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Abstract

Context. The Euclid galaxy survey is designed to measure the spectroscopic redshift of emission-line galaxies (ELGs) by identifying the Hα emission line in their slitless spectra. The efficacy of this approach crucially depends on the signal-to-noise ratio (S/N) of the line, as sometimes noise fluctuations in the spectrum continuum can be misidentified as Hα. In addition, other genuine strong emission lines can be mistaken for Hα, depending on the redshift of the source. Both effects lead to ambiguities in the redshift measurement that can result in catastrophic redshift errors and the inclusion of ‘interloper’ galaxies in the sample.

Aims. This paper forecasts the impact on the galaxy clustering analysis of the expected redshift errors in the Euclid spectroscopic sample. Specifically, it investigates the effect of the redshift interloper contamination on the galaxy two-point correlation function (2PCF) and, in turn, on the inferred growth rate of structure fσ8 and Alcock–Paczynski (AP) parameters α∥ and α⊥.

Methods. This work is based on the analysis of 1000 synthetic spectroscopic catalogues, the EuclidLargeMocks, which mimic the area and selection function of the Euclid Data Release 1 (DR1) sample. We estimated the 2PCF of contaminated catalogues and separated the different contributions, particularly those coming from galaxies with correctly measured redshift and from contaminants. We explored different models of increasing complexity to describe the measured 2PCF at a fixed cosmology, with the aim of identifying the most efficient model to reproduce the data. Finally, we performed a cosmological inference and evaluated the systematic error on the inferred fσ8, α∥, and α⊥ values associated with different models.

Results. Our results demonstrate that a minimal modelling approach, which only accounts for an attenuation of the clustering signal regardless of the type of contaminants, is sufficient to recover the correct values of fσ8, α∥, and α⊥ at DR1. The accuracy and precision of the estimated AP parameters are largely insensitive to the presence of interlopers. The adoption of a minimal modelling induces a 1%–3% systematic error on the growth rate of structure estimation, depending on the considered redshift. However, this error remains smaller than the statistical error expected for the Euclid DR1 analysis.

Key words: methods: observational / methods: statistical / techniques: spectroscopic / telescopes / cosmology: observations / large-scale structure of Universe


1. Introduction
Galaxy surveys aim to map the large-scale structure of the Universe using galaxies as tracers of the underlying matter distribution to infer the cosmological model. One of the largest surveys is being conducted by the Euclid space mission (Euclid Collaboration: Mellier et al. 2025), which was launched by the European Space Agency (ESA) on the 1 July 2023. Its primary goal is to probe the expansion history of the Universe and the evolution of cosmic structures over the past ten billion years and, in turn, indirectly probe the nature of its two dominant components: dark matter and dark energy. The Euclid satellite uses slitless spectroscopy and the Near-Infrared Spectrometer and Photometer (NISP, Euclid Collaboration: Jahnke et al. 2025) to measure the redshift of tens of millions of galaxies and create one of the largest and most detailed three-dimensional maps of the Universe. The redshift of the observed galaxies is primarily determined by the position of the strongest emission lines in their spectra, in particular the Hα line. Since the measured redshift of galaxies is used to estimate their radial distance from us, systematic errors in the redshift determination can introduce contaminants in the spectroscopic sample and ultimately alter the observed galaxy spatial distribution.
The slitless spectroscopy used in Euclid implies that the observed spectra will generally have a lower resolution and that there will be more contamination from adjacent objects than when using slit or fibre spectroscopy. This leads to larger redshift measurement uncertainties but also to systematically wrong redshift determinations. The redshift error can be several orders of magnitude larger than the statistical uncertainty targeted by the experiment, which is of Δz ∼ 0.001 (Euclid Collaboration: Mellier et al. 2025). Euclid, like the upcoming NASA Nancy Grace Roman Space Telescope satellite1, has a medium-low spectral resolution of R = λ/Δλ < 1000 and a limited bandwidth, which leaves room for ambiguity in emission-line identification. Moreover, in order to measure the redshift of millions of galaxies, emission lines are detected at a S/N that is typically lower than the threshold adopted in targeted ground-based spectroscopic surveys (such as DESI, Levi et al. 2019), just sufficient to determine the redshift using a single prominent emission line. As a result, a non-negligible fraction of the objects in the Euclid spectroscopic catalogue will be interloper galaxies, that is, galaxies whose estimated redshift has a catastrophic error. In that case, the detected line is not the expected one but is either another emission line or a notably prominent noise spike. This can affect the clustering statistics and, in turn, the cosmological parameters obtained from them.
The impact of redshift interlopers has been studied in previous works. Pullen et al. (2015) introduced the formalism to model the galaxy power spectrum in the presence of interlopers. Addison et al. (2019) adopt the same formalism to forecast the impact of interloper galaxies on the baryon acoustic oscillations (BAO) and redshift-space distortion (RSD) analysis of future spectroscopic surveys targeting emission-line galaxies (ELGs). Foroozan et al. (2022) and Nguyen et al. (2024) present two-point correlation function (2PCF) models in the presence of small displacement interlopers and assessed the performance of their methods to recover unbiased estimates of the BAO parameters. Hilmi et al. (2024) present an analysis of contamination in Lyman-break galaxy samples at high-redshift by studying the spatial correlation with intermediate-redshift galaxies. Furthermore, methods to mitigate the impact of interlopers have been studied in recent years using simulations (Farrow et al. 2021; Euclid Collaboration: Blanchard et al. 2020; Peng & Yu 2023).
Within the context of the Euclid preparation, Euclid Collaboration: Monaco et al. (in prep.) describe the strategy to identify all potential sources of data systematics in the pipeline for the spectroscopic data analysis. This paper focuses on assessing the impact of redshift errors on 2PCF measurements and configuration-space galaxy clustering analysis at Euclid DR1. The counterpart to this study in Fourier space is described in the companion paper, Euclid Collaboration: Lee et al. (in prep.).
Assessing the impact of redshift errors in Euclid requires the consideration of realistic types and fractions of redshift interlopers. The Euclid Consortium has released a suite of 1000 mock catalogues, named EuclidLargeMocks (Euclid Collaboration: Monaco et al. 2025), which currently offers the best balance between robust statistical power and a realistic modelling of selection effects. This suite effectively mimics the anticipated types and proportions of interlopers in the Euclid Wide Survey (EWS), and we adopt it for this analysis. Using these catalogues, we study how the assumption of an incomplete model for the measured 2PCF in the presence of interlopers affects the cosmological parameter estimates. We focus on the growth rate of structures and on the Alcock–Paczynski (AP) parameters, and conduct a separate analysis for each case. Although both analyses are based on the same set of measurements, they rely on fundamentally different theoretical models for the 2PCF and target distinct ranges of scales. For this reason, we chose to separate the analyses and present the methodology and results in distinct sections.
The paper is structured as follows. In Sect. 2, we introduce the Euclid mission and the types of interloper galaxies that we expect to find in the spectroscopic catalogue. We provide a quantitative assessment of these contaminants and of their effect on the galaxy clustering 2PCF. In Sect. 3, we present the estimator of the 2PCF and the predicted 2PCF in the presence of interlopers. In Sect. 4, we describe the mock catalogues and 2PCF measurements. In Sect. 5, we evaluate the amplitude and relevance of the interloper galaxy contributions to the measured 2PCF. In Sect. 6, we perform a Monte Carlo Markov chain (MCMC) analysis of the full shape of the 2PCF and study how constraints on the growth rate, fσ8, change when using different theoretical models of varying complexity to describe the contaminated signal. In Sect. 7, we focus on the modelling of the BAO signal and study the bias on the derived AP parameters induced by adopting an inadequate model that does not account for the interloper presence. In Sect. 8 we conclude with a comprehensive discussion of the results and we draw our final conclusions.
2. Interloper galaxies in the Euclid mission
The Euclid mission anchors the determination of galaxy redshifts to the detection of the Hα line, the most intense emission line expected in the optical and near-infrared rest-frame wavelength of an ELG spectrum. This detection is carried out by the NISP instrument, designed to cover during the EWS a wavelength range 1206–1892 nm that enables the detection of the Hα line in the redshift range 0.84 ≤ z ≤ 1.88 (Euclid Collaboration: Mellier et al. 2025). To maximize the number of observed galaxies in a given exposure time, NISP performs slitless spectroscopy, thus capturing the spectra of all objects entering the telescope field of view. However, this strategy results in a medium-low spectral resolution (R > 480, Euclid Collaboration: Jahnke et al. 2025). As a result, the Hα line and the N II λλ6549,6584 doublet are blended into a single emission feature and cannot be separated at the detection threshold in signal-to-noise ratio (S/N) adopted to select the Euclid spectroscopic sample (Euclid Collaboration: Scaramella et al. 2022). Moreover, the limited wavelength range and S/N of the spectra generally prevent the detection of multiple emission lines. This leads to the presence of interlopers in the catalogues, since in most of the cases we have to rely on a single-line detection to assign a redshift value. When the measured spectrum has only one significant emission line, a prior on this line being Hα is used (Euclid Collaboration: Le Brun et al. 2026), since this is the most prominent expected emission line. With no additional spectral features, this guess can result in an interloper detection.
The relation between the true and measured redshifts for any type of galaxy, including interloper ones, can be derived from the redshift definition as
[image: Mathematical equation: $$ \begin{aligned} 1 + z = \lambda _{\rm {obs}} / \lambda _{\rm {rest}} , \end{aligned} $$](1)
where λobs is the observed wavelength of the line and λrest is the expected rest-frame wavelength. When the observed wavelength of a feature is interpreted as the rest-frame wavelength of the incorrect line at a incorrect redshift, the relation becomes2
[image: Mathematical equation: $$ \begin{aligned} \frac{1 + z_{\rm {true}}}{1 + z_{\rm {meas}}} = \frac{\lambda _{\rm {wrong}}}{\lambda _{\rm {true}}} , \end{aligned} $$](2)
where λwrong and λtrue are respectively the incorrect and true wavelengths. In case of an interloper detection, the ratio in Eq. (2) significantly deviates from unity.
2.1. Classification of interlopers
There are two possible ways of incorrectly identifying the Hα line, leading to two distinct types of interlopers:

	
‘Line interlopers’ are galaxies with detected genuine emission lines incorrectly classified as Hα. Apart from Hα , some other emission lines are sufficiently intense to be detected (see Euclid Collaboration: Granett et al., in prep., and Sect. 2.2). Those lines enter the NISP wavelength range one by one in different redshift intervals, leading to possible line misidentifications. The systematic error in the redshift estimate given by Eq. (2) is deterministic and it depends on the ratio between the Hα wavelength and the one of the misidentified line.



	
‘Noise interlopers’ consists of objects from the parent sample that happen to enter the spectroscopic catalogue because of the presence an intense noise fluctuation resembling an emission line in their low-S/N spectrum. Typically, they correspond to galaxies whose spectral features are either weak or located outside the wavelength range of the instrument. Stars can also be mistaken for galaxies when their spectra have a low S/N. All these objects have featureless spectra and high noise. This misidentification results in a redshift estimate that is catastrophically different from the true redshift. Unlike line interlopers, however, there is no one-to-one relationship between the true and measured redshifts in this case, since the detection is based on random spikes in the noisy spectra.




2.2. Foreseen Euclid interloper galaxies
To characterize the population of interloper galaxies expected in the Euclid spectroscopic sample, we make use of the Euclid redshift error baseline model derived from end-to-end simulations by Euclid Collaboration: Granett et al. (in prep.). These simulations rely on statistical tools that bypass the complexity of the Euclid spectroscopic data reduction pipeline, producing realistic, though approximate, data products in significantly less computational time. The redshift error model was calibrated using a set of simulated NISP spectra with noise characteristics mimicking those expected in the EWS. The spectra were constructed from the EL-COSMOS catalogue (Saito et al. 2020) with the Fastspec simulator (Euclid Collaboration: Granett et al., in prep.) and analysed by the OU-SPE3 processing function of the Euclid Science Ground Segment to measure spectral features and redshift.
From these simulations, two emission lines were identified as primary sources of redshift errors from line misidentification: O IIIλ5008 and S III λ9531 (hereafter noted O III and S III). The O III line is the brightest line in the H β λ4863-O IIIλλ4959,5008 complex. Its visibility range is about 1.5 < ztrue < 2.7. Within the range 1.5 < ztrue < 1.8, line misidentification is less likely since both Hα and the O III lines are potentially detectable. Line misidentification can increase at ztrue > 1.8, where the Hα line cannot be observed any more: in this range, all the prominent O III lines can be mistaken for Hα. Moving to higher redshifts, we expect the misidentification probability to decrease in general simply because the number of observable sources decreases with the redshift. Given the smaller emission wavelength of the O III line with respect to the Hα line, O III interlopers correspond to sources which are in reality further away compared to their estimated distance. The S III line is detectable in NISP over the redshift range 0.3 < ztrue < 0.94 and there is only a small redshift interval where both S III and Hα can be detected simultaneously. Since the S III emission wavelength is larger than the Hα one, S III interlopers are systematically positioned further away than their actual distance. More details on the emission lines of interest for this study can be found in Euclid Collaboration: Gabarra et al. (2023).
In addition to line interlopers, we expect to observe noise interlopers. Given the diverse nature of possible noise interlopers and the inherent random process of detecting a noise line mistaken for Hα, we expect a fairly uniform distribution of these interlopers across different wavelengths and redshift. This is consistent with the fact that such noise interlopers can originate from virtually any true redshift.
Figure 1 offers a graphical representation of the Euclid interlopers’ properties just described. It shows the expected distribution of the measured redshifts zmeas of galaxies versus their true redshifts ztrue, and highlights the off-diagonal location of all types of interlopers. The bisector line corresponds to the ‘correct galaxies’, i.e. those galaxies whose redshift was correctly measured within the instrumental uncertainty. The coloured tracks correspond to line interlopers (identified by their labels). When represented in the (ztrue, zmeas) plane, line interlopers lie along straight lines with slope different from one, whose characteristic value is determined by Eq. (2). The shaded blue distribution in the background consists of noise interlopers. The lack of correlation in their detection randomizes the positions of the noise interlopers in the (ztrue, zmeas) plane, forming a diffuse cloud of points.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Representation of interloper galaxies in the (ztrue, zmeas) plane, representative of the Euclid spectroscopic selection. The extent of the vertical axis corresponds to the baseline observed redshift range used for the spectroscopic analysis. The plot refers to one of the EuclidLargeMocks (see Euclid Collaboration: Monaco et al. 2025, and Sect. 4.1).



