 h−1 Mpc. We use the sky coverage of the Flagship simulation (fsky = 0.125).
In Fig. 5 we show the S/N as a function of the mean redshift, for a range of splits with different percentages of bright and faint objects. The S/N increases as we increase the percentage of faint objects; these configurations maximise the differences between biases. We find that the S/N is larger in the low-redshift bins. However, for all configurations and redshifts, we find a S/N < 1, which indicates that we cannot detect the dipole in the catalogue of Euclid in the linear regime. This is not so surprising: the linear model of the dipole contains a Doppler term ∼c/(rℋ) that boosts the signal-to-noise ratio at low redshift but decays at high redshift. The forecast shown in Fig. 5 includes only central objects. We checked that including satellite galaxies does not change this picture substantially. We also verified that measurements of the dipole from the Flagship simulation on large scales are consistent with zero within their error bars. Since the relativistic dipole is not detectable by Euclid on large scales, the rest of this analysis focuses on the nonlinear regime.
	[image: thumbnail]	Fig. 5. S/N of the dipole on linear scales (≥20 h−1 Mpc) for a range of population splits. Here the model prediction is given by linear theory.



4.2. Relativistic dipole in the nonlinear regime
In this section, we present the measurements of the relativistic dipole on small scales from the Flagship simulation. We split the spectroscopic mock catalogue into two populations based on the Y-band flux of the objects, as described in Sect. 3.4. We consider two representative cases: a split with equal numbers of bright and faint objects (50%–50% case) and a split with 10% of bright objects and 90% of faint objects (10%–90% case).
In Fig. 6 we show the measurement of the dipole in the four redshift bins at [image: equation], for the 50%–50% case (left panels) and 10%–90% case (right panels). The catalogue processed to obtain these measurements only contains central galaxies, and we neglect flux magnification. The predictions of theory is estimated from the model in Sect. 2.2, which assumes that the kinematic contributions to the dipole are adequately modelled using linear theory, with nonlinearities mainly affecting the gravitational redshift contribution. The specifics of the galaxy populations (galaxy bias and mean gravitational potential at the galaxy position) are estimated from the catalogues and their values are reported in Table B.1.
	[image: thumbnail]	Fig. 6. Measurements of the dipole on small scales, compared to the phenomenological theory model described in Sect. 2.2. The left panels refer to the 50%–50% split, the right panels refer to the 10%–90% split. The rows from top to bottom correspond to the measurements at redshift [image: equation], respectively.



The data points agree with the prediction of the theory roughly within two standard deviations on scales d ≥ 3 h−1 Mpc for both cases. The fact that the first data point at d = 1 h−1 Mpc is rather off compared to the theory prediction is not that surprising, as very few pairs of bright and faint objects are found at this separation.
As expected, in the 50%–50% case, we find that the amplitude of the signal is smaller compared to the 10%–90% case. However, the errors in the measurements are larger in the 10%–90% case due to larger shot noise in the reduced bright sample. To assess which split gives an overall better S/N, we follow the method described in Sect. 3.7 to quantify the significance of detection in the two cases. In Table 2 we report the values of the detection significance for three possible choices for the covariance: the theory covariance, the JK covariance, and a combination of the two. The combined covariance is constructed as (see, e.g., Bonvin et al. 2023)
Table 2. 
Detection significance.

[image: thumbnail](42)
where [image: equation] is the theory correlation matrix, given by
[image: thumbnail](43)
and i and j run over the components of the covariance matrix. The combined covariance provides the same error estimate as the JK method, having the advantage that the non-diagonal elements do not exhibit spurious numerical oscillations and follow the trend expected from the theory covariance. Assuming the measurements in different redshift bins are independent, we also computed the total detection significance by summing in quadrature the significance of all bins. The first data point at d = 1 h−1 Mpc is excluded from this analysis.
The JK covariance and the combined covariance give roughly consistent results, forecasting a detection significance between 3σ and 4σ in the redshift bins [image: equation] and a detection significance ≲2σ at higher redshift. The total detection significance amounts to 5σ–6σ. Overall, the 10%–90% split leads to slightly better detection significance. Therefore, in the remainder of this paper, we consider this case our baseline. The theory covariance gives a considerably better detection significance, ranging between 11σ (50%–50% split) and 13σ (10%–90% split), when all the redshift bins are combined. As a conservative choice, we consider the combined covariance as the fiducial.
The estimation of the detection significance assumes perfect knowledge of the linear galaxy bias of the two populations. While we can measure this quantity very accurately in simulations, where the underlying cosmological model is known, this will not be possible with the Euclid real data. This issue can be overcome by considering a joint analysis of the even multipoles of both galaxy populations combined with the dipole measurement, leaving the galaxy bias as free parameters in the analysis. It is shown in Sobral-Blanco & Bonvin (2022) that the bias of the bright and faint populations are typically very well constrained by the even multipoles and that the uncertainty on the biases barely impacts the measurement of gravitational redshift. More precisely, comparing the detectability of gravitational redshift with the detectability of gravitational redshift multiplied by the bias difference bB − bF leads to a difference in precision of 0.1%. This shows that even if the bias difference is fully degenerated with the gravitational redshift signal in the dipole, the biases are so well constrained by the even multipoles that the degeneracy can be extremely well broken.
4.3. Isolating the different contributions to the dipole
In this section, we study the different physical effects that contribute to the nonlinear dipole. We adopt the baseline split (10%–90%). In order to isolate Doppler effects and gravitational redshift, we measure the dipole from the Flagship catalogue including different contributions to the observed redshift. We consider the following combinations: a) the only contribution to the redshift comes from the Hubble expansion (background redshift), b) we include only the effect of peculiar velocities (and neglect gravitational redshift), c) we include only the effect of gravitational redshift, and d) we include both peculiar velocities and gravitational redshift.
Note that case a) does not completely remove the effect of peculiar velocities on the dipole due to the so-called light-cone effect (Kaiser 2013; Bonvin et al. 2014; Breton et al. 2019). This arises because the rate (in terms of look-back time, for example) at which a light ray intercepts sources depends on the peculiar motion of the sources, and it is higher when the sources move towards the light ray (away from the observer). This information is carried back to the observer, who consequently sees an enhanced (suppressed) number density in regions where sources are moving away from (towards) the observer. For example, on the near side of a cluster where infalling galaxies move away from us, the density is seen to be higher, whereas on the far side it is lower. The overall effect is a dipole (which is opposite in sign to the one from the gravitational redshift). Thus, all a), b), c), and d) are affected by the light-cone effect but only b) and d) explicitly include the Doppler contribution to the redshift.
In Fig. 7 we show the measurements for a) and b) in the left panels, and for c) and d) in the right panels, compared to our theory prediction that includes linear velocities and nonlinear gravitational potential. The two contributions of peculiar velocities, coming from the light-cone and Doppler effects, are individually consistent with zero at [image: equation]. In the redshift bin [image: equation], the light-cone effect is not completely negligible, as the dipole measurements exhibit a systematic negative amplitude on scales below 10 h−1 Mpc. However, the combined Doppler and light-cone effects lead to a dipole consistent with zero on scales > 3 h−1 Mpc. This suggests that at [image: equation] the contributions from nonlinear Doppler effects and the light-cone effects are individually not negligible. However, since they generate a dipole of opposite sign, their combined contribution is consistent with zero on scales > 3 h−1 Mpc. Since both of these effects are coupled to the gravitational redshift in the full dipole measurements, we cannot robustly conclude that the effect of nonlinear peculiar velocities is negligible at [image: equation], where we forecast the greater detection significance. A model that can consistently treat both nonlinear velocities and nonlinear gravitational potential is needed for a correct interpretation of the dipole measurement at these scales.
	[image: thumbnail]	Fig. 7. Measurements of the dipole isolating different contributions, using the 10% bright – 90% faint split. In the left panels, we show the ‘light cone’ data points from the catalogue using the background redshift to perform both selection and measurements, while ‘Doppler + light cone’ uses the redshift corrected by the peculiar velocities of the galaxies. In the right panels, ‘gravitational redshift + light cone’ uses a redshift that includes gravitational redshift but does not account for the peculiar motion of the sources, and the measurements labelled as ‘all’ include both peculiar velocities and gravitational redshift. The theory predictions (red continuous lines) represent our fiducial theory model, which incorporates linear velocities and nonlinear gravitational redshift. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘light cone’ and ‘gravitational redshift + light cone’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.



4.4. Impact of satellite galaxies and flux magnification
In our baseline settings, we have only included central galaxies, and we have neglected flux magnification. In this section, we discuss the impact of satellite galaxies and flux magnification on the dipole measurements, which includes both the Doppler and the subdominant contribution from lensing magnification.
We performed the dipole measurements for our baseline split (10%–90%) including satellite objects in the sample (and neglecting flux magnification). The specifics for the catalogues with satellites are reported in Table B.1. Compared to the selection with only central objects, including satellites results in a larger number of objects, larger galaxy bias, and higher average gravitational potential at the positions of the sources for both populations. This is because satellite galaxies are primarily found inside the most massive haloes of the simulation.
In the left panels of Fig. 8 we compare the dipole measurements and theory prediction for the cases with and without satellite galaxies. Both measurements and theory prediction change very little when satellite objects are included. In Table 3 we report the detection significance for measurements with satellite objects (second column). We see that the detection significance is systematically slightly decreased in all redshift bins. However, this does not change the outcome of the analysis substantially: we forecast a detection significance of ≈4σ and ≈3σ in the bins centred at [image: equation] and [image: equation], respectively. At higher redshift, the detection significance is below 2σ.
	[image: thumbnail]	Fig. 8. Impact of satellite galaxies (left panels) and flux magnification (right panels) on the measurements, for the 10% bright – 90% faint split. Since in our fiducial model velocities are treated linearly, flux magnification has a negligible impact on the theory prediction. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘centrals’ and ‘without flux magnification’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.



We perform a similar analysis to test the impact of flux magnification. In the right panels of Fig. 8 we compare the dipole measurements for the cases with and without flux magnification. Flux magnification does not affect the gravitational redshift contribution to the dipole, and since this is by far the largest contribution to our prediction, its impact on the theory model is largely negligible. The measured dipole for the catalogues with flux magnification is consistent with the measurements without flux magnification. In Table 3 we report the significance of the detection for these measurements. We find that it is compatible with the estimate for our baseline setting, with only central galaxies and no flux magnification. The differences between the two cases are ≤0.3σ in all redshift bins.
Table 3. 
Impact of satellite galaxies and flux magnification on the detection significance.