2.3. Impact of interlopers on the galaxy density contrast
To estimate galaxy clustering properties, we first need to estimate the comoving positions of all galaxies from their measured redshift. For an interloper galaxy, the estimated comoving position x differs from the true one y due to the radial displacement caused by the incorrect redshift determination (Pullen et al. 2015). Quantitatively, we can link the interlopers observed and true positions geometrically via
[image: Mathematical equation: $$ \begin{aligned} (\mathbf x _{\parallel }, \mathbf x _{\perp }) = (\gamma _{\parallel }\mathbf y _{\parallel }, \gamma _{\perp }\mathbf y _{\perp }), \end{aligned} $$](3)
where x∥, y∥, x⊥, and y⊥ are the radial and transverse components of the position vectors, and
[image: Mathematical equation: $$ \begin{aligned}&\gamma _{\perp } =\dfrac{D_{\scriptscriptstyle \mathrm A}(z_{\rm {meas}})}{D_{\scriptscriptstyle \mathrm A}\left(z_{\text{true} }\right)} ,\end{aligned} $$](4)
[image: Mathematical equation: $$ \begin{aligned}&\gamma _{\Vert } =\dfrac{\left(1+z_{\rm {meas}}\right)/H(z_{\rm {meas}})}{\left(1+z_{\text{true} }\right)/H(z_{\text{true}})} . \end{aligned} $$](5)
This is a geometrical dilation whose expression is analogous to AP distortions but which depends on different quantities: the ratio between the comoving transverse distances, DA, and the Hubble parameters, H, at the true and observed redshifts.
For line interlopers, the value of the γ parameters is well-defined, since the relation between the observed and true redshifts is deterministic (see Eq. (2)). The values of γ∥ and γ⊥ are larger or smaller than unity depending on whether line interlopers are located at redshifts higher or lower than that of the correct galaxies. If the interloper redshift is higher, the estimated separation between any two line interlopers is smaller than the true one, while, if the redshift is lower, the estimated separations are overestimated. The parameters γ∥ and γ⊥ quantify this effect for the parallel and perpendicular components of the separation vectors, respectively. Table 1 reports the reference values of these parameters for the Euclid survey, assuming the cosmological model given in Table 2. Unlike line interlopers, the relation between the true and observed redshifts of noise interlopers is not unique. As a result, there is no single gamma value that can be associated with this type of interloper. Instead, this parameter will vary according to a probability distribution function, which is in principle independent of the true source position. By extending the formalism introduced by Pullen et al. (2015), the galaxy density contrast δ at an observed comoving position x in the presence of both line and noise interlopers can be approximated as
Table 1. 
Geometric distortion factors γ for misidentified S III and O III galaxies in the four baseline Euclid spectroscopic bins.

[image: Mathematical equation: $$ \begin{aligned} \delta (\mathbf x ) \,=\,&(1-f_{\rm {tot}})\, \delta _{\rm {c}} (\mathbf x ) + \sum _{i} f_{i}\, \delta _{i}(\mathbf x _{\parallel }/\gamma _{\parallel }, \mathbf x _{\perp }/\gamma _{\perp }) \\ &+ f_{\rm n}\, \int \int \mathcal{P} _{\rm n} (\gamma _{\parallel }, \gamma _{\perp }) \, \delta _{\rm n} (\mathbf x _{\parallel }/\gamma _{\parallel }, \mathbf x _{\perp }/\gamma _{\perp }) \,\mathrm{d} \gamma _{\parallel } \, \mathrm{d} \gamma _{\perp } , \end{aligned} $$](6)
where the subscript ‘c’ stands for ‘correct’ galaxies (defined at the end of Sect. 2.2), ‘n’ stands for noise interlopers, the sum runs over all the types ‘i’ of line interlopers, ftot is the total fraction of contaminants accounting for all types of interlopers, 𝒫n is the joint probability distribution function of γ∥ and γ⊥ for noise interlopers, and fn is the fraction of noise interlopers. The fraction relative to each population is defined as the ratio between the number of galaxies of a certain type with respect to the total number of galaxies in the sample as
[image: Mathematical equation: $$ \begin{aligned} f_{\rm g} = \frac{n_{\rm g}}{n_{\rm {tot}}} . \end{aligned} $$](7)
By definition, we have that
[image: Mathematical equation: $$ \begin{aligned} f_{\mathrm{tot} } = \sum _{\mathrm{g} } f_{\rm g} = \sum _{i} f_{i} + f_{\mathrm{n} } . \end{aligned} $$](8)
Equation (6) shows that the density contrast measured in the presence of interlopers is diluted compared to the one measured on a catalogue made only of correct galaxies. The attenuation of the signal is proportional to the total contamination fraction. This can be intuitively understood by considering the extreme case of noise interlopers, which are clustered objects randomly displaced along the line of sight, thereby leading to a smoothed version of the original galaxy density contrast.
The contributions of interloper galaxies are weighted by the fraction of each interloper in the catalogue. We expect the contaminant terms to be subdominant and one of Euclid survey requirements is to keep the interloper contamination fraction below the 20% threshold (Euclid Collaboration: Mellier et al. 2025). Yet, these terms inevitably modify the measured clustering statistics since interlopers have their own clustering properties. We show the effect of interlopers on the 2PCF in the presence of the expected types and fractions of interlopers for Euclid in Sect. 5.
2.4. Interloper fractions and associated clustering properties
The EWS described in Euclid Collaboration: Scaramella et al. (2022) is complemented by periodic deeper observations on a smaller area, which constitute the Euclid Deep Survey (EDS). The EDS will be used to accurately characterise the typical EWS galaxy population, as EDS fields are meant to provide a 99% complete and 99% pure spectroscopic sample of the depth of the EWS, thanks to a high cumulative exposure time that will be reached along the mission (Euclid Collaboration: Mellier et al. 2025). By the end of the survey, the EDS will span an area of 53deg2 and be observed with both the blue and red grisms (Euclid Collaboration: Mellier et al. 2025). The EDS will enable us to measure the spectra of observed galaxies with a higher S/N compared to the shallower exposures of the EWS. By comparing the same fields, first observed at EDS depth and then in the EWS, we can identify and characterize all interlopers included in the contaminated EWS sample, as well as their redshift distributions. No noise interlopers are expected in EDS observations given the higher depth and higher spectrum S/N. Similarly, line interlopers should not be present in the EDS, as more than one line can be detected due to the higher S/N, leading to an unambiguous identification of the O III or S III line in the spectra for instance.
3. Estimated 2PCF in the presence of interlopers
The galaxy clustering analysis in configuration space in Euclid will use the galaxy 2PCF, which will be estimated using the Landy–Szalay (LS) estimator (Landy & Szalay 1993). This estimator arises from first defining a catalogue overdensity, defined as the fractional difference between the data and random catalogue counts, and taking the auto-correlation of it. The random catalogue, which comprises randomly distributed points within the survey volume, allows the mapping of the geometry and selection function of the survey. Schematically, the overdensity in galaxy counts at any position x is
[image: Mathematical equation: $$ \begin{aligned} \delta (\mathbf x ) = \frac{D(\mathbf x )-R(\mathbf x )}{R(\mathbf x )} \end{aligned} $$](9)
and leads to the auto-correlation estimator
[image: Mathematical equation: $$ \begin{aligned} \xi (\mathbf r ) = \frac{\mathrm{DD} (\mathbf r ) -2 \mathrm{DR} (\mathbf r ) + \mathrm{RR} (\mathbf r )}{\mathrm{RR} (\mathbf r )}, \end{aligned} $$](10)
where D(x) and R(x) are data and random catalogue counts at position x, and DD(r), DR(r), RR(r) are respectively the normalized data-data, data-random and random-random pair counts as a function of the pair separation vector r. The normalization of pair counts originates from the fact that the random catalogue contains a much larger number of objects than the data catalogue, such that
[image: Mathematical equation: $$ \begin{aligned} \mathrm{DD} (\mathbf r )&= \frac{2 \, \widehat{\mathrm{DD} } (\mathbf r )}{N_{\rm D}(N_{\rm D}-1)},\end{aligned} $$](11)
[image: Mathematical equation: $$ \begin{aligned} \mathrm{DR} (\mathbf r )&= \frac{\widehat{\mathrm{DR} }(\mathbf r )}{N_{\rm D} N_{\rm R}},\end{aligned} $$](12)
[image: Mathematical equation: $$ \begin{aligned} \mathrm{RR} (\mathbf r )&= \frac{2 \, \widehat{\mathrm{RR} }(\mathbf r )}{N_{\rm R}(N_{\rm R}-1)}, \end{aligned} $$](13)
where [image: Mathematical equation: $ \widehat{\mathrm{DD}}(\mathbf{r}) $], [image: Mathematical equation: $ \widehat{\mathrm{DR}}(\mathbf{r}) $], [image: Mathematical equation: $ \widehat{\mathrm{RR}}(\mathbf{r}) $] are raw counts, and ND and NR are the total number of objects in the data and random catalogues respectively.
Similarly, by defining the overdensity of two populations δ1 = (D1 − R1)/R1 and δ2 = (D2 − R2)/R2, where now D1 (D2) and R1 (R2) stand for the data and random catalogue counts of the population 1 (2), we obtain the 2-point cross-correlation function estimator
[image: Mathematical equation: $$ \begin{aligned} \xi _{12}(\mathbf r ) = \frac{{D}_1 {D}_2 (\mathbf r ) - {D}_1 {R}_2 (\mathbf r ) - {R}_1 {D}_2 (\mathbf r ) + {R}_1 {R}_2(\mathbf r )}{{R}_1 {R}_2(\mathbf r )}, \end{aligned} $$](14)
where D1D2, D1R2, R1D2, and R1R2 are the data 1-data 2, data 1-random 2, random 1-data 2 and random 1-random 2 normalised pair counts, respectively.
We now consider the case of the measured 2PCF ξm4 obtained by applying the auto-correlation estimator on a data catalogue containing redshift interlopers. We can decompose the contaminated data and random catalogue counts in three different components according to the three classes of redshifts by writing
[image: Mathematical equation: $$ \begin{aligned} D_{\rm m}(\mathbf x )&= D_{\rm c}(\mathbf x ) + D_{\ell }(\mathbf x ) + D_{\rm n}(\mathbf x ), \end{aligned} $$](15)
[image: Mathematical equation: $$ \begin{aligned} R_{\rm m}(\mathbf x )&= R_{\rm c}(\mathbf x ) + R_{\ell }(\mathbf x ) + R_{\rm n}(\mathbf x ) , \end{aligned} $$](16)
where we considered only one type of line interlopers for simplicity although the generalization to more than one is trivial. The subscripts m, c, ℓ, and n refer to measured (i.e. all observed objects), correct, line interloper, and noise interloper populations, respectively. In the random catalogues associated with correct, line interloper, and noise interloper populations, the radial distributions follow respectively those of correct, line interloper, and noise interloper galaxies. Here, we consider a simplified case where the only systematic in the data is redshift error, with no angular mask applied. This matches the configuration of the mock catalogues used in this work and it is equivalent to assuming that radial and angular systematics can be treated independently. In this context, the angular distribution of the random points is taken to be uniform across the survey area. It is worth noting that the selection function of the Euclid spectroscopic catalogue, based on a forward-modelling approach, does not rely on this assumption. The validity of this assumption needs to be verified with the real data. The impact of a realistic angular mask on clustering statistics is investigated in Monaco et al. (in prep.) and it will be the subject of dedicated Euclid papers prepared in light of the first real data.
If we now define the overdensity associated with the total contaminated catalogue δm = (Dm − Rm)/Rm, the expression for the associated auto-correlation estimator is
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm m}(\mathbf r )&= (1-f_{\rm {tot}})^2 \, \frac{R_{\rm c} R_{\rm c} (\mathbf r )}{R_{\rm {m}} R_{\rm {m}} (\mathbf r )} \xi _{\rm {cc}}(\mathbf r ) + f_{\ell }^2 \frac{R_{\ell } R_{\ell }(\mathbf r )}{R_{\rm m} R_{\rm m}(\mathbf r )} \xi _{\ell \ell }(\mathbf r ) \\ &\quad + f_{\rm n}^2 \frac{R_{\rm n} R_{\rm n}(\mathbf r )}{R_{\rm m} R_{\rm m}(\mathbf r )} \xi _{\rm {nn}}(\mathbf r ) + 2 f_{\ell }(1-f_{\rm m}) \frac{R_{\rm c} R_{\ell }(\mathbf r )}{R_{\rm m} R_{\rm m}(\mathbf r )} \xi _{\rm c\ell }(\mathbf r ) \\ \nonumber&\quad + 2 f_{\rm n}(1-f_{\rm {tot}}) \frac{R_{\rm c} R_{\rm n}(\mathbf r )}{R_{\rm m} R_{\rm m}(\mathbf r )} \xi _{\rm {cn}}(\mathbf r ) + 2 f_{\ell } f_{\rm n}\frac{R_{\ell } R_{\rm n}(\mathbf r )}{R_{\rm m} R_{\rm m}(\mathbf r )} \xi _{\rm \ell n}(\mathbf r ), \end{aligned} $$](17)
where we identified ξcc, ξℓℓ, ξnn as the auto-correlation function of the correct, line interloper, and noise interloper populations respectively, and ξcℓ, ξcn, ξℓn as the correct-line interloper, correct-noise interloper, line-noise interlopers cross-correlation functions respectively. It is worth emphasising that, except for ξcc, all correlation functions in the right-hand side of Eq. (17) are the observed 2PCF and not the intrinsic ones, since they quantify the spatial correlation of misplaced objects.
In the right-hand side of Eq. (17), the random-random pair counts RiRj, where i, j ∈ {m, c, ℓ, n}, correspond to the (normalized) random-random cross pairs associated with the different populations. They form ratios that factorize the different terms and, in turn, add an additional scale dependence to ξm(r). In those ratios, the pair counts in the numerator and denominator differ only in the radial distribution of the associated random catalogues. Under the hypothesis of a mild difference in the observed radial distribution of the different sub-populations, the ratios of random-random pairs should tend to unity and Eq. (17) be approximated by
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm m}(\mathbf r ) =&\, (1-f_{\rm {tot}})^2 \, \xi _{\rm {cc}}(\mathbf r ) + f_{\ell }^2 \, \xi _{\ell \ell }(\mathbf r )+ f_{\rm n}^2 \, \xi _{\rm {nn}}(\mathbf r ) \\ &+ \, 2 f_{\ell }(1-f_{\rm {tot}})\, \xi _{\rm {c}\ell }(\mathbf r ) + 2 f_{\rm n}(1-f_{\rm {tot}})\, \xi _{\rm {cn}}(\mathbf r ) + 2 f_{\ell } f_{\rm n} \, \xi _{\ell \mathrm n}(\mathbf r ) . \end{aligned} $$](18)
The validity of this hypothesis in our reference mock catalogues is tested in Sect. 6.2, where we directly assess the performance of a model that ignores the radial dependence of the prefactors. As shown in Appendix A, this dependence can be significant for certain types of interlopers (e.g. O III) in specific redshift ranges. Nevertheless, the overall impact remains negligible due to the small amplitude of the corresponding prefactor. If more than one population of line interlopers contaminate the catalogue, then Eqs. (17) and (18) will include all corresponding auto-correlation functions and the cross-correlations with all other types of objects that were included in the sample.
Evaluating the prefactors in Eq. (17) requires building three random catalogues, where points radially sample the redshift distribution of correct Nc(z), line interloper Nℓ(z), and noise interloper Nn(z) populations. While the random catalogue of the contaminated sample can be generated using the observed redshift distribution of the objects in the EWS, generating the random catalogues of each object type is less trivial. These could be either modelled or be measured from the samples of interlopers identified in the EDS.
In light of the expectations for the measured 2PCF in the presence of redshift interlopers, the goals of this study are two-fold: (1) to assess the relative amplitude of each term on the right-hand side of Eq. (17) with respect to the total signal and relevance of the scale-dependent prefactors; (2) to test our capability of constraining cosmological parameters building a theoretical model of only a subset of those terms.
4. Simulated datasets
4.1. EuclidLargeMocks and contamination strategy
We based our analysis on a set of 1000 Euclid-like simulated mock catalogues, dubbed EuclidLargeMocks (Euclid Collaboration: Monaco et al. 2025), which was extracted from a suite of numerical simulations relying on approximated perturbation techniques (Monaco et al. 2002; Munari et al. 2017). We list in Table 2 the cosmological parameters used to set up those simulations. The galaxy catalogues extracted from these simulations are lightcones with an angular footprint on the sky of a circle with radius 30° and spanning the redshift range 0 < ztrue < 3. The area of the cone, 2763 deg2, is slightly larger than the 2500 deg2 expected for the first Data Release (DR1) of the EWS. Moreover, the angular footprint almost encompasses the north and south extents of the DR1 footprint, as planned before launch. These catalogues provide a minimal amount of information for each galaxy: sky coordinates, true redshift including peculiar velocities, and Hα line flux. The catalogues are limited to fHα > 10−16 erg s−1 cm−2, that is, half of the fiducial flux limit of the Euclid spectroscopic sample. This is due to the fact that the transition from high to vanishing completeness is not expected to be sharp, so the sample will contain a sizeable fraction of galaxies below the fiducial limit (Euclid Collaboration: Granett et al., in prep.).
Table 2. 
Cosmological parameters that define the flat ΛCDM cosmology used to perform the EuclidLargeMocks parent simulations.