Overall, we find that including satellites or flux magnification does not change the outcome of the analysis in a relevant way.
5. Conclusions
In this paper, we present a measurement of the dipole of the two-point correlation function in the Flagship simulation, for a selection of objects tailored to the Euclid Spectroscopic Survey. This observable is sourced by gravitational redshift and Doppler effects, and it has been shown that it can be used to test the equivalence principle on cosmological scales, see, for example, Bonvin & Fleury (2018).
Since the contribution of gravitational redshift to the observed redshift is not currently included in the Flagship mock, we implemented this effect by modelling the gravitational potential at the position of each galaxy using the NFW profile for the host haloes. In order to isolate these relativistic effects from the standard clustering contributions, given by the galaxy overdensity and RSDs, we split the full sample of galaxies into two populations. The split is performed using their fluxes in the YE band as reference. We show that this choice leads to larger differences in galaxy bias for the bright and faint sample, being more correlated with the mass of the host halo than the Hα flux. On large scales, the dipole measured from the Flagship mock is consistent with zero regardless of the percentage of bright and faint objects. This is not surprising, as a signal-to-noise analysis based on linear theory leads to S/N < 1. On small scales, the amplitude of the signal is significantly larger due to the contributions of nonlinear gravitational redshift. Using the model presented in Saga et al. (2020, 2022) as a reference, on scales d < 30 h−1 Mpc and for our fiducial split with 90% faint objects and 10% bright objects, we found a detection significance of 4.5σ, 3.7σ, 1.5σ, and 2.1σ in the four redshift bins [image: equation], respectively. The overall detection significance amounts to 6σ. These values are obtained from the combined covariance, which rescales the analytical covariance to match the uncertainty estimated from the mock using the JK method. This is our fiducial choice, which leads to a conservative estimate. A split with equal number of bright and faint objects leads to a slightly lower detection significance at low redshift.
While our nonlinear model accounts for nonlinear gravitational redshift, it models velocities using linear theory. We tested this assumption by separating the different contributions to the dipole: the light-cone effect, the sum of light-cone and Doppler effects, and the gravitational redshift. Although the gravitational redshift is the largest contribution to the nonlinear dipole, the light-cone effect is not completely negligible at [image: equation]. Nevertheless, the contributions from light-cone and Doppler effects appear to roughly cancel out. We cannot interpret this cancellation in our nonlinear model, since it only models velocities using linear theory. To correctly separate the different contributions to the dipole at low redshift and on small scales, we require a model that can consistently treat both the nonlinearities in the velocities and the gravitational potential (see, e.g., Dam & Bonvin 2023). We leave the development of a complete nonlinear model to future work.
We also studied the impact of satellite galaxies and flux magnification on the estimated dipole, finding that the detection significance of the dipole is not substantially affected by them. Although flux magnification has negligible impact on our measurements, in Appendix A we validate different methods to estimate the local count slope for selections with multiple flux cuts. This work is relevant for modelling lensing magnification in galaxy clustering when the selection of galaxies is not a simple flux cut. The measurements in the Flagship mock catalogue cover 1/8 of the sky, which roughly corresponds to 5000 deg2. This is about twice the sky coverage planned for Euclid DR1. Assuming that the number density and galaxy bias of the Flagship mock reflects the properties of the galaxies observed by Euclid in all the three planned Data Releases (Euclid Collaboration: Scaramella et al. 2022; Euclid Collaboration: Mellier et al. 2025), we forecast that a detection of the dipole is foreseeable for DR2 and DR3. In estimating the detection significance of the dipole, we have assumed that the Euclid spectroscopic sample is pure and complete. A detailed analysis accounting for these effects and other systematic uncertainties is left for future work.
While we include in our measurements scales d < 30 h−1 Mpc, we point out that most of the signal-to-noise comes from separations d ∼ 5 h−1 Mpc. This is the typical scale at which gravitational redshift has been detected in galaxy clusters; see, for example, Wojtak et al. (2011), Sadeh et al. (2015), and Rosselli et al. (2023). The key observable in these measurements is the distribution of line-of-sight (LOS) velocities for cluster member galaxies around the cluster centre: the kinematic Doppler effect gives rise to a broad symmetric distribution around a zero LOS velocity, while gravitational redshift shifts the value of the mean velocity of this distribution. Compared to the cluster measurements, the method we propose has the advantage of not requiring the identification of cluster member galaxies or associating the cluster centre with a specific galaxy in the spectroscopic catalogue. Measuring the galaxy cross-correlation function is, in a way, more general, as various splitting strategies can be tested and combined to optimise the measurements. The different systematics affecting the two observables make them highly complementary. A quantitative comparison between the two approaches would require forecasting the detectability of gravitational redshift in the Euclid cluster catalogue (Sartoris et al. 2016; Euclid Collaboration: Adam et al. 2019), which is beyond the scope of this work.


1 We adopt Einstein’s summation convention in which repeated indices are summed over.


2 This assumption is violated in presence of a fifth force acting on the dark matter component; see, for example, Bonvin & Fleury (2018).


3 Our galaxy selection leads to the same observed redshift evolution of the two populations and partially cancels out the dipole contribution of source count evolution, which is proportional to the difference in the evolution biases of the two populations. Neglecting evolution bias is also fully justified by the outcome of our analysis in Sect. 4.1, where we show that the overall linear dipole is very small.


4 https://github.com/esheldon/kmeans_radec/


5 The luminosities [image: equation] are the luminosities corresponding to the flux FX in the background.
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Appendix A:  Validation of the effective local count slope estimates
Here we derive an expression for the effective local count slope of the bright and faint population. We identify the number of bright objects in a redshift bin, at a given angular position in the sky, as the number of galaxies with FHα ≥ FHα,  lim and FYE ≥ FYE,  lim. Proceeding similarly to the case with a single flux limit, we can Taylor expand the number of objects with magnified fluxes [image: equation]. Denoting by [image: equation]5 the number of objects without flux magnification, and including only linear terms, we obtain
[image: thumbnail](A.1)
Using that
[image: thumbnail](A.2)
where δDL is the perturbation to the luminosity distance computed in Bonvin et al. (2006) and Challinor & Lewis (2011), we find that the contribution to the number counts of bright objects due to flux magnification is
[image: thumbnail](A.3)
The parameters sB, Hα, and sB, YE are defined as
[image: thumbnail](A.4)
Therefore, the effective count slope from the bright population, can be estimated as
[image: thumbnail](A.5)
Similarly, one can define an effective count slope for the faint population,
[image: thumbnail](A.6)
where
[image: thumbnail](A.7)
and [image: equation]. We also note that sF, YE and sB, YE are not independent of each other, because magnification fluxes at the boundary FYE,  lim lead to a transfer of objects from the faint to the bright sample or vice versa, which implies
[image: thumbnail](A.8)
and thus
[image: thumbnail](A.9)
We also notice that, when the same reference flux is used for the spectroscopic selection and for splitting the population into bright and faint objects, that is, FYE → FHα, we have that sB, Hα is identically zero, and
[image: thumbnail](A.10)
where [image: equation] is the number of objects in the redshift bin with non-magnified fluxes above the survey limit. In this particular case, we also have
[image: thumbnail](A.11)
where s is the local count slope of the full sample. Therefore, we recover the result derived in Bonvin et al. (2023).
Figure A.1 shows the physical intuition behind this computation. For each population of bright/faint objects, magnification can cause:
	[image: thumbnail]	Fig. A.1. Correlation between FHα and FY for the redshift bin centred at [image: equation] of the Flagship spectroscopic mock catalogue. A continuous line denotes the flux limit of the Euclid Wide Survey, while a dashed line highlights a YE-band flux cut, splitting the sample in two equally-populated bright and faint populations. The reference fluxes are FHα0 = 1 erg cm−2 s−1 and FY0 ≡ 1 erg cm−2 s−1 Hz−1. The colour bar highlights the density of objects (in arbitrary units).




	
transfer of objects across the FHα,  lim threshold. Magnified galaxies at the edge of the threshold, with intrinsic luminosity below the survey limit, might be detected and classified as bright or faint, depending on their Y-band flux. This is represented in Fig. A.1 with the two arrows across the continuous line. The transfer between discarded objects and bright and faint populations is parameterised by the slope coefficients sB, Hα and sF, Hα, respectively. These two coefficients are estimated from a version of the bright and faint catalogue with deeper coverage in Hα flux, keeping the YE-band flux selection fixed;



	
transfer of objects across the FYE,  lim cut between the faint and bright population. Objects that are intrinsically too faint to be classified as bright and are at the edge of the flux cut, if magnified, may be included in the bright population, and vice versa. This transfer is represented with the arrow across the dashed line and can be parameterised with the slope coefficient sB, YE. This coefficient is estimated from the slope of the cumulative number of bright objects after applying the cut in the Hα flux.




The effective values of the local count slopes can also be estimated directly using the following procedure:

	
We magnify the fluxes by an arbitrary factor [image: equation]. For each object, we have

[image: thumbnail](A.12)



	
We repeat our selection, using the magnified fluxes. It is crucial at this point that the flux cut is exactly the same applied to the original fluxes.



	
Denoting with NB/F the number of objects in the bright/faint catalogue selected with the original fluxes, and with [image: equation] the number of objects selected with the magnified fluxes, we can estimate the effective local count slope as (Hildebrandt 2016)

[image: thumbnail](A.13)

The result does not depend on the value of [image: equation], for small values of [image: equation]. Notice that [image: equation] is the relative variation in flux that we have applied. Therefore, we are effectively computing numerically the logarithmic derivative of the total number of objects in the bright/faint catalogue with respect to a flux variation, which is the definition of the local count slope.




	[image: thumbnail]	Fig. A.2. Angular power spectra for split 1 (50% of bright galaxies and 50% of faint galaxies). Each panel represents a combination of maps: the top-left panel is the cross-correlation of the two number count maps of the bright sample, the top-right panel is the cross-correlation of the faint sample map at low redshift with the bright sample map at high redshift (both sensitive to the local count slope of the bright population), the bottom-left panel is the cross-correlation of the bright sample map at low redshift with the faint sample map at high redshift, and the bottom-right panel is the cross-correlation of the two number count maps of the faint sample (both sensitive to the local count slope of the faint population). Data points represent simulation measurements, using the estimator defined in Eq. (A.14). Continuous red lines show the theory prediction using the analytical formula derived in this section for the local count slope, and black dotted lines are the predictions obtained from the values of the local count slope computed using the numerical differentiation method described in the text. A dashed line shows the absolute value of the theory model obtained with a local count slope equal to zero, that is, assuming no flux magnification (their true values are negative).



	[image: thumbnail]	Fig. A.3. Same as in Fig. A.2, but for split 2 (10% of bright galaxies and 90% of faint galaxies).



We compared the value of the local count slope using the two methods described above, finding agreement at the level of a few percent. We tested the consistency of both these measurements with the lensing magnification measured in the cross-correlation between redshift bins. As test cases, we considered the split with 50% bright and 50% faint objects (split 1), and the split with 10% bright and 90% faint objects (split 2). We constructed number count maps of the bright and faint populations. The binning in redshift was performed using the background redshift, so that RSD effects are not present. We considered two types of maps: maps that are constructed from the comoving position of the objects and selected based on their intrinsic flux (no flux magnificaton), and maps constructed from the magnified position of the objects and selected based on their magnified flux. The first case includes only contribution from the local density fluctuations of the galaxies, and the second case includes also lensing magnification.
For each split, we estimated the angular cross spectrum by cross-correlating a map at low redshift ([image: equation]) with a map at high redshift ([image: equation]). In total, there are four possible configurations: (map of bright galaxies at [image: equation]) × (map of bright galaxies at [image: equation]), (map of faint galaxies at [image: equation]) × (map of bright galaxies at [image: equation]), (map of bright galaxies at [image: equation]) × (map of faint galaxies at [image: equation]), and (map of faint galaxies at [image: equation]) × (map of faint galaxies at [image: equation]). Following Fosalba et al. (2015), we constructed an estimator for the magnified spectra Cℓest, given by
[image: thumbnail](A.14)
where Cℓest, magn are the cross spectra estimated from the magnified maps, while Cℓest, dens are extracted from the density maps. The latter spectra are consistent with zero within statistical fluctuations, because there is no overlap between the two redshift bins. Therefore, this estimator removes the sample variance.
In Figs. A.2 and A.3 we compare the cross spectra estimated from the FS data with the two theory predictions for the local count slope that we have described above, for split 1 and split 2, respectively. Continuous red lines use values of the effective local count slope estimated from the analytical formula (theory 1), while black dotted lines represent the theory prediction with local count slope measured from the numerical derivative of the galaxy counts with respect to a variation of flux (theory 2). The theory prediction has been predicted using the CLASS code (Blas et al. 2011; Lesgourgues 2011; Di Dio et al. 2013), using the HMCODE to model nonlinearities (Mead et al. 2016). For comparison, we also show in dashed red lines the absolute value of the theory prediction obtained setting the value of local count slope to zero (their true values are negative). While the latter prediction is completely off compared to the simulation measurements, the other two theory spectra are almost identical and agree very well with the data from FS. This cross-correlation, for all four combinations of maps, is mostly dominated by the cross-correlation of the galaxy density at [image: equation] (sensitive to the galaxy bias) and lensing magnification at [image: equation] (sensitive to the local count slope). Therefore, it shows that the measurements of the local count slope are consistent with the magnification signal in the galaxy clustering angular statistics.