The measured redshifts have been added to the catalogues using a probabilistic model calibrated on an end-to-end simulation of observations (Euclid Collaboration: Granett et al., in prep.). This pixel-level simulation of 1D spectra has been produced with the FastSpec simulator, processed with the OU-SPE processing function, and eventually used to model the conditional probability distribution function (PDF) P(zmeas|ztrue) of the measured redshift zmeas given the true one ztrue. This probability is modelled with a mixture of Gaussian PDF with standard deviation of σ0, z = 0.001 for correct galaxies and line interlopers (suitably rescaled for line interlopers), and a broad distribution for noise interlopers. The implementation in the EuclidLargeMocks relies on computing P(zmeas|ztrue) at the true redshift of each galaxy and randomly sample the distribution to obtain zmeas. Galaxies for which |zmeas − ztrue|< 3 σ0, z are tagged as correct galaxies, while galaxies whose redshift is within 3 σ0, z of the redshift corresponding to a line interloper are tagged as such. The remaining galaxies are tagged as noise interlopers. A close inspection of the redshift PDF reveals that the PDF of noise interlopers overlaps with that of correct galaxies and line interlopers. In particular at a given ztrue, the probability of having noise interloper redshifts within 5 σ0, z around ztrue is not completely negligible. This contribution could be removed by a more permissive separation of correct galaxies and noise interlopers. Conversely, this approach makes it impossible to separate truly correct galaxies from noise interlopers that happen to have a roughly correct redshift by chance.
It is worth noticing that, in our implementation, all types of interlopers are drawn from a parent sample of ELGs at z < 3. In reality, noise interlopers should be drawn from the photometric sample of Euclid galaxies, which are expected to be fainter and therefore less clustered than the brighter ELGs. As a result, drawing noise interlopers from an ELG parent sample overestimates their clustering amplitude and exaggerates their impact on the clustering analysis. This choice, however, provides a deliberately pessimistic scenario to stress-test our interloper models. Finally, this choice does not represent the small fraction of stars that are not effectively separated from galaxies and acquire a redshift by chance.
Table 3 lists the mean fractions of contaminants in the EuclidLargeMocks for all considered spectroscopic redshift bins. The variation with redshift of the fractions for the different types of interlopers is determined by the corresponding visibility range of the emission line within the NISP wavelength range (see Sect. 2). We elaborate later on the consequence of such differences on the impact on the clustering analysis.
Table 3. 
Mean fractions of the different interloper types in the four spectroscopic redshift bins in the contaminated EuclidLargeMocks.

4.2. Random catalogues
We used a single set of random catalogues (i.e. one random for each type of galaxy) to characterize the selection function of the sample and compute the 2PCF for all mocks. The radial distribution of random points have been generated by sampling the redshift distribution averaged on the first 100 mocks, in order to smooth out radial fluctuations across individual mock catalogues (for details, see Euclid Collaboration: Lee et al., in prep.). The requirements for Euclid 2PCF estimation impose that random catalogues should be at least 50 times larger than the corresponding galaxy catalogue to minimize the estimator variance (Euclid Collaboration: de la Torre et al. 2025). Therefore, the random catalogue of each population must be at least 50 times larger than the corresponding galaxy catalogues and we created random catalogues with [image: Mathematical equation: $ 51 \times \bar{N}_{i} $] objects, where [image: Mathematical equation: $ \bar{N}_i $] is the mean number of sources for each galaxy type i averaged across the first 100 mocks. The random catalogue of the contaminated sample is then obtained by combining the random catalogues of the single populations: correct galaxies, noise interlopers, and the various types of line interlopers.
4.3. 2PCF estimation
In order to estimate the 2PCF, we made use of the methodology and software developed for estimating the three-dimensional 2PCF within the Euclid Science Ground Segment (Euclid Collaboration: de la Torre et al. 2025). The latter utilizes the minimum-variance LS estimator and enables the use of the random split method (Keihänen et al. 2019) to speed up the computation. We evaluated the monopole, quadrupole, and hexadecapole moments of the anisotropic 2PCF using 40 equally spaced bins in separation r ∈ [0, 200] h−1 Mpc (Δr = 5 h−1 Mpc) and 200 bins in μ within μ ∈ [ − 1, 1]. We computed all terms in Eq. (17), including both the auto- and cross-correlation functions of the different populations but also the random-random pair counts that appear in the prefactors of Eq. (17). To transform the redshift of the mock galaxies into distance we used the same cosmological model as used to generate the parent simulations. Our analysis focuses on the baseline redshift intervals for the Euclid galaxy clustering analysis: z ∈ [0.9,1.1], z ∈ [1.1,1.3], z ∈ [1.3,1.5], and z ∈ [1.5,1.8].
5. The contribution of interlopers to the EuclidLargeMocks 2PCF
We use Fig. 2 as an example to illustrate how the density contrast introduced in Eq. (6) in the presence of interlopers translates into the galaxy 2PCF measurements. The 2PCF of correct galaxies (solid blue line) is compared with those of the O III and S III interlopers (solid green and pink line) and the total measured 2PCF (dotted black line). All 2PCFs are estimated using the mocks presented in Sect. 4. The correct galaxies’ and line interlopers’ 2PCF are the intrinsic auto-correlation functions of the corresponding population, i.e they are not weighted by their prefactors as in Eq. (17). We can see that the different population 2PCFs are characterized by different shapes that cause a broadening of the BAO peak in the resulting measured 2PCF. The 2PCF of line interlopers is shifted and distorted compared to that of correct galaxies. For S III interlopers, the 2PCF is broadened towards larger separation scales, while for O III interlopers, it is compressed towards smaller scales. This effect is particularly evident when examining the corresponding shifts of the BAO peak position. These results demonstrate the importance of modelling the clustering properties and abundance of all types of interlopers to account for contamination effect on 2PCF measurements.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Monopole of the contaminated sample auto-correlation (dashed black line) compared to the intrinsic correct galaxy (blue line) and line interloper (green and pink line) auto-correlations, not weighted by the prefactors in Eq. (17). The 2PCF are averaged over the EuclidLargeMocks in z ∈ [1.3, 1.5]. We can appreciate both the dilution of the clustering amplitude in the presence of contamination and the distortion of the line interlopers’ signal, in particular the shift of the BAO peak.



In the mock catalogues, we can unambiguously identify and separate all types of objects. This allows us to compute exactly all terms in Eq. (17), both the correlation functions and their prefactors. This possibility offers the opportunity to evaluate the contribution of each term to the total correlation function of the contaminated catalogue. Moreover, we can evaluate the residuals that we obtain if we neglect some terms on the right-hand side of Eq. (17). This evaluation allows us to quantify the most relevant terms that we should include in the theoretical model when the measured signal is fitted to extract cosmological information. While the modelling of the autocorrelation of correct galaxies and line interlopers is relatively straightforward, that of the cross-correlations of the various interlopers, characterised by very different redshift distributions, is considerably more challenging. It can be obtained either phenomenologically from direct measurements in the EDS or theoretically under some simplifying assumptions (see Foroozan et al. 2022).
For the sake of both simplicity and generality, we only show the results for two specific redshift bins representative of the different types and fractions of interloper galaxies. In the first one, z ∈ [0.9, 1.1], most contaminants are noise interlopers and constitute 10% of the observed catalogue. Line interlopers account for only few per cents. In the second redshift bin, z ∈ [1.3, 1.5], the fractions of noise and line interlopers are comparable, around 10% each.
5.1. Amplitude and shape of the different terms
Figure 3 shows the monopole (top panels), quadrupole (centre), and hexadecapole (bottom) of all the auto- and cross-correlation functions in Eq. (17), weighted by their corresponding prefactors that we generically denote by p on the y-axis label. The multipole correlation functions have been averaged over all 1000 EuclidLargeMocks. The panels in the first and third columns show all contributions for the two redshift bins under consideration, as indicated by the labels. For each, a zoomed-in view of the smallest contributions is displayed in the second and fourth columns, highlighting the scale dependence of all interloper contributions. As expected, the major contribution to the total signal comes from correct galaxies in both redshift bins being the most numerous type of galaxy. The other terms are all subdominant, although not negligible. Their relevance depends on the redshift bin considered.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Monopole, quadrupole, and hexadecapole moments of all terms in Eq. (17) averaged over all mock catalogues for z ∈ [0.9,1.1] (left) and z ∈ [1.3,1.5] (right). All terms comprise the correlation function and the corresponding prefactor. To simplify the visualization of all terms, the rightmost column of each panel shows a zoom-in on the smallest contributions in the corresponding redshift bin.