Appendix B:  Properties of the galaxy populations
In Table B.1, we report the properties of the galaxy populations we have used in our analysis.
Table B.1. 
Specifics of the most representative galaxy samples.
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All Figures
	[image: thumbnail]	Fig. 1. Dipole model, including the contribution from nonlinear gravitational redshift. The top panel includes linear scales up to 120 h−1 Mpc, while the bottom panel is a zoom-in of the observable on nonlinear scales, up to 30 h−1 Mpc. In the two panels, we use a different range to display the dipole model for better visualization: the dipole amplitude is significantly larger on small scales. Specifics are taken from Table B.1, using the split 90% faint, 10% bright. Top and bottom panels focus on the large-scale and small-scale dipole predictions, respectively.
In the text



	[image: thumbnail]	Fig. 2. Theory uncertainty, given by the square root of the diagonal elements of the theory covariance, estimated for the redshift bin [image: equation], with specifics from Table B.1, split ‘90% faint, 10% bright’. We have assumed a bin size of Δd = 2 h−1 Mpc. The top panel shows the different contributions to the uncertainty, coming from the pure shot noise term (black dotted line), the purely sample variance term (yellow dashed line), and the cross-term (red dot-dashed line). The sum of all contributions is shown as solid blue line. The bottom panel shows the theory uncertainty, including all terms, for different sky coverages corresponding to the planned data releases of Euclid and the Flagship mock used in this work.
In the text



	[image: thumbnail]	Fig. 3. Correlation of galaxy fluxes with the mass of the host halo. The top panel includes only central galaxies, the bottom panel includes both central and satellite galaxies. The reference fluxes are FHα0 = 1 erg cm−2 s−1 and FY0 = FJ0 = FH0 = 1 erg cm−2 s−1 Hz−1, while the reference halo mass is give by M0 = 1 h−1 M⊙, where M⊙ is the mass of the Sun. The colourbar highlights the density of objects in arbitrary units.
In the text



	[image: thumbnail]	Fig. 4. Comparison of the uncertainty estimate from the theory covariance (continuous lines) and numerical covariance, computed from the mock using the JK resampling method (data points). We consider the two representative redshift bins centred at [image: equation] (in blue) and [image: equation] (in red). Both estimates use a split of 90% faint and 10% bright.
In the text



	[image: thumbnail]	Fig. 5. S/N of the dipole on linear scales (≥20 h−1 Mpc) for a range of population splits. Here the model prediction is given by linear theory.
In the text



	[image: thumbnail]	Fig. 6. Measurements of the dipole on small scales, compared to the phenomenological theory model described in Sect. 2.2. The left panels refer to the 50%–50% split, the right panels refer to the 10%–90% split. The rows from top to bottom correspond to the measurements at redshift [image: equation], respectively.
In the text



	[image: thumbnail]	Fig. 7. Measurements of the dipole isolating different contributions, using the 10% bright – 90% faint split. In the left panels, we show the ‘light cone’ data points from the catalogue using the background redshift to perform both selection and measurements, while ‘Doppler + light cone’ uses the redshift corrected by the peculiar velocities of the galaxies. In the right panels, ‘gravitational redshift + light cone’ uses a redshift that includes gravitational redshift but does not account for the peculiar motion of the sources, and the measurements labelled as ‘all’ include both peculiar velocities and gravitational redshift. The theory predictions (red continuous lines) represent our fiducial theory model, which incorporates linear velocities and nonlinear gravitational redshift. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘light cone’ and ‘gravitational redshift + light cone’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.
In the text



	[image: thumbnail]	Fig. 8. Impact of satellite galaxies (left panels) and flux magnification (right panels) on the measurements, for the 10% bright – 90% faint split. Since in our fiducial model velocities are treated linearly, flux magnification has a negligible impact on the theory prediction. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘centrals’ and ‘without flux magnification’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.
In the text



	[image: thumbnail]	Fig. A.1. Correlation between FHα and FY for the redshift bin centred at [image: equation] of the Flagship spectroscopic mock catalogue. A continuous line denotes the flux limit of the Euclid Wide Survey, while a dashed line highlights a YE-band flux cut, splitting the sample in two equally-populated bright and faint populations. The reference fluxes are FHα0 = 1 erg cm−2 s−1 and FY0 ≡ 1 erg cm−2 s−1 Hz−1. The colour bar highlights the density of objects (in arbitrary units).
In the text



	[image: thumbnail]	Fig. A.2. Angular power spectra for split 1 (50% of bright galaxies and 50% of faint galaxies). Each panel represents a combination of maps: the top-left panel is the cross-correlation of the two number count maps of the bright sample, the top-right panel is the cross-correlation of the faint sample map at low redshift with the bright sample map at high redshift (both sensitive to the local count slope of the bright population), the bottom-left panel is the cross-correlation of the bright sample map at low redshift with the faint sample map at high redshift, and the bottom-right panel is the cross-correlation of the two number count maps of the faint sample (both sensitive to the local count slope of the faint population). Data points represent simulation measurements, using the estimator defined in Eq. (A.14). Continuous red lines show the theory prediction using the analytical formula derived in this section for the local count slope, and black dotted lines are the predictions obtained from the values of the local count slope computed using the numerical differentiation method described in the text. A dashed line shows the absolute value of the theory model obtained with a local count slope equal to zero, that is, assuming no flux magnification (their true values are negative).
In the text



	[image: thumbnail]	Fig. A.3. Same as in Fig. A.2, but for split 2 (10% of bright galaxies and 90% of faint galaxies).
In the text





    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Theory uncertainty, given by the square root of the diagonal elements of the theory covariance, estimated for the redshift bin [image: equation], with specifics from Table B.1, split ‘90% faint, 10% bright’. We have assumed a bin size of Δd = 2 h−1 Mpc. The top panel shows the different contributions to the uncertainty, coming from the pure shot noise term (black dotted line), the purely sample variance term (yellow dashed line), and the cross-term (red dot-dashed line). The sum of all contributions is shown as solid blue line. The bottom panel shows the theory uncertainty, including all terms, for different sky coverages corresponding to the planned data releases of Euclid and the Flagship mock used in this work.

      

    

  
    
      Table 1. 

      Properties of the full catalogue.

      
        


	
[image: equation]
	Ngal/106
	b
	s



	




	only centrals





	1.0 ± 0.1
	3.2
	1.51 ± 0.02
	0.75



	1.2 ± 0.1
	2.4
	1.73 ± 0.03
	0.84



	1.4 ± 0.1
	1.8
	2.09 ± 0.03
	0.89



	1.65 ± 0.15
	1.7
	2.49 ± 0.04
	0.96



	




	centrals + satellites



	




	1.0 ± 0.1
	3.6
	1.645 ± 0.025
	0.79



	1.2 ± 0.1
	2.8
	1.89 ± 0.03
	0.88



	1.4 ± 0.1
	2.0
	2.24 ± 0.04
	0.92



	1.65 ± 0.15
	2.0
	2.70 ± 0.04
	0.99





      

      
Notes. The objects have been selected using the redshift provided by the Flagship data, which includes Doppler effects but neglects the gravitational redshift. Fluxes are not magnified, although flux magnification has a very small impact on this estimate. The estimates of bias and local count slope are described in Sect. 3.5.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Correlation of galaxy fluxes with the mass of the host halo. The top panel includes only central galaxies, the bottom panel includes both central and satellite galaxies. The reference fluxes are FHα0 = 1 erg cm−2 s−1 and FY0 = FJ0 = FH0 = 1 erg cm−2 s−1 Hz−1, while the reference halo mass is give by M0 = 1 h−1 M⊙, where M⊙ is the mass of the Sun. The colourbar highlights the density of objects in arbitrary units.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        S/N of the dipole on linear scales (≥20 h−1 Mpc) for a range of population splits. Here the model prediction is given by linear theory.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Measurements of the dipole on small scales, compared to the phenomenological theory model described in Sect. 2.2. The left panels refer to the 50%–50% split, the right panels refer to the 10%–90% split. The rows from top to bottom correspond to the measurements at redshift [image: equation], respectively.

      

    

  
    
      Table 2. 

      Detection significance.

      
        


	
	Theory covariance
	JK covariance
	Combined covariance



	
	

	

	




	Redshift
	50%–50%
	10%–90%
	50%–50%
	10%–90%
	50%–50%
	10%–90%





	1
	6.5σ
	9.2σ
	3σ
	4σ
	3.1σ
	4.5σ



	1.2
	5.8σ
	7.3σ
	2.9σ
	3.4σ
	3.2σ
	3.7σ



	1.4
	5σ
	1.6σ
	2.3σ
	No detection
	2.5σ
	1.5σ



	1.65
	4.9σ
	6σ
	2.2σ
	2.1σ
	2.2σ
	2.1σ



	




	Total
	11.2σ
	13.3σ
	5.2σ
	5.7σ
	5.6σ
	6.4σ





      

      
Notes. We report the detection significance in each redshift bin, for the 50%–50% split and the 10%–90% split. The columns labelled with ‘theory covariance’ use the linear covariance described in Sect. 2.3. The columns labelled with ‘JK covariance’ use the numerical covariance estimated with the JK method, as detailed in Sect. 3.6. The ‘combined covariance’ corresponds to the rescaling of the theory covariance matrix by the diagonal elements of the JK covariance.



    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Measurements of the dipole isolating different contributions, using the 10% bright – 90% faint split. In the left panels, we show the ‘light cone’ data points from the catalogue using the background redshift to perform both selection and measurements, while ‘Doppler + light cone’ uses the redshift corrected by the peculiar velocities of the galaxies. In the right panels, ‘gravitational redshift + light cone’ uses a redshift that includes gravitational redshift but does not account for the peculiar motion of the sources, and the measurements labelled as ‘all’ include both peculiar velocities and gravitational redshift. The theory predictions (red continuous lines) represent our fiducial theory model, which incorporates linear velocities and nonlinear gravitational redshift. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘light cone’ and ‘gravitational redshift + light cone’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Impact of satellite galaxies (left panels) and flux magnification (right panels) on the measurements, for the 10% bright – 90% faint split. Since in our fiducial model velocities are treated linearly, flux magnification has a negligible impact on the theory prediction. Rows from top to bottom correspond to measurements at redshift [image: equation], respectively. The ‘centrals’ and ‘without flux magnification’ data points have been offset by 0.5 h−1 Mpc along the d-axis for better visualisation.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Angular power spectra for split 1 (50% of bright galaxies and 50% of faint galaxies). Each panel represents a combination of maps: the top-left panel is the cross-correlation of the two number count maps of the bright sample, the top-right panel is the cross-correlation of the faint sample map at low redshift with the bright sample map at high redshift (both sensitive to the local count slope of the bright population), the bottom-left panel is the cross-correlation of the bright sample map at low redshift with the faint sample map at high redshift, and the bottom-right panel is the cross-correlation of the two number count maps of the faint sample (both sensitive to the local count slope of the faint population). Data points represent simulation measurements, using the estimator defined in Eq. (A.14). Continuous red lines show the theory prediction using the analytical formula derived in this section for the local count slope, and black dotted lines are the predictions obtained from the values of the local count slope computed using the numerical differentiation method described in the text. A dashed line shows the absolute value of the theory model obtained with a local count slope equal to zero, that is, assuming no flux magnification (their true values are negative).