At z ∈ [0.9, 1.1], as shown on the left panels of Fig. 3, the most prominent contribution apart from the correct-correct one is the correct-noise correlation signal, which significantly differs from zero. This is not unexpected, since we know that the redshift PDF of noise interlopers overlaps with that of correct galaxies (see Sect. 4.1). In this case, this term is equivalent to the autocorrelation of correct galaxies computed on a sample in which some sources have a larger error on redshift. However, the intensity of the signal ultimately depends on how catastrophic redshift errors are defined with respect to random ones. More details on the origin of this contribution in the EuclidLargeMocks can be found in Appendix C. The line interlopers contributions, while characterized by a large intrinsic auto-correlation signal, are damped by the small amplitude of their prefactors, given their small fractions in this redshift interval.
The situation is slightly different at z ∈ [1.3, 1.5] shown in the right panels of Fig. 3-right. In this redshift bin, the fractions of noise, O III, and S III interlopers are comparable. As a consequence, the amplitude of the line interloper auto correlations (dark green and violet lines for O III and S III respectively) is higher compared to the low-redshift bin and is of the same order as that of the correct-noise correlation. Given the enhancement of the line interlopers’ auto correlation, we can appreciate the distortion induced in the shape of their 2PCF, as previously illustrated by the broadening and shifting of the BAO peak in the auto-correlation function of the line interlopers in Fig. 2. The contribution of line interlopers to the contaminated 2PCF is particularly evident on small scales in the monopole, where they constitute the second most important contribution after correct galaxies.
In both redshift bins, the other terms in Eq. (17) either have a negligible amplitude or are very noisy. This is expected for the line-correct and line-line cross-correlation terms, since these populations are very far apart (Δz > 0.6, or Δr > 846 h−1 Mpc in terms of comoving distances). The correlation function amplitude of objects characterized by very broad redshift distributions, particularly noise interlopers, is expected to be very small as well. Overall, we cannot appreciate any significant shift or broadening of the BAO peak in the contaminated signal with respect to the correct-correct contribution.
5.2. Simplified models for the measured correlation function
In this section, we focus on the residual error obtained when we neglect some terms on the right side of Eq. (17), that is, when considering an incomplete modelling of the measured correlation function. The first model considered is one that ignores the specific contamination and only accounts for the correct galaxy contribution attenuated by the prefactor
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm m} = (1-f_{\rm {tot}})^2 \frac{R_{\rm c}R_{\rm c}}{R_{\rm m}R_{\rm m}} \xi _{\rm {cc}} . \end{aligned} $$](19)
In the second model we include the autocorrelation terms for both noise and line interlopers
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm m} = (1-f_{\rm {tot}})^2 \frac{R_{\rm c}R_{\rm c}}{R_{\rm m} R_{\rm m}} \xi _{\rm {cc}} + f_{\rm \ell }^2 \frac{R_{\ell } R_{\ell }}{R_{\rm m} R_{\rm m}} \xi _{\ell \ell } + f_{\rm n}^2 \frac{R_{\rm n} R_{\rm n}}{R_{\rm m} R_{\rm m}} \xi _{\rm {nn}} . \end{aligned} $$](20)
Finally, if we further include the correct-noise cross-correlation term that features prominently in Fig. 3 we have
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm m} \,=\,&(1-f_{\rm {tot}})^2 \frac{R_{\rm c}R_{\rm c}}{R_{\rm m}R_{\rm m}} \xi _{\rm {cc}} + f_{\ell }^2 \frac{R_{\ell }R_{\ell }}{R_{\rm m}R_{\rm m}} \xi _{\ell \ell } + f_{\rm n}^2 \frac{R_{\rm n}R_{\rm n}}{R_{\rm m}R_{\rm m}} \xi _{\rm {nn}} \\ &+ 2 (1-f_{\rm {tot}})f_{\rm n}\frac{R_{\rm c}R_{\rm n}}{R_{\rm m}R_{\rm m}} \xi _{\rm {cn}} . \end{aligned} $$](21)
For each of the three models, we compared the residuals (ξm − model) to the expected statistical uncertainty, σm, on the measured 2PCF ξm and looked for the minimal set of terms that brought the systematic error below σm and 10% σm.
Figure 4 shows the amplitude of systematic error induced by using the approximate models described by Eq. (19) (blue line), Eq. (20) (golden line), and Eq. (21) (brown line), for z ∈ [0.9, 1.1] (left panel) and z ∈ [1.3, 1.5] (right panel), in monopole, quadrupole, and hexadecapole correlation functions. Systematic errors, defined as the difference between the measured and modelled quantities, are averaged over the 1000 mocks and the coloured bands around them represent the standard deviation around the mean. The grey bands represent the statistical uncertainty, σm, on the measured 2PCF, i.e. the statistical error on a single realization and 10% of its value. The value of σm is obtained from the scatter of ξm multipoles among mocks realizations, whose area is on the order of the total DR1 area.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Systematic errors in the monopole, quadrupole, and hexadecapole moments in the case of an incomplete parameterization, for z ∈ [0.9,1.1] (left) and z ∈ [1.3,1.5] (right). The grey bands correspond to the statistical uncertainty σm on the measured monopole and to 10% σm. The y axis scale is linear between −10−3 and 10−3, and symmetric logarithmic elsewhere.



At z ∈ [0.9, 1.1], the simplest modelling including only correct galaxies autocorrelation leads to a systematic error smaller than the expected statistical uncertainty on 2PCF measurements in DR1 at all separations. Adding interlopers auto-correlations has only an impact on the smallest scales, where the line interlopers auto-correlation is highest, but has no effect on scales above 30 h−1Mpc. The systematic error falls below 10% of σm at all scales only when including the cross-correlation term between correct galaxies and noise interlopers. The systematic error has a slightly different behaviour at z ∈ [1.3, 1.5], which is directly linked to the different interloper fractions in this redshift range with respect to the previous one. The residuals in the monopole when using the simplest model are larger than the statistical uncertainty by up to about 40 h−1Mpc. In this case, the introduction of the line interlopers auto-correlation is crucial as it brings the systematic error below the statistical one. This is consistent with the monopole amplitudes reported in Fig. 3, where we see that the line interlopers signal is prominent at those scales. Despite these differences, the addition of the correct-noise cross-correlation term in this redshift range is required to bring the residuals below 10% of σm. Overall, in all models and considered redshift bins, the amplitude of the systematic error decreases with the separation, eventually approaching or dropping below 10% of the statistical uncertainty beyond 100 h−1Mpc.
The adequacy of a given 2PCF model in describing the measured 2PCF in the presence of interlopers must be ultimately evaluated upon its ability to extract unbiased scientific information. The results presented in this section help us to build an effective model for the measured 2PCF that is both accurate and as simple as possible. In other words, measuring a significant systematic effect at the level of the 2PCF measurements does not imply an equally significant decrease in the precision and accuracy of the estimated cosmological parameters. The ultimate goal of this analysis, which is detailed in the following sections, is to comprehensively assess the impact of interlopers on the inference of some cosmological parameters derived from galaxy clustering measurements.
6. The impact of interlopers on RSD parameters
In the second part of this paper, we aim at evaluating how systematic errors due to adopting an incomplete interlopers model affect the inference of the cosmological parameters. In this section, we perform a MCMC analysis to sample the posterior distribution of three key cosmological parameters, namely the growth rate, fσ8, the clustering amplitude, bσ8, and the pairwise velocity dispersion, σp: when included in the clustering model, also the total contamination fraction is let free to vary. We fix all the other parameters to the values adopted in the parent simulations. Our goal is to identify the simplest theoretical model that accurately provides unbiased estimates of the physical parameter of interest, fσ8.
We begin by considering different configurations of a model which accounts for the presence of contaminants only through a damping factor in front of the correct galaxies 2PCF, like in Eq. (19). Then we test a second model that accounts also for the auto-correlation of the two types of line interlopers but ignores the auto-correlation of the noise interlopers, which has been shown to be negligible. The goal is to verify whether the systematic errors induced by ignoring the cross-correlation terms, which are considerably more difficult to model, are small enough to be neglected. The specific models used to fit the measured 2PCF are detailed in Sect. 6.2.
In our analysis, we are not focused on evaluating the absolute precision with which cosmological parameters can be estimated from DR1 data. Instead, our goal is to assess the impact of systematic errors arising from the adoption of incomplete models for interlopers. To achieve this, we compute the results obtained by fitting a 2PCF measured on the contaminated catalogue to various 2PCF models detailed below: then, we compare these results to those obtained by fitting the 2PCF measured on the pure part of the catalogue (i.e. made of only correct galaxies) with its corresponding model for correct galaxies clustering. We refer to this latter scenario as the ‘reference case’. In the following, we detail the models and methodology adopted in this analysis and the corresponding results.
6.1. Modelling the 2PCF
All the 2PCF models adopted in the analysis, presented in Sect. 6.2, are derived from the template model for the galaxy power spectrum in redshift space described in Euclid Collaboration: Blanchard et al. (2020) and generalized in Addison et al. (2019) to include the modelling of line interlopers
[image: Mathematical equation: $$ \begin{aligned} P\left(k_{\mathrm{obs} }, \mu _{\mathrm{obs} }, z\right)\,=\,&\gamma _{\perp }^2 \gamma _{\parallel }\frac{\left[b\left(z\right) \sigma _8\left(z\right)+f\left(z\right) \sigma _8\left(z\right) \mu _{\mathrm{obs} }^2\right]^2}{1+\left[f\left(z\right) k_{\mathrm{obs} } \, \mu _{\mathrm{obs} } \, \sigma _{\rm p}\left(z\right)\right]^2} \nonumber \\&\times \frac{P_{\mathrm{dw} }\left(k_{\mathrm{obs} }, \mu _{\mathrm{obs} }, z\right)}{\sigma _8^2\left(z\right)} F_z\left(k_{\mathrm{obs} }, \mu _{\mathrm{obs} }, z\right) \,. \end{aligned} $$](22)
The term Pdw is the damped-wiggles matter power spectrum (Ivanov & Sibiryakov 2018; Euclid Collaboration: Blanchard et al. 2020), f is the growth rate, σp is the pairwise non-linear velocity dispersion which relates to the relative displacement induced by the peculiar velocity of galaxies (Ballinger et al. 1996; Euclid Collaboration: Blanchard et al. 2020), σ8 is the rms density fluctuation at 8 h−1Mpc,, and Fz is a Gaussian function to account for the accuracy on the measured spectroscopic redshift (whose rms value σ0, z is almost independent of redshift and equal to 0.001 in the EuclidLargeMocks).
Since all cosmological parameters (apart from the aforementioned free parameters fσ8, bσ8, and σp) are set equal to those of the simulation, there is no need to model the AP effect: therefore, the values of the gamma parameters are identically equal to one for the power spectrum of the correct galaxies, whereas for line interlopers their values are estimated from Eqs. (4) and (5). Moreover, in the case of line interlopers, the power spectrum measured at redshift z depends on the cosmological parameters evaluated at the true redshift ztrue of the interloper population (Addison et al. 2019). To transform the values of the wave-number modulus and its cosine angle from the true to the observed ones in Eq. (22), we used
[image: Mathematical equation: $$ \begin{aligned} k_{\mathrm{obs} } =&\sqrt{\gamma ^2_{\perp } k^2_{\perp } + \gamma ^2_{\parallel } k^2_{\parallel }} ,\\ \mu _{{\mathrm{obs} }} =&\dfrac{\gamma _{\parallel } k_{\parallel }}{\sqrt{\gamma ^2_{\perp } k^2_{\perp } + \gamma ^2_{\parallel } k^2_{\parallel }}} . \end{aligned} $$](23)
Since we worked in configuration space, we started from the anisotropic power spectrum model to obtain the two-dimensional 2PCF model of the correct galaxies and line interlopers auto-correlation terms in Eq. (17). We then extracted the multipoles by integrating the two-dimensional models weighted by the proper prefactor in front of each correlation function through
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\,(\nu )}(s) = \frac{\mathrm{i} ^{\nu }}{2\pi ^2} \int _0^{\infty } j_{\nu }(ks) \, P^{(\nu )} (k) \, k^2 \, \mathrm{d} k , \end{aligned} $$](24)
where jν(ks) are the spherical Bessel functions.
6.2. 2PCF phenomenological models with interlopers
We present a set of analyses which involve comparing different 2PCF models, characterized by different sets of free parameters and types of interlopers. Table 4 provides a summary of these tests, which are detailed below. We performed these tests in all four Euclid spectroscopic redshift bins. For clarity, instances like ‘A vs. B’ should be interpreted as ‘measurement A fitted against model B’.
Table 4. 
Summary of all tests run in the MCMC, including the reference case (first line).

6.2.1. The reference case: Correct versus correct
As mentioned at the beginning of this section, to avoid being sensitive to our choice of a particular power spectrum model, we aim to compare cosmological parameter results across different interloper parameterizations against a reference case that uses the same power spectrum model. In this reference case, we fit the 2PCF measurement of the correct part of sample using the theoretical model for the correct galaxies auto-correlation. We refer to this case as correct vs. correct5. We fit6
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm cc} ^\mathrm{{meas}} \;\; \mathrm{vs.} \;\; \xi _{\rm cc} (f\sigma _8, b, \sigma _{\rm p}) \, \end{aligned} $$](25)
where the parameters fσ8, b, and σp are let free in the fit and refer to the correct galaxy population within the measured redshift bin. Considering this model as reference, in particular the corresponding fσ8 value, we can evaluate the improvement induced only by considering more complex and detailed models based on the prefactors parameterization and on the addition of the line interlopers auto-correlation signals to the total theoretical model.
6.2.2. A proof-of-concept case: Contaminated versus correct
The results presented in Sect. 5 demonstrate that, at first approximation, the contaminated signal can be reproduced by accounting for the contribution of the correct galaxies only, appropriately weighted by the corresponding prefactor. We perform a proof-of-concept test in which the measured 2PCF of the contaminated sample is compared to the same correct-only 2PCF model used for the reference case, that is a model which assumes a 100% pure sample. In this case, we expect that the mismatch in the clustering amplitude will result in an underestimate of the linear bias parameter, b. The ultimate scope is to check whether the adoption of this simplified model affects the estimate of the growth rate parameter fσ8. We refer to this test as contam vs. correct. We fit
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\, \mathrm {meas}}_{\rm m} \;\; \mathrm{vs.} \;\; \xi _{\rm cc} (f\sigma _8, b, \sigma _{p}) . \end{aligned} $$](26)
6.2.3. Correct-only modelling with exact prefactor
This is the simplest realistic model that we used to fit the contaminated signal. As in the previous cases, we account for the auto-correlation of correct galaxies only, but this time weighted by its exact prefactor as in Eq. (17) when fitting the contaminated signal. This means that we assume to know exactly the fraction of target galaxies and its scale dependence.
We refer to this test as contam vs. p*correct. We fit
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\, \mathrm {meas}}_{\rm m} \;\; \mathrm{vs.} \;\; p_{\rm c} \, \xi _{\rm cc} (f\sigma _8, b, \sigma _{p}) , \end{aligned} $$](27)
with [image: Mathematical equation: $ p_{\mathrm{c}}=(1-f_\mathrm{{tot}})^2 \dfrac{R_{\mathrm{c}}R_{\mathrm{c}}}{R_{\mathrm{m}}R_{\mathrm{m}}} $]. The model is very similar to the reference case one, apart from the 2D prefactor in front of the correct galaxies 2PCF. This prefactor is integrated together with ξcc when computing the multipoles of the model, which is what we consider in the MCMC analysis. Since the prefactor is exact (because it was measured from the pairs in the random catalogues), the free parameters are the same of the reference case.
6.2.4. Correct-only modelling with free contamination fraction
In the real survey, one expects to estimate the fraction of interlopers from the analysis of the EDS. However, it is unlikely that such an analysis will be able to estimate the scale dependence of the contamination in the first stages of the mission. In addition, the total contamination fraction will be measured with some uncertainty. Therefore, we explore an additional model in which we approximate the contamination fraction ftot by a constant rather than a scale-dependent factor, and we let it free to vary within the interval specified by a uniform prior.
We refer to this test as contam vs. (1 − ftot)2*correct, where the prefactor in this case is scale-independent and only depends on the total contamination fraction fc (see Eq. (18)). We fit
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\, \mathrm {meas}}_{\rm m} \;\; \mathrm{vs.} \;\; (1 - f_{\rm {tot}})^2 \xi _{\rm cc} (f\sigma _8, b, \sigma _{p}) . \end{aligned} $$](28)
In this case, we have one more free parameter with respect to the previous tests, which is ftot. The prior on this and on the other parameters are discussed in the dedicated Sect. 6.3. We expect that a large prior of ftot may cause, on one hand, a strong degradation of shape parameters like fσ8 and bσ8 due to natural degeneracies of the model. On the other hand, the β = f/b parameter should be insensitive to the choice of this prior.
6.2.5. Correct galaxies and line interlopers modelling
This is the most complete model we present in this paper. In addition to the correct galaxies contribution, we include the O III and the S III line interlopers auto-correlation terms in the theoretical model. The complete 2PCF model (described in Eq. (32), after introducing the set of approximations we adopted) is therefore the sum of three contributions, all derived from the corresponding power spectrum models as in Eq. (22). We do not include the noise interlopers auto-correlation since in Sect. 5 we have shown that it is expected to be negligible. Despite this simplification, the model still depends on a large number of free parameters, some of which are highly degenerate. To reduce the number of degenerate parameters while maintaining a focus on estimating fσ8 and bσ8, we have adopted several simplifying assumptions, which are detailed below.
First, in analogy with the p*correct model, we assume that the contamination fractions of correct galaxies and line interlopers can be estimated from the data. We also assume that not only their average values but also their scale dependence is known. The impact of this second assumption is expected to be negligible, since, as shown in Appendix A, the scale dependence of the prefactors is either mild or, when it is not, the magnitude of the prefactor itself is small. In summary, we fix the prefactors for the three auto-correlation terms included in the model. Second, we leverage both physical and empirical considerations to build a redshift-dependent model for the growth factor and bias of the interlopers, as detailed in the following.
We assume the cosmological model of the parent simulations to constrain the redshift dependence of the fσ8 value accordingly. With this assumption, only a single free parameter, that is the correct galaxies growth rate fσ8 measured at the observed redshift z, is needed to characterize the growth rate, since the value of fσ8 at the redshift of the line interlopers zint is uniquely determined. Furthermore, since in ΛCDM (which is the EuclidLargeMocks cosmology) the function fσ8(z) is nearly linear within the redshift interval of interest, we adopt a simplified linear model that best fits the exact relation
[image: Mathematical equation: $$ \begin{aligned} f\sigma ^\mathrm{int}_8 (z_{\rm int}) = f\sigma _8 + m \, (z_{\rm int} - z_{\rm t}) , \end{aligned} $$](29)
where m = −0.09 is the slope of the relation derived from theory, assuming an error of 0.02 on the fσ8 values.
Conversely, the redshift dependence of the bias cannot be inferred from theory, as it is related to the selection function of the spectroscopic sample and to the physical properties of the different types of observed galaxies. In principle, the three population of objects that contribute to the measured 2PCF have different bias values that should be treated as independent free parameters in the model. However, to reduce the number of free parameters and find a proper relation to link the interlopers bias to the correct galaxies bias, we calibrate the bias dependence on redshift directly on the mock measurements. For each redshift bin, we separately fit the correct galaxies, O III interlopers, and S III interlopers signal with a model accounting for the exact measured prefactors in front of the 2PCF.
Figure 5 shows the bias values obtained fitting all populations separately in every measured redshift bin. The corresponding redshifts in the b(z) relation are the centres of the measured redshift bins for correct galaxies, while for line interlopers they are the true original redshifts related to the measured redshift bin through Eq. (2). We interpolate the overall dependence on redshift with a linear relation to find the angular coefficient mb7. When running chains, we vary the correct galaxies bias b and mb and then we compute the interlopers bias with the simple deterministic relation
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Redshift dependence of the bias in the EuclidLargeMocks, obtained by fitting the 2PCF of each population in the Euclid spectroscopic bins. Each colour refers to a different population and reveals the true redshifts of the line interlopers compared to correct galaxies. On top of the bias values, we plot the linear relation we derived to interpolate the bias’ redshift dependence.