      

    

  
    
      Fig. A.3. 
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        Same as in Fig. A.2, but for split 2 (10% of bright galaxies and 90% of faint galaxies).

      

    

  
    
      Table B.1. 

      Specifics of the most representative galaxy samples.

      
        


	split
	centrals
	centrals + satellites



	




	
	Ngal/106
	b
	seff
	
[image: equation]
	Ngal/106
	b
	seff
	
[image: equation]



	




	
[image: equation]





	faint 90%
	2.89
	1.42 ± 0.02
	0.68 ± 0.02
	−3.38
	3.25
	1.55 ± 0.02
	0.72 ± 0.03
	−3.76



	bright 10%
	0.321
	2.30 ± 0.04
	1.44 ± 0.06
	−11.5
	0.361
	2.42 ± 0.04
	1.45 ± 0.05
	−11.7



	




	faint 50%
	1.61
	1.25 ± 0.01
	0.62 ± 0.03
	−2.23
	/
	/
	/
	/



	bright 50%
	1.61
	1.75 ± 0.03
	0.89 ± 0.04
	−6.15
	/
	/
	/
	/



	




	
[image: equation]



	




	faint 90%
	2.10
	1.65 ± 0.03
	0.76 ± 0.03
	−4.13
	2.48
	1.79 ± 0.03
	0.80 ± 0.03
	−4.55



	bright 10%
	0.234
	2.66 ± 0.05
	1.54 ± 0.08
	−12.8
	0.275
	2.78 ± 0.05
	1.55 ± 0.06
	−12.9



	




	faint 50%
	1.17
	1.46 ± 0.03
	0.68 ± 0.03
	−2.86
	/
	/
	/
	/



	bright 50%
	1.17
	2.04 ± 0.03
	0.99 ± 0.02
	−7.14
	/
	/
	/
	/



	




	
[image: equation]



	




	faint 90%
	1.55
	2.0 ± 0.03
	0.83 ± 0.03
	−4.66
	1.81
	2.13 ± 0.03
	0.87 ± 0.03
	−5.03



	bright 10%
	0.172
	3.19 ± 0.07
	1.46 ± 0.4
	−13.9
	0.201
	3.24 ± 0.06
	1.46 ± 0.05
	−13.8



	




	faint 50%
	0.859
	1.79 ± 0.03
	0.71 ± 0.04
	−3.30
	/
	/
	/
	/



	bright 50%
	0.859
	2.43 ± 0.04
	1.05 ± 0.03
	−7.87
	/
	/
	/
	/



	
[image: equation]



	




	faint 90%
	1.53
	2.36 ± 0.04
	0.89 ± 0.02
	−6.16
	1.78
	2.59 ± 0.04
	0.92 ± 0.03
	−6.50



	bright 10%
	0.170
	3.61 ± 0.08
	1.6 ± 0.1
	−15.4
	0.197
	3.70 ± 0.08
	1.60 ± 0.07
	−15.2



	




	faint 50%
	0.849
	2.11 ± 0.04
	0.72 ± 0.04
	−4.55
	/
	/
	/
	/



	bright 50%
	0.849
	2.85 ± 0.05
	1.18 ± 0.05
	−9.62
	/
	/
	/
	/





      

      
Notes. Biases were measured in real space and neglect flux magnification. We report the dimensionless quantity [image: equation], where [image: equation] corresponds to the mean value of NFW potential at the galaxy positions for the selected objects. We did not consider the split (50% faint, 50% bright) for the case ‘centrals + satellites’.



    

  OEBPS/aa52531-24-eq27.gif





OEBPS/aa52531-24-eq29.gif





OEBPS/aa52531-24-eq28.gif





OEBPS/aa52531-24-eq23.gif





OEBPS/aa52531-24-eq22.gif





OEBPS/aa52531-24-eq25.gif





OEBPS/aa52531-24-eq101.gif





OEBPS/aa52531-24-eq24.gif





OEBPS/aa52531-24-eq21.gif
S





OEBPS/aa52531-24-eq107.gif





OEBPS/aa52531-24-eq108.gif






OEBPS/aa52531-24-eq109.gif







OEBPS/aa52531-24-eq103.gif






OEBPS/aa52531-24-eq105.gif
SR e = SR 5w T BR, ¥





OEBPS/aa52531-24-eq106.gif
.

5
Bln






OEBPS/aa52531-24-eq38.gif
N Ty





OEBPS/aa52531-24-eq39.gif
&85 (1 (),





OEBPS/aa52531-24-eq34.gif
> S | et S R TIER,






OEBPS/aa52531-24-eq36.gif
Sty






OEBPS/aa52531-24-eq35.gif
TV aigne Al





OEBPS/aa52531-24-eq30.gif





OEBPS/aa52531-24-eq32.gif





OEBPS/aa52531-24-eq31.gif





OEBPS/aa52531-24-fig1_small.jpg





OEBPS/aa52531-24-eq45.gif
'y





OEBPS/aa52531-24-eq121.gif





OEBPS/aa52531-24-eq122.gif





OEBPS/aa52531-24-eq123.gif





OEBPS/aa52531-24-eq42.gif





OEBPS/aa52531-24-eq120.gif
A,





OEBPS/aa52531-24-eq129.gif





OEBPS/aa52531-24-eq50.gif





OEBPS/aa52531-24-eq125.gif





OEBPS/aa52531-24-eq126.gif





OEBPS/aa52531-24-fig7_small.jpg





OEBPS/aa52531-24-eq127.gif





OEBPS/aa52531-24-eq128.gif





OEBPS/aa52531-24-eq59.gif





OEBPS/aa52531-24-eq58.gif





OEBPS/aa52531-24-eq57.gif





OEBPS/aa52531-24-eq52.gif





OEBPS/aa52531-24-eq51.gif





OEBPS/aa52531-24-eq54.gif





OEBPS/aa52531-24-eq53.gif





OEBPS/aa52531-24-eq118.gif





OEBPS/aa52531-24-eq119.gif
A,





OEBPS/aa52531-24-eq61.gif





OEBPS/aa52531-24-eq60.gif





OEBPS/aa52531-24-eq115.gif





OEBPS/aa52531-24-eq8.gif





OEBPS/aa52531-24-eq9.gif





OEBPS/aa52531-24-eq4.gif





OEBPS/aa52531-24-eq5.gif





OEBPS/aa52531-24-eq6.gif





OEBPS/aa52531-24-eq67.gif





OEBPS/aa52531-24-eq66.gif





OEBPS/aa52531-24-eq68.gif





OEBPS/aa52531-24-eq63.gif





OEBPS/aa52531-24-eq62.gif
1L






OEBPS/aa52531-24-eq140.gif





OEBPS/aa52531-24-eq65.gif





OEBPS/aa52531-24-eq141.gif





OEBPS/aa52531-24-eq64.gif
b Fusld ) g A
.





OEBPS/aa52531-24-eq70.gif





OEBPS/aa52531-24-fig5_small.jpg





OEBPS/aa52531-24-eq1.gif





OEBPS/aa52531-24-fig2_small.jpg





OEBPS/aa52531-24-eq3.gif





OEBPS/aa52531-24-eq78.gif
etetion [or]






OEBPS/aa52531-24-eq132.gif





OEBPS/aa52531-24-eq77.gif
e
o) { Cow






OEBPS/aa52531-24-fig8_small.jpg





OEBPS/aa52531-24-eq134.gif





OEBPS/aa52531-24-eq135.gif





OEBPS/aa52531-24-fig1.jpg





OEBPS/aa52531-24-eq74.gif





OEBPS/aa52531-24-eq73.gif





OEBPS/aa52531-24-eq130.gif





OEBPS/aa52531-24-eq75.gif





OEBPS/aa52531-24-eq131.gif





OEBPS/aa52531-24-fig5.jpg
10% faint - 90% bright
30% faint - 70% bright
50% faint - 50% bright
© 70% faint - 30% bright
90% faint - 10% bright






OEBPS/aa52531-24-eq81.gif





OEBPS/aa52531-24-eq80.gif





OEBPS/aa52531-24-fig7.jpg
0.000

—0.025

—0.050

—0.075

0.000

—0.025

—0.050

= 0075
i

g

27 0.000

—0.025

—0.050

—0.075

0.000

—0.025

—0.050

—0.075

T LT Tarryey 'y

—— theory —— theory
$  light cone ¢ gravitational redshift + light cone
{ Doppler + light cone 4ol

—— theory
4 light cone

{ Doppler + light cone

—— theory
¢ gravitational redshift + light cone
+oall

—— theory
$  light cone
4 Doppler + light cone

—— theory
§  gravitational redshift + light cone
booall

—— theory
¢ light cone
¢ Doppler + light cone

et

—— theory
¢ gravitational redshift + light cone

4

15

d[h~"Mpc]

10 15 20 25 30

d[h™"Mpc]






OEBPS/aa52531-24-eq83.gif





OEBPS/aa52531-24-fig10_small.jpg





OEBPS/aa52531-24-eq82.gif





OEBPS/aa52531-24-fig9.jpg
26.75 Ha flux limit
e Yg-band flux cut 50% faint

—27.00

| | |

N ] N
= 3 o
=~ @ o
ot S o

logyo (Fyis/Fyo)
&
g

|
[
o
1)
33

—28.50

—28.75

—29.00

~16.0 ~155 ~15.0 “145 ~14.0 135
log1o (Fua/Faao)

10°

10%

10!

10°





OEBPS/aa52531-24-eq138.gif





OEBPS/dash.png





OEBPS/aa52531-24-eq88.gif





OEBPS/aa52531-24-eq85.gif





OEBPS/aa52531-24-fig4_small.jpg





OEBPS/aa52531-24-eq87.gif





OEBPS/aa52531-24-eq86.gif
L.






OEBPS/aa52531-24-eq92.gif





OEBPS/aa52531-24-eq91.gif





OEBPS/aa52531-24-eq94.gif





OEBPS/aa52531-24-fig3_small.jpg





OEBPS/aa52531-24-eq16.gif





OEBPS/aa52531-24-fig10.jpg
== theory 1
theory 2
== theory s =0
—o— FS

50% bright - 50% bright

theory 1
theory 2
theory s =0
FS

50% faint - 50% bright

102

10-6 |k

= theory 1

theory 2
— = theory s =0
—e— FS

50% bright - 50% faint

100

10°5H _g—

theory 1
theory 2
theory s =0
FS

10

10°





OEBPS/aa52531-24-eq15.gif





OEBPS/aa52531-24-eq18.gif
i 2 8





OEBPS/aa52531-24-eq17.gif
22 e g e,

F e f






OEBPS/aa52531-24-eq12.gif
P EeGd) Lala





OEBPS/aa52531-24-eq11.gif





OEBPS/aa52531-24-eq99.gif





OEBPS/aa52531-24-eq14.gif
riz )]





OEBPS/aa52531-24-eq13.gif





OEBPS/aa52531-24-fig11_small.jpg





OEBPS/aa52531-24-eq95.gif





OEBPS/aa52531-24-eq98.gif





OEBPS/aa52531-24-eq97.gif