[image: Mathematical equation: $$ \begin{aligned} b(z_{\rm int}) = b + m_b \, (z_{\rm int} - z_{\rm t}). \end{aligned} $$](30)
We refer to this test as contam vs. correct+line. We fit
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\, \mathrm {meas}}_{\rm m} \;\;&\mathrm{vs.} \;\; \,p_{\rm c} (r) \, \xi _{\rm cc} (f\sigma _8, b, \sigma _{p}, m_b) \nonumber \\&\,+\, p_{\rm {\text{ O}}{{\small { {\text{ III}}}}}} (r) \, \xi _{\rm {\text{ O}}{{\small { {\text{ III}}}}}} \left(\sigma _{1,2} ^\mathrm{{\text{ O}}{{\small { {\text{ III}}}}}} \,|\, \gamma ^\mathrm{{\text{ O}}{{\small { {\text{ III}}}}}}_{\perp }, \gamma ^\mathrm{{\text{ O}}{{\small { {\text{ III}}}}}}_{\parallel }\right) \end{aligned} $$](31)
[image: Mathematical equation: $$ \begin{aligned}&\,+\, p_{\rm {\text{ S}}{{\small { {\text{ III}}}}}} (r) \, \xi _{\rm {\text{ S}}{{\small { {\text{ III}}}}}} \left(\sigma _{1,2} ^\mathrm{{\text{ S}}{{\small { {\text{ III}}}}}} \,|\, \gamma ^\mathrm{{\text{ S}}{{\small { {\text{ III}}}}}}_{\perp }, \gamma ^\mathrm{{\text{ S}}{{\small { {\text{ III}}}}}}_{\parallel }\right) . \nonumber \end{aligned} $$](32)
We leave the velocity dispersions σp free for all populations since we do not have a physical model for them, and we treat them as nuisance parameters. The line interloper factors γ∥ and γ⊥ are computed at a redshift z corresponding to the centre of the observed redshift interval under study via Eqs. (4) and (5), and they are reported in Table 1: we use Eq. (2) to derive the original effective redshift of line interlopers.
6.3. Methodology
To estimate the free parameters of the models, we sampled their posterior probability distribution using the MCMC sampler emcee (Foreman-Mackey et al. 2013). For this, we assumed a Gaussian likelihood for the data, which is explicitly expressed as
[image: Mathematical equation: $$ \begin{aligned} \ln {\mathcal{L} } \propto -\frac{1}{2}\chi ^2 , \end{aligned} $$](33)
where χ2 is defined as
[image: Mathematical equation: $$ \begin{aligned} \chi ^2 = \left[\boldsymbol{\xi }(r)-\boldsymbol{\xi }^\mathrm{meas} (r)\right]^\mathrm{T} \mathsf{C }^{-1}\left[\boldsymbol{\xi }(r)-\boldsymbol{\xi }^\mathrm{meas} (r)\right] \, \end{aligned} $$](34)
and C is the data covariance matrix. Our data vector ξmeas(r) is made of the monopole and quadrupole of the measured 2PCF [image: Mathematical equation: $ \xi^{\, \rm{meas}}_{\mathrm{m}} $] averaged over the full set of mock catalogues for all tests, apart from the reference case in which we fit the average of the correct galaxies ξccmeas(r) data vector. The covariance matrix C, instead, is that of a single realization, since we are interested in assessing the precision with which these parameters will be estimated in the DR1 Euclid survey. We limited our fit to the range of separations r = [40,200]h−1Mpc in order to exclude the smallest scales, which cannot be properly described by a tree-level theoretical model of the power spectrum (more details can be found in Appendix B). We report the mean of the posterior probability as the best estimate for the cosmological parameters, and the 1σ of the marginalized posterior as uncertainty. In the triangle plots, the coloured bands in the marginalized 1D posteriors correspond to the just mentioned 1σ uncertainty; in the 2D posteriors, we report contours corresponding to 68% and 95% confidence levels.
In Table 4 we list the uniform priors we used in the different tests. In all cases explored except the last one, we adopted non-informative priors over very broad intervals. For the last model, which accounts for line interloper contamination, we set our priors based on physically motivated constraints. For example, the upper limit fσ8 < 1 is consistent with assuming a ΛCDM model, whereas the upper limit on the bias parameter b ≤ 5 is consistent with the linear b(z) model that we have adopted (see Fig. 5). Moreover, we decided to adopt a wide [0,3] prior on mb.
When testing the correct-only model with the total contamination fraction free to vary, we tested different uniform priors on ftot. In particular, we tested a symmetric ±1% and ±10% uniform prior around the true values of ftot derived from the fractions of interlopers averaged over the 100 mock catalogues. This corresponds to the condition ftot, min < ftot < ftot, max, with ftot, min = (1 − 0.01) ftot and ftot, max = (1 + 0.01) ftot in the case of a 1% prior. We rely on the ability to estimate the fractions of the various interlopers by analysing the EDS, and we assume that we are able to measure these fraction with a precision in the range 1–10%, as reflected by the chosen priors. We only show an example where ftot is allowed to vary freely within its physical limits [0,1]. This extreme case illustrates the ‘worst’ pessimistic scenario where no external constraints are put on ftot, dramatically impacting the results of the analysis. Given the peculiarity of the test, we do not explicitly compare it with the other cases.
We used the MCMC acceptance rate and the integrated auto-correlation time as diagnostic to decide whether or not the chain was long enough to have converged. For the tests we show in this paper, we found that a configuration with 20 000 steps and 40 walkers was adequate, providing a number of effectively independent samples greater then 100 for all redshifts, tests, and model parameters. To compare our results to those obtained in Sect. 5, aimed at testing the individual contribution of the interlopers to the measured 2PCF, we show the results in the same redshift bins, i.e. z1 = [0.9,1.1] and z3 = [1.3,1.5].
6.4. Results of the amplitude fits
The contour plot in Fig. 6 shows the 2D and 1D marginalized posterior probability contours for the parameters fσ8 and bσ8 obtained from three different analyses (in z3 as an example). The grey contours show the correct vs. correct reference case. We compare them with the results of the contam vs. correct case with no allowance for interlopers contamination (red curves) and that of the contam vs. p*correct case (green curves), in which the correct prefactor is used to account for interlopers contamination. In the contam vs. correct scenario, the systematic error on the fσ8 and bσ8 values is significantly larger than the statistical uncertainty, and a simpler rescaling of the fitted galaxy bias value is not enough to recover the correct fσ8 value. However, when adding the exact prefactor of the correct galaxies contribution to the model, the contour plots (in green) overlap with those of the reference case. This comparison highlights the systematic error deriving from ignoring the presence of interlopers altogether and assuming that the sample is 100% pure. An additional degree of freedom is required to account for the overall decrease in the clustering amplitude, which is the main effect induced by interloper galaxies.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Comparison between the reference case (grey line), a model including interlopers (the minimal one, green line), and a model with contributions from correct galaxies only without the proper weighting (red line) in z ∈ [1.3, 1.5].



Figure 7 shows the inferred values of fσ8 and bσ8 determined in each chain in the two reference redshift intervals, along with their uncertainties. A grey band indicating the 1 σ uncertainty in the reference case is displayed to facilitate the comparison between different models.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Inferred fσ8 and bσ8 values and 1σ uncertainties for all tests in the two reference redshift bins. They grey band corresponds to 1σ around the values inferred in the reference case.



Let us now focus on the models that include only the correct galaxies contribution. We considered three cases: one in which we assumed to know exactly the prefactor of the correct galaxies auto-correlation and its scale dependence (green curves in Fig. 7 and Fig. 8); one in which we treated the prefactor (1 − ftot)2 as a free parameter (with no scale dependence), with a strong symmetric ±1% uniform prior centred on a reference value for ftot estimated by averaging over the actual fraction of contaminants inserted in the mocks (golden line in Fig. 7); and one in which a milder prior ±10% on ftot was assumed (orange lines in Fig. 7 and Fig. 8).
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Contour plots for fσ8 and bσ8 derived from three representative tests in z ∈ [0.9, 1.1] (top) and z ∈ [1.3, 1.5] (bottom). The dashed grey lines indicate the mean values of the reference case posterior distribution.



Looking at the error bars shown in Fig. 7, we immediately notice that there is no substantial difference between the exact prefactor case and the constant one. Focusing on the centre-left panel of Fig. 9, we observe that the probability contours for the fσ8 and bσ8 parameters remain largely unaffected by the assumed interloper fraction, provided this is known a priori with 10% precision. However, this stability is lost when the contaminating fraction is allowed to vary freely between 0 and 1, i.e. when no prior information about the contamination is available. In this scenario, the probability contours for these parameters broaden significantly, as expected. It is noteworthy, though, that even in this pessimistic yet unlikely case (since we expect to measure the sample purity through analyses of the EDS), our ability to estimate the distortion parameter β remains relatively unaffected (as shown in Fig. 10). This resilience is due to the fact that β can be measured from the ratio of the monopole to the quadrupole of the galaxy 2PCF, a calculation in which the contaminating fraction cancels out.
	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Comparison between the cosmological parameters’ constraints obtained with a correct-only constant-prefactor model (contam vs. (1 − ftot)2*correct) with an uncertainty of 1% and 10% on the total contamination fraction ftot. As an example, we show the results for z3.



	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Independently from the width of the prior on the total contamination fraction ftot, the β parameter is always constrained and its uncertainty does not change in a correct-only constant-prefactor model.



The most realistic model we show in this study is the one including also the contribution of line interlopers (see Sect. 6.2), which corresponds to the blue curves in Fig. 7 and in the triangle plots of Fig. 8, where we show the 1D a 2D marginalized posterior distributions for fσ8 and bσ8 in three representative chains. The dashed grey lines indicate the mean values of the reference case marginalized posterior distributions. The results show that including the contribution of line interlopers in the models does not significantly modify the posterior distributions. Consequently, this inclusion does not affect the precision with which these parameters are estimated, as shown by the error bars in Fig. 7.
On the other hand, the accuracy with which these parameters are estimated varies with redshift. Focusing on fσ8, in Fig. 11 we show the percent difference between its estimated value in all tests (coloured dots) and the one fitted in the reference case (grey dots). Different colours are used consistently with the previous plots and indicate the different model used. The error bars were computed propagating the error on the mean inferred fσ8 values, i.e. dividing the 1 σ uncertainty of the marginalized fσ8 posterior by the square root of the number of mocks, in order to quantify the systematic error in the estimate of the parameter. The grey band indicates a reference 1% difference. All models underestimate the fσ8 value with respect to the reference case in the nearest redshift bins. However, the discrepancy is small, decreasing from 3% at z1 to 1% at z2. In the data, this mismatch corresponds to a systematic underestimate of the absolute amplitude of the 2PCF monopole and quadrupole moments, as shown in Fig. 12-left. At the higher redshifts z3 and z4, the more sophisticated model that includes line interlopers continue to underestimate the parameter, though the mismatch remains minor. In contrast, the predictions of all other models agree to within 1% with expectations.
	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Percent difference between the fσ8 value estimated in each chain and the one inferred in the reference case. Here, the errors on the percent difference are derived by considering the errors on the mean value of fσ8, i.e. the uncertainties given by the chains divided by the square root of the number of mocks.



	[image: Thumbnail: Fig. 12. Refer to the following caption and surrounding text.]	Fig. 12. Agreement between the measured 2PCF [image: Mathematical equation: $ \xi^{\,\rm{meas}}_{\mathrm{m}} $] multipoles and all tested models. The error bars are shown in the fit range and correspond to the diagonal elements of the covariance matrix used to sample the posterior probability in the chains, i.e. the single-measurement DR1-like covariance. Left: z ∈ [0.9, 1.1]; right: z ∈ [1.3, 1.5].



The redshift dependence of the mismatch of the models may have different causes. One is the inadequacy of our power spectrum model, used to predict the galaxy 2PCF, in accounting for non-linear effects. We expect its impact to be small since we limit our analysis on separations larger than 40 h−1Mpc. Moreover, we compared the performance of the models to a reference case that also relies on the same matter power spectrum model. However, the model of the measured 2PCF at a given redshift accounts for the contribution of all interlopers at various redshifts, and its value at a given separation may include contributions from various type of pairs, including those at smaller separations and thus probing non-linear scales. One hint that this is a plausible explanation is the fact that the mismatch decreases with the redshift for most of the models explored.
A distinguishing feature of the first redshift bin compared to the others is the presence of a high fraction of noise interlopers and an almost complete absence of line interlopers. As a result, the cross-correlation between correct galaxies and noise interlopers becomes the most significant contribution after the correct galaxy signal, as shown in the left panel of Fig. 3. However, although this contribution is larger in z1 than in z3, its magnitude contributes but is not sufficient to account for the observed difference in fσ8. To verify this, we compared the results of fitting the correct-only model to both the measured 2PCF, i.e., the total measured signal, and the 2PCF after subtracting the correct-noise cross-correlation contribution. The fit results do not change significantly in either z1 or z3. This suggests that, at least with the contaminant fractions present in the EuclidLargeMocks, the cross-correlation between correct galaxies and noise interlopers does not play a role in the results of the first redshift bin (at least when focusing on r > 40 h−1Mpc). If the fraction of noise interlopers were to increase, the relevance of the cross-correlation signal with correct galaxies would correspondingly rise. In such a case, we are confident in our ability to model this contribution if necessary (see Appendix C).
Figure 13 shows the systematic bias between the fσ8 value inferred from all models relative to the reference case, as a function of redshift. To better quantify this bias, we computed its uncertainty by dividing the uncertainties on fσ8 in the chains by the square root of the number of mocks, as we did in Fig. 11. The systematic errors for the different models are compared to the statistical uncertainty σSTAT on fσ8 in the reference case (grey bands) when considering a statistics comparable to the Euclid final data release DR3 (i.e. the uncertainty on fσ8 from the reference case chain has been divided by [image: Mathematical equation: $ \sqrt{6} $], since the DR3 volume will be about six times that of DR1). All redshift bins show systematic errors below or comparable to the statistical error regardless of the 2PCF model tested. In particular, moving towards high redshifts, the systematic errors tend to be smaller. This suggests that, with DR3-level sensitivity, we must be more careful in assessing the quality of our models and check whether this discrepancy arises from the assumption of an overly simplistic model, or whether the inadequacy of the interlopers’ modelling becomes significant with such high statistics. On the other hand, a simple interloper model appears to be more than sufficient when working with DR1-like sensitivity.
	[image: Thumbnail: Fig. 13. Refer to the following caption and surrounding text.]	Fig. 13. Systematic bias on fσ8 of all tests with respect to the reference case. The grey bands represent an estimate of the precision on fσ8 at the end of the mission (DR3), when the observed volume will be six times bigger than DR1. As in Fig. 11, the error bars were derived using the errors on the mean values of the inferred fσ8.



7. The impact of interlopers on BAO parameters
In this section, we focus on modelling the BAO signal in the measured 2PCF. We parameterise the deviation between the measured and fiducial BAO scale, along and across the line-of-sight, using the AP parameters α⊥, α∥, defined as
[image: Mathematical equation: $$ \begin{aligned} \alpha _\perp (z) =&\frac{D_{\scriptscriptstyle \mathrm A}^\mathrm{true} (z)r^\mathrm{fid} _\mathrm{s} }{D_{\scriptscriptstyle \mathrm A}^\mathrm{fid} (z)r^\mathrm{true} _\mathrm{s} } ,\end{aligned} $$](35)
[image: Mathematical equation: $$ \begin{aligned} \alpha _\parallel (z) =&\frac{H^\mathrm{fid} (z)r^\mathrm{fid} _\mathrm{s} }{H^\mathrm{true} (z)r^\mathrm{true} _\mathrm{s} } . \end{aligned} $$](36)
Here the superscripts true and fid mark the true and fiducial values of the Hubble parameter H(z), the comoving angular diameter distance DA (z), and the sound horizon scale rs, as estimated using, respectively, the true cosmological model and the fiducial cosmological model used to convert redshifts into distances.
The AP parameters enter the 2PCF templates as a dilation of the measured radial and angular galaxy pair separations, in the same way as the γ⊥, ∥ parameters, defined in Eqs. (4) and (5), are incorporated into the clustering template to account for line interlopers (Eq. (22); Ross et al. 2017). Therefore, when analysing contaminated data, we expect these two sets of parameters to be highly degenerate. In particular, when employing the state-of-the-art model for the BAO peak (Euclid Collaboration: Sarpa et al., in prep.), which does not explicitly model systematic effects – neither for the redshift errors nor the interlopers signal included in Eq. (22) – we anticipate that the AP parameters will fully absorb the effects of the γ parameters, ultimately degrading the BAO constraints.
In the following, we quantify the amplitude of this degradation by applying the standard BAO model to the contaminated signal at different redshifts. The analysis presented in this article does not take into account the effects of interlopers on the BAO reconstruction, as this exploration is addressed in a companion paper (Euclid Collaboration: Sarpa et al., in prep.).
7.1. Methodology
We analysed the full set of EuclidLargeMocks introduced in Sect. 4, distinguishing between the correct and contaminated cases (correct + line + noise). By matching the fiducial cosmology to the true cosmology of the mocks when mapping redshift coordinates into distances, we expect the estimated values of the AP parameters to be consistent with unity in both scenarios.
Given that the model does not incorporate any source of systematic errors, we fit both the correct and measured 2PCF multipoles using the same template (Sarpa et al. 2021)
[image: Mathematical equation: $$ \begin{aligned} \xi ^{\,(\nu )}(r;\bar{z})=b^2\xi ^{\,\mathrm{Ph} , \,(\nu )}(r,\alpha _\perp ,\alpha _\parallel ,b,f,\Sigma _\perp ,\Sigma _\parallel ;\bar{z}) + \mathrm{BB} _{\nu }(r) \,, \end{aligned} $$](37)
where ξ Ph,  (ν) encapsulates the physical properties of the signal, modulated by the linear bias, b, the growth rate of structures, f, and the phenomenological parameters Σ⊥ and Σ∥ describing the anisotropic damping of BAO in the parallel and transverse directions to the line of sight. The polynomial broadband term
[image: Mathematical equation: $$ \begin{aligned} \mathrm{BB} _{\nu }(r;A_{\nu ,0},A_{\nu ,1},A_{\nu ,2}) = A_{\nu ,0} + \frac{A_{\nu ,1}}{r} + \frac{A_{\nu ,2}}{r^2} \end{aligned} $$](38)
was included to model high-order non-linear effects (beyond first-order perturbation theory) and systematic features not explicitly captured in the physical model.
There are five main characteristics of the contaminated signal that are not accounted for in Eq. (37): the relative fraction of different mass tracers (correct galaxies and interlopers), their respective biases, the dilation of the BAO scale induced by line interlopers, the noise contribution from noise interlopers, and redshift errors. Noting that the biases and fractions of contaminants modulate the amplitude of the 2PCF signal, we expect their effects to be reabsorbed by the estimated values of the linear bias parameter, b. As previously discussed, since γ⊥ and γ∥ are degenerate with α⊥ and α∥, we used only the latter two as free parameters in the analysis. Finally, the broadband term BB accounts for both the noise background level and the redshift errors.
We validated our hypothesis on the effect of interlopers on the AP parameters by defining a Gaussian likelihood for the data (as shown in Eq. (33)) and sampling the model’s parameter posterior, assuming flat priors, as detailed in Table 5. To better understand the impact of interlopers on the BAO scale, we focused on modelling the mean monopole, quadrupole, and hexadecapole of the 2PCF averaged over the full set of mocks, utilizing the same mock covariance matrix as in the previous section. In this context, the mean 2PCF multipoles served as the theory data vector, enabling us to assess the performance of the state-of-the-art BAO template in the presence of contaminated signals. Finally, we performed the likelihood sampling using the BAOFITTER Python package8, restricting the fitting range to [50, 150] h−1Mpc.
Table 5. 
Prior distributions for 2PCF model parameters of the BAO analysis (Eq. (37)).

7.2. Results of the BAO fit
Figures 14 and 15 show the 1σ and 2σ posterior probability for the AP parameters as estimated from the correct (black) and contaminated (red) catalogues for the two reference bins used in this analysis, z1 and z3, respectively. At z1, where noise interlopers dominate over line interlopers, the contaminated constraints are in almost perfect agreement with correct galaxy results, showing no bias and a slight increase of 9% in the uncertainty of α⊥ and 4% in α∥. At z3, where the fraction of noise interlopers, O III, and S III line interlopers are comparable, we detect a significant increase in the uncertainties, corresponding to 21% and 14% of the target prediction on α⊥ and α∥, respectively. Similarly to z1, their estimated value is not biased by the presence of contaminants. The best fit values for the AP parameters for z1 and z3, as well as for the other bins are shown in Table 6, together with relative errors and the reduced [image: Mathematical equation: $ \tilde{\chi}^2 $] values, and visualized in Fig. 16.
	[image: Thumbnail: Fig. 14. Refer to the following caption and surrounding text.]	Fig. 14. Alcock–Paczynski parameters in the redshift range z ∈ [0.9, 1.1].



	[image: Thumbnail: Fig. 15. Refer to the following caption and surrounding text.]	Fig. 15. Alcock–Paczynski parameters in the redshift range z ∈ [1.3, 1.5].



Table 6. 
Best fit, percent relative error, and χ2 values for the AP parameters in all the redshift bins for both correct and contaminated catalogues, with α∥ and α⊥ values shifted by subtracting 1.

	[image: Thumbnail: Fig. 16. Refer to the following caption and surrounding text.]	Fig. 16. Summary plot of the AP parameters in all the redshift bins, both in the correct and contaminated case.



Our results indicate that the presence of noise interlopers neither biases nor significantly degrades the BAO estimates, as their effects are effectively accounted for by the polynomial broadband term. In contrast, line interlopers result in a substantial enlargement of the probability contours. This enlargement can be attributed to the intrinsic clustering signal of these interlopers contributing to the measured 2PCF. Specifically, as discussed in Sect. 2.3, the S III and O III line interlopers exhibit BAO features located, respectively, at smaller and larger separations than that of the BAO peak of the correct galaxies 2PCF. Consequently, the BAO peak of the contaminated sample is broader than that of a pure sample, since it could be roughly modelled as the superposition of three different Gaussian curves, leading to larger uncertainties on the position of the centroid. Similar results hold for the other redshift bins (see Fig. 16).
Figure 17 concludes our analysis by illustrating the systematic bias between the contaminated and correct cases across all redshift bins. As discussed in Sect. 6.3, we quantify this uncertainty as α∥, ⊥contam − α∥, ⊥correct (blue and red dots). The error bars represent the error on the mean, estimated by dividing the standard deviations of the α∥ and α⊥ posterior distributions by the square root of the number of mocks. For comparison, the coloured bands represent the standard deviations of α∥ (blue) and α⊥ (yellow) in the correct galaxy case rescaled by a factor [image: Mathematical equation: $ \sqrt{6} $] to account for the six-fold larger area covered by the complete Euclid survey in DR3. In all instances, the systematic bias is significantly smaller than the statistical uncertainty.
	[image: Thumbnail: Fig. 17. Refer to the following caption and surrounding text.]	Fig. 17. Comparison between the systematic bias on the two AP parameters with respect to the reference case (correct).



All these results are in agreement with the fact that residuals between the correct and the measured 2PCF are very small at the BAO scale, as shown in Sect. 2.3. In conclusion, we find that a minimal 2PCF model which does not include the interloper galaxies contribution does not introduce significant systematic errors in the estimate of the AP parameters when applied to contaminated catalogues, and therefore it could be safely adopted in the analysis of the Euclid DR1 survey.
8. Conclusions
In this work we investigated the impact of interloper galaxies on the Euclid 2PCF and the effect of this impact on cosmological parameter inference during the early phase of the mission. Our forecast is based on the set of 1000 EuclidLargeMocks catalogues that simulate the survey area of Euclid DR1 and incorporate the realistic types and fractions of galaxy contaminants with incorrect measured redshifts. We introduced the formal expression for the measured 2PCF in Eq. (17), which specifies the individual contributions of each type of interloper. Using this expression, we evaluated the relative contributions of each population to the measured 2PCF signal.
In Sect. 5, we showed the amplitude of all the different terms compared to the measured signal. These results allowed us to quantify the relevance of each term. The dominant contribution comes from the correct galaxy population, followed by the auto-correlation of line interlopers and the cross-correlation of the correct galaxies with noise interlopers. The relative importance of these latter contributions changes with redshift. All other contributions, including cross-correlation terms and the noise-noise auto-correlation, are negligible in the expected Euclid spectroscopic sample. All relevant contributions exhibit a distinct scale dependence. The measured 2PCF is not merely a rescaled version of the true underlying one but instead has its own shape. As a result, the amplitude of systematic errors induced by neglecting some terms in the modelling of the measured signal shows a scale dependence as well. In general, these systematic errors tend to decrease when going towards large separations. For example, for z ∈ [1.3, 1.5], when all interloper contributions are ignored and only the correct galaxies contribution is considered, the mismatch with the measured 2PCF is comparable to the statistical error expected for the DR1 Euclid sample below 30 h−1Mpc. This mismatch decreases down to 20% of the statistical error at the BAO scale and is further reduced on larger scales. We conclude that the sensitivity to interlopers is larger when the 2PCF analysis is extended to smaller scales. In all considered redshift bins, modelling the correct-noise term always lowers the systematic error below 10% of the statistical uncertainty on the single measurement of the measured 2PCF at all scales.
In principle, these results do not rule out the possibility that it may be necessary to develop a model for the correct-noise cross-correlation and include it in the complete theoretical model for the cosmological analysis, especially if we are interested in studying the smallest non-linear scales in view of DR3. In fact, the assessment of the impact of interlopers in the Euclid mission will evolve as the survey progresses. As the survey area expands, sample variance and Poisson noise will decrease and the attained depth of the EDS will increase. This should lead to improved calibration and reduced systematic errors, including better control over interloper types and fractions. However, as long as we limit to DR1-like uncertainties, a modelling that only accounts for correct galaxies and line interlopers auto-correlations leads to systematic errors smaller than the expected statistical uncertainty. It should also be kept in mind that the amplitude and significance of each contribution and systematic effect depend on the considered redshift interval via the types and fractions of interlopers that we expect to have. This means that we are only able to draw precise final conclusions when the true fraction of interlopers in the Euclid survey is determined, which will occur after comparing EWS and EDS observations.
To evaluate the impact of interlopers on the inference of cosmological parameters, we conducted two analyses comparing the measured 2PCF with a series of 2PCF models that incorporate interloper contributions with increasing complexity. In the first analysis, we used the full 2PCF shape to constrain the clustering amplitude in redshift space, quantified by the normalized growth rate of structure fσ8 and the bσ8 parameter (Sect. 6). In the second one, we focused on the BAO feature and extracted the AP parameters α∥ and α⊥ (Sect. 7). Both studies indicated that for Euclid DR1, a minimal 2PCF model that accounts for the attenuation of the clustering signal, independent of the type of contaminants, is sufficient to accurately extract cosmological parameters in the presence of the expected interloper types and fractions.
In the full-shape analysis, we adopted a simple model for the 2PCF that accounts for a fixed redshift error, a damping of the BAO, linear RSD, and a Fingers-of-God damping on small scales (Addison et al. 2019). We tested different phenomenological models of increasing complexity in light of the results obtained in Sect. 5, while working at a fixed cosmology. To disentangle the systematic effects due to a specific interloper modelling from the suitability of the theoretical model chosen for the 2PCF, we always compared our results to a reference case in which only the non-contaminated part of the catalogue is used, so that the theoretical model is applied to a sample without interlopers. Our results showed that a simple 2PCF model, which only accounts for the attenuation of the correct galaxies clustering, is sufficient to estimate fσ8 with 1%–3% accuracy with respect to the reference case, depending on the redshift. The systematic error induced by an incomplete modelling of the interloper galaxies is well below the statistical uncertainty that we expect for DR1, in all tested models. For the DR3 analysis, in which the statistical error is expected to decrease by a factor of about [image: Mathematical equation: $ \sqrt{6} $], the effect of interlopers will require a more elaborate model than a simple attenuation in the clustering amplitude.
In the BAO analysis, we used the 2PCF template BAO model proposed by Euclid Collaboration: Sarpa et al. (in prep.) to fit the measured 2PCF. We quantified the systematic error induced by ignoring the presence of all interlopers altogether in the theoretical modelling. We used the same model to fit both the 100% pure and contaminated samples. Our results showed that the BAO analysis is extremely robust to the presence of interlopers. Specifically, the estimated values for α∥ and α⊥ obtained when ignoring the contribution of any type and fraction of interloper are almost identical to those from the analysis of the 100% pure sample, and the systematic bias between the two cases is significantly smaller than the statistical error expected not just for DR1 but also for DR3 spectroscopic catalogues of Euclid.
The results presented here form the basis for a companion paper, where the impact of interlopers on the two-point statistics is examined in Fourier space rather than in configuration space (Euclid Collaboration: Lee et al., in prep.). The primary difference between the two studies lies in the power spectrum model adopted. In the companion paper, the model is based on Effective Field Theory of Large-Scale Structure (EFT-of-LSS) predictions, which are expected to better capture non-linear effects. Although EFT models can in principle yield more precise cosmological inferences by extending the analysis to smaller scales and capturing non-linear effects, in this work our primary goal is different. As stated at the beginning of Sect. 6 and reiterated here in the Conclusion, we aim to disentangle the impact of interloper mis-modelling from the suitability of the theoretical description adopted for the 2PCF. For this reason, we consistently focus on the shifts in cosmological parameters between the reference case without interlopers and the test cases with specific interloper modelling, always at a fixed theoretical model for the 2PCF. This strategy makes our analysis effectively model independent and allows us to rely on a simpler theoretical framework with fewer nuisance parameters to marginalize over. As a validation of this approach, the results obtained in both configuration and Fourier space analyses are fully consistent.
A final aspect that we have not considered in this work is the so-called BAO reconstruction. State-of-the-art BAO analyses are performed on reconstructed catalogues, which are obtained from a backward non-linear transformation of the redshift space positions of the observed galaxies (Eisenstein et al. 2007; Padmanabhan et al. 2009) to remove the effect of non-linear evolution leading to the damping of the BAO feature. However, the quality of the reconstruction depends on the characteristics of the sample and, potentially, on the presence of interlopers. For this reason, we plan to further investigate this in the future: a key question is whether the BAO template model needs to be updated or it is flexible enough to capture all possible spurious effects that interlopers can introduce into the reconstruction. We plan to address this issue, along with other systematics, in a dedicated paper that analyses the first set of unblinded Euclid data (Euclid Collaboration: Sarpa et al., in prep.).
The interloper fraction assumed in this work, which never exceeds 20%, aligns with the expected contamination level by the end of the survey. This assumption has guided the construction of the simulated galaxy catalogues used to assess the impact of interlopers on clustering statistics. However, it is not guaranteed that this target contamination level will be achieved by the time of the first data release. The analysis of the recently obtained Euclid Quick Data Release (Q1, Euclid Collaboration: Aussel et al. 2025) data suggests that the contamination level is significantly higher than the one adopted in this work (Euclid Collaboration: Le Brun et al. 2026). While it is important to emphasize that a higher contamination level does not diminish the scientific value of the Q1 data – whose primary focus is astrophysical rather than cosmological and does not necessarily require a high level of purity – this finding serves as a warning that the 20% target contamination level may not be reached in DR1. If that is the case, we will need to update our simulated catalogues and repeat the analysis presented in this paper to reassess the impact of a higher interloper fraction on the BAO and full-shape analysis of the galaxy 2PCF.
Another crucial aspect to consider is our ability to accurately estimate the contamination level and characterize the nature of the contaminants. The baseline strategy adopted in the Euclid data analysis pipeline involves estimating the sample’s purity and completeness by comparing galaxy catalogues extracted at full depth with those obtained at the depth of the wide survey, using data from the EDS (Granett et al., in prep.). Since this method depends on the availability of full-depth EDS, which will only be achieved by DR3, it may not be optimal for the first data release. For this reason, alternative approaches are being explored. These include comparisons of redshift measurements for known sources against external, reliable datasets (Saito et al. 2020), self-calibration techniques based on galaxy-galaxy correlations across redshift bins (Peng & Yu 2023), and clustering redshifts (d’Assignies et al., in prep.). For DR1 in particular – where interloper quantification remains tentative – it will also be crucial to perform statistical tests to validate our contamination modelling, following approaches such as that described in Nguyen et al. (2025).
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1 https://roman.gsfc.nasa.gov/


2 For comparison to Pullen et al. (2015): ztrue ≡ zInt, zmeas ≡ zSELG, and λwrong ≡ λSEL.


3 Organisation Unit SPEctral extraction and redshift data.


4 The subscript ‘m’ stands for ‘measured’, since this is the only 2PCF that we are actually going to measure in the survey.


5 Sometimes we use the shorter version ‘ref’, especially inside equations.


6 The superscript ‘meas’ highlights that the 2PCF on the left are the measured ones (in this case performed on the mock catalogues), whereas the ones on the right are theoretical models.


7 As a caveat, galaxy bias depends on luminosity and interlopers do not have the same luminosity as the corresponding Hα galaxies, so it is not guaranteed that the bias can be fit by a single relation, as happens to be true in this case.


8 https://gitlab.com/esarpa1/BAOFit




Appendix A:  Scale dependence of the 2PCF prefactors
Equation (17) is exact when measuring all 2PCFs through the LS estimator. All terms in the equation are two-dimensional quantities depending on both the separation scale r and the cosine of the angle with respect to the line of sight μ. This holds for the prefactors in front of each term as well, since the pair numbers in the random catalogues depend on the window function and on the redshift distribution of each galaxy population. However, we expect that at first order those prefactors are linked to the fractions of interlopers in the catalogue. This comes naturally from Eq. (6), which says that the total density contrast is the weighted sum of the density contrasts of the single populations: the more abundant a population is, the greater its contribution to the total signal. The crucial point is that the fractions in Eq. (6) depend on the window function of the corresponding galaxy population.
Contrary to the correlation function, the scale dependence of the prefactors cannot be modelled from first principles but requires a specific knowledge of the survey geometry and selection function. It is therefore crucial to understand if this scale dependence is actually significant or if it can be ignored when modelling the terms on the right hand side of Eq. (17).
Figure A.1 shows the two-dimensional prefactors p(r, μ) for the correct galaxies, all populations of interlopers, and the correct-noise cross-correlation term in the low-redshift bin (see the left scale in the colour bar). Both an angular and radial dependence arise that are different for each term. To quantify the relevance of this scale dependence, we compare each constant prefactor (dubbed ci, where the subscript identifies the various prefactors) appearing in Eq. (18), with the corresponding exact value pi derived from the pair count ratios. We show the percent difference between the two, defined as
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Two-dimensional prefactors p(r, μ) (left side of the colour bar scale) and percent difference Δp(r, μ) (right side) for a subset of the total terms in Eq. (17) for z ∈ [0.9, 1.1].



[image: Mathematical equation: $$ \begin{aligned} \Delta p_{i} = \frac{p_i - c_i}{c_i} \times 100 \,. \end{aligned} $$](A.1)
The right scale of the colour bar in Fig. A.1 shows the two-dimensional percent difference Δp(r, μ) of the showed two-dimensional prefactors. We see that, whereas the correct galaxy prefactor shows a mild sub-percent difference with respect to the constant prefactor, there are some prefactors (like the O III one) which show a tens of percent variation across the measured r and μ interval.
To allow an easier visualization and interpretation of these results, it is useful to look at the same quantities just shown in one single dimension, i.e. considering the scale dependence on the separation r only. Figure A.2 shows the r-dependent version p(r) of the prefactors in Fig. A.1, i.e. the two-dimensional prefactors averaged over μ, compared to their constant counterpart (dashed lines) for all redshift bins.
	[image: Thumbnail: Fig. A.2. Refer to the following caption and surrounding text.]	Fig. A.2. One-dimensional r-dependent prefactors p(r) for a subset of terms in Eq. (17), compared to their constant counterpart (dashed lines) for all redshift bins (different colours).



Two features are worth noticing. First of all, the curves are systematically offset from the dashed lines. Offsets can be positive or negative, but in all cases they largely exceed the Poisson error derived from the pair counting (not even visible in the plot). The reason for the mismatch is that number counts used to estimate these prefactors only consider pairs within the maximum separation used to compute the 2PCF, in this case 200 h−1Mpc, ignoring objects separated by larger distances. This systematic offset is therefore an artefact that could be eliminated by considering all the pair counts in the sample, which, however, would be too expensive from a computational point of view.
The second feature is that, while in some cases the coloured curves are reasonably constant, for some samples they are not and, instead, exhibit a very significant r-dependence. To make this statement more quantitative, we plot in Fig. A.3 the percent difference Δp(r) of the prefactors with respect to the corresponding constant value, i.e. Eq. (A.1) considering p(r) instead of p(r, μ). The results in all redshift bins are shown together. The percent difference shown on the y axis quantifies the mismatch between the fraction of objects estimated in whole sample and those actually used in estimating the counts, as previously discussed. The maximum percent variation across the r interval, on the other hand, quantifies the magnitude of the r-dependence and the prefactors’ genuine departure from a constant behaviour. Here we can see much more clearly that, depending on the redshift bin and on the term under analysis, the scale dependence can be significant, largely exceeding the 1% level.
	[image: Thumbnail: Fig. A.3. Refer to the following caption and surrounding text.]	Fig. A.3. One-dimensional r-dependent percent difference Δp(r) between scale-dependent and constant prefactors for a subset of terms in Eq. (17), for all redshift bins (different colours).



The specific spatial dependencies for each prefactor arise from the different redshift distributions N(z) of the various objects in the contaminated sample. Objects in all random catalogues have a uniform angular distribution, but different redshift distributions matching those of the corresponding object type. As a result, the random pair counts will feature a dependence on both r and μ that is different for all the random samples. This r and μ dependence in the counts of the various random catalogue propagates into the 2PCF prefactors and originate the departure from the constant prefactor model, depending on the survey window function and on the redshift distribution of the sources.
Ultimately, the scale dependence of the prefactors was not significant for our purposes. In modelling the measured 2PCF in Sect. 6.2, we use both the exact prefactor and a constant approximation in front of the correct correlation. The latter is employed when fitting the unknown contamination fraction of the sample, which is reasonable given the correct prefactor’s very mild scale dependence across all redshift bins. For line interlopers, we choose a conservative approach by using the exact prefactors in front of the line correlations. Although the line interloper prefactors exhibit a stronger scale dependence (up to tens of percent), their absolute value remains small due to the low fraction of these interlopers compared to correct galaxies. Therefore, while scale dependence exists, it does not significantly affect the measured 2PCF at DR1-like precision.

Appendix B:  Minimum separation scale for the amplitude parameters fit
As evidence that our theoretical model for the power spectrum is unable to yield realistic results when fitting smallest separation scales, we compare the outcomes obtained by considering a minimum scale of rmin = 20 h−1Mpc and rmin = 40 h−1Mpc in the fit.
Figure B.1 shows the contour plots in z1 and z3 for the reference case and for the minimal correct-only model with the exact prefactor for the correct galaxies contribution. When we include scales up to a minimum separation scale of 20 h−1Mpc in the fit, the bias between the inferred value of fσ8 and its true value derived from cosmology in z1 exceeds the statistical uncertainty with which we expect to determine fσ8 in DR1. Conversely, this bias is smaller than the uncertainty we foresee for DR1 when considering a minimum separation scale of 40 h−1Mpc in the fit (same figure, right panels), independently on the redshift bin. Considering smaller scales lowers the statistical uncertainty, since we are adding signal both in the monopole and quadrupole, and therefore we become more sensitive to systematic effects related to the choice of the power spectrum model. This demonstrates that the simple power spectrum model we have decided to adopt in this analysis (see Sect. 6.1) cannot be considered reliable when dealing with scales smaller than 40 h−1Mpc, even in a context comparable to DR1 and in absence of contamination (grey contours).
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Contour plot of the correct galaxy parameters for the reference case (grey contour) and the minimal correct-only model with the exact prefactor (green contour) in z ∈ [1.3, 1.5], running chains with rmin = 20 h−1 Mpc (left) and rmin = 40 h−1 Mpc (right).



The bias between the returned values in the reference case and the theoretical ones quantifies the inadequacy of the chosen model to represent the power spectrum. On the other hand, the bias between the results of various tests we performed to fit the contaminated signal, with or without considering certain types of interlopers, and those obtained in the reference case quantifies what we aim to determine: the impact of more or less accurate modelling of interlopers on the estimation of cosmological parameters at different redshifts. This bias graphically corresponds to the shift between the grey contours (or dots, depending on the plot) and the coloured ones, and it is analysed in Sect. 6.4.

Appendix C:  The correct-noise cross-correlation in the EuclidLargeMocks
The separation of correct galaxies and noise interlopers based on |zmeas − ztrue| is affected by the intrinsic ambiguity due to the fact that galaxies without emission lines can acquire a roughly correct redshift by chance. This induces some level of correct-noise cross-correlation. In our mocks, this is emphasized by the assumed cut at 3 σ0, z = 0.003 of the redshift residuals when selecting correct galaxies. However, looking at Fig. 1, we can appreciate that noise interlopers have a tendency to cluster around the correct galaxies and line interlopers lines (light blue shaded area around the straight lines) and to correlate with them up to distances of many σ0, z. This has an impact on the correct-noise cross-correlation, which is contributed by all those noise interlopers which where artificially shifted along the line of sight by Δr < 200 h−1Mpc (the maximum scale we consider when computing the 2PCF). In the EuclidLargeMocks, these sources make up the 10%–20% of noise contaminants, depending on the redshift bin under analysis. To prove that our interpretation is correct, we attempted to model the cross-correlation signal between these two populations assuming that a fraction of the noise interlopers is made by correct galaxies with a larger (Gaussian) redshift error:
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm cn} \simeq (1-f_{\rm {tot}}) f_{\rm n} \, \langle \delta _{\rm c} \delta _{\rm n} \rangle \equiv (1-f_{\rm {tot}}) f_{\rm n} \, \xi _{\rm c, \sigma _{0, z}} . \end{aligned} $$](C.1)
We tested various values for the Gaussian redshift error σ0, z. Figure C.1 shows the results of this test. Each coloured curve represents the results of the fit using the correct-only model (see Sect. 6.2) with a different redshift error standard deviation value. In this case, the parameterisation in Eq. (C.1) appears to work particularly well for an effective σ0, z = 0.035, a value 35 times higher than the instrumental error expected for Euclid. If we consider as an example a noise interloper originally located at ztrue = 1, whose redshift was mistaken by one effective σ0, z so that zmeas = 1.035, the corresponding shift along the line of sight is Δr ≈ 57 h−1Mpc < 200 h−1Mpc. One may wonder if, in view of final Euclid results, an explicit modelling of these cross terms would not be necessary at some point. However, because a separation of the two classes of galaxies is not possible in the EWS, and because the effect of noise interlopers is significant only when the galaxies are close to their true redshift (noise interlopers with large redshift errors do not correlate any more with correct galaxies), this modelling can be absorbed in the modelling of the tails of the P(zmeas|ztrue) PDF. We know from simulations and preliminary measurements that the shape of this PDF shows heavy tails, which would further increase the number of correct galaxies misinterpreted as noise interlopers with a 3 σ0, z criterion. Therefore, the treatment of the tails of the redshift random error PDF is clearly a point to be further investigated.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Monopole (left) and quadrupole (right) of the correct-noise cross-correlation measurements and models in z ∈ [0.9, 1.1]. The solid black line represents the average of the ξcn measurements over the mock catalogues. Dashed lines correspond to different models for the signal (see Eq. C.1), each colour representing a different value for the redshift error in the 2PCF model.
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      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Representation of interloper galaxies in the (ztrue, zmeas) plane, representative of the Euclid spectroscopic selection. The extent of the vertical axis corresponds to the baseline observed redshift range used for the spectroscopic analysis. The plot refers to one of the EuclidLargeMocks (see Euclid Collaboration: Monaco et al. 2025, and Sect. 4.1).

      

    

  
    
      Table 1. 

      Geometric distortion factors γ for misidentified S III and O III galaxies in the four baseline Euclid spectroscopic bins.

      
        


	
	γ⊥,[S III]
	γ‖,[S III]
	γ⊥,[O III]
	γ‖,[O III]





	z ∈ [0.9, 1.1]
	2.23
	0.99
	0.72
	1.08



	z ∈ [1.1, 1.3]
	1.93
	0.96
	0.75
	1.09



	z ∈ [1.3, 1.5]
	1.75
	0.94
	0.78
	1.10



	z ∈ [1.5, 1.8]
	1.61
	0.91
	0.80
	1.11





      

    

  
    
      Table 2. 

      Cosmological parameters that define the flat ΛCDM cosmology used to perform the EuclidLargeMocks parent simulations.

      
        


	Ωm
	Ωb
	ΩCDM
	Ωde
	h
	σ8
	ns
	Neff
	mν [eV]





	0.32
	0.049
	0.270
	0.68
	0.67
	0.83
	0.96
	3.046
	0





      

    

  
    
      Table 3. 

      Mean fractions of the different interloper types in the four spectroscopic redshift bins in the contaminated EuclidLargeMocks.

      
        


	
	z ∈ [0.9,1.1]
	z ∈ [1.1,1.3]
	z ∈ [1.3,1.5]
	z ∈ [1.5,1.8]





	O III
	0.03
	0.12
	0.09
	0.01



	S III
	0.01
	0.03
	0.08
	0.07



	Noise
	0.12
	0.08
	0.08
	0.06





      

    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Monopole of the contaminated sample auto-correlation (dashed black line) compared to the intrinsic correct galaxy (blue line) and line interloper (green and pink line) auto-correlations, not weighted by the prefactors in Eq. (17). The 2PCF are averaged over the EuclidLargeMocks in z ∈ [1.3, 1.5]. We can appreciate both the dilution of the clustering amplitude in the presence of contamination and the distortion of the line interlopers’ signal, in particular the shift of the BAO peak.

      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Monopole, quadrupole, and hexadecapole moments of all terms in Eq. (17) averaged over all mock catalogues for z ∈ [0.9,1.1] (left) and z ∈ [1.3,1.5] (right). All terms comprise the correlation function and the corresponding prefactor. To simplify the visualization of all terms, the rightmost column of each panel shows a zoom-in on the smallest contributions in the corresponding redshift bin.

      

    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Systematic errors in the monopole, quadrupole, and hexadecapole moments in the case of an incomplete parameterization, for z ∈ [0.9,1.1] (left) and z ∈ [1.3,1.5] (right). The grey bands correspond to the statistical uncertainty σm on the measured monopole and to 10% σm. The y axis scale is linear between −10−3 and 10−3, and symmetric logarithmic elsewhere.

      

    

  
    
      Table 4. 

      Summary of all tests run in the MCMC, including the reference case (first line).

      
        


	Model
	Free parameters
	Priors
	n° free parameters





	correct vs. correct
	fσ8, b, σp
	𝒰(0; 10), 𝒰(0; 20), 𝒰(0; 20) h−1Mpc
	3



	




	contam vs. correct
	fσ8, b, σp
	𝒰(0; 10), 𝒰(0; 20), 𝒰(0; 20) h−1Mpc
	3



	




	contam vs. p*correct
	fσ8, b, σp
	𝒰(0; 10), 𝒰(0; 20), 𝒰(0; 20) h−1Mpc
	3



	




	contam vs. (1 − fc)2*correct
	fσ8, b, σp, fc
	𝒰(0; 10), 𝒰(0; 20), 𝒰(0; 20) h−1Mpc, 𝒰(fc, min; fc, max)
	4



	




	
	fσ8, b, mb,
	𝒰(0; 1), 𝒰(0; 5), 𝒰(0; 3)



	




	contam vs. correct+line
	σp, [image: Mathematical equation: $ \sigma_{\mathrm{p}}^{{\mathrm{O}{\small { {\text{ III}}}}}} $], [image: Mathematical equation: $ \sigma_{\mathrm{p}}^{{\mathrm{S}{\small { {\text{ III}}}}}} $]
	𝒰(0; 20) h−1Mpc, 𝒰(0; 20) h−1Mpc, 𝒰(0; 20) h−1Mpc
	6





      

      
Notes. Instances like ‘A vs. B’ should be interpreted as ‘measurement A fitted against model B’.



    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        Redshift dependence of the bias in the EuclidLargeMocks, obtained by fitting the 2PCF of each population in the Euclid spectroscopic bins. Each colour refers to a different population and reveals the true redshifts of the line interlopers compared to correct galaxies. On top of the bias values, we plot the linear relation we derived to interpolate the bias’ redshift dependence.

      

    

  
    
      Fig. 6. 

      
        [image: Fig. 6. Refer to the following caption and surrounding text.]
      

      
        Comparison between the reference case (grey line), a model including interlopers (the minimal one, green line), and a model with contributions from correct galaxies only without the proper weighting (red line) in z ∈ [1.3, 1.5].

      

    

  
    
      Fig. 7. 

      
        [image: Fig. 7. Refer to the following caption and surrounding text.]
      

      
        Inferred fσ8 and bσ8 values and 1σ uncertainties for all tests in the two reference redshift bins. They grey band corresponds to 1σ around the values inferred in the reference case.

      

    

  
    
      Fig. 8. 

      
        [image: Fig. 8. Refer to the following caption and surrounding text.]
      

      
        Contour plots for fσ8 and bσ8 derived from three representative tests in z ∈ [0.9, 1.1] (top) and z ∈ [1.3, 1.5] (bottom). The dashed grey lines indicate the mean values of the reference case posterior distribution.

      

    

  
    
      Fig. 9. 

      
        [image: Fig. 9. Refer to the following caption and surrounding text.]
      

      
        Comparison between the cosmological parameters’ constraints obtained with a correct-only constant-prefactor model (contam vs. (1 − ftot)2*correct) with an uncertainty of 1% and 10% on the total contamination fraction ftot. As an example, we show the results for z3.

      

    

  
    
      Fig. 10. 

      
        [image: Fig. 10. Refer to the following caption and surrounding text.]
      

      
        Independently from the width of the prior on the total contamination fraction ftot, the β parameter is always constrained and its uncertainty does not change in a correct-only constant-prefactor model.

      

    

  
    
      Fig. 11. 

      
        [image: Fig. 11. Refer to the following caption and surrounding text.]
      

      
        Percent difference between the fσ8 value estimated in each chain and the one inferred in the reference case. Here, the errors on the percent difference are derived by considering the errors on the mean value of fσ8, i.e. the uncertainties given by the chains divided by the square root of the number of mocks.

      

    

  
    
      Fig. 12. 

      
        [image: Fig. 12. Refer to the following caption and surrounding text.]
      

      
        Agreement between the measured 2PCF [image: Mathematical equation: $ \xi^{\,\rm{meas}}_{\mathrm{m}} $] multipoles and all tested models. The error bars are shown in the fit range and correspond to the diagonal elements of the covariance matrix used to sample the posterior probability in the chains, i.e. the single-measurement DR1-like covariance. Left: z ∈ [0.9, 1.1]; right: z ∈ [1.3, 1.5].

      

    

  
    
      Fig. 13. 

      
        [image: Fig. 13. Refer to the following caption and surrounding text.]
      

      
        Systematic bias on fσ8 of all tests with respect to the reference case. The grey bands represent an estimate of the precision on fσ8 at the end of the mission (DR3), when the observed volume will be six times bigger than DR1. As in Fig. 11, the error bars were derived using the errors on the mean values of the inferred fσ8.

      

    

  
    
      Table 5. 

      Prior distributions for 2PCF model parameters of the BAO analysis (Eq. (37)).

      
        


	Parameter
	Prior Distribution





	α⊥
	𝒰(0.8, 1.2)



	α∥
	𝒰(0.8, 1.2)



	b
	𝒰(0.0, 5.0)



	f
	𝒰(0.0, 2.0)



	Σ⊥ [h−1 Mpc]
	𝒰(0.0, 20.0)



	Σ∥ [h−1 Mpc]
	𝒰(0.0, 20.0)



	{Aν, 0}i
	𝒰(−20.0, 20.0)



	{Aν, 1}i [h−1 Mpc]
	𝒰(−20.0, 20.0)



	{Aν, 2}i [h−2 Mpc2]
	𝒰(−20.0, 20.0)





      

    

  
    
      Fig. 14. 

      
        [image: Fig. 14. Refer to the following caption and surrounding text.]
      

      
        Alcock–Paczynski parameters in the redshift range z ∈ [0.9, 1.1].

      

    

  
    
      Fig. 15. 

      
        [image: Fig. 15. Refer to the following caption and surrounding text.]
      

      
        Alcock–Paczynski parameters in the redshift range z ∈ [1.3, 1.5].

      

    

  
    
      Table 6. 

      Best fit, percent relative error, and χ2 values for the AP parameters in all the redshift bins for both correct and contaminated catalogues, with α∥ and α⊥ values shifted by subtracting 1.

      
        


	
	α∥ − 1
	α⊥ − 1
	σα∥/α∥[%]
	σα⊥/α⊥[%]
	[image: Mathematical equation: $ \tilde{\chi}^2 $]





	z1 correct
	[image: Mathematical equation: $ 0.006^{+0.065}_{-0.060} $]
	[image: Mathematical equation: $ 0.008^{+0.028}_{-0.029} $]
	6.17
	2.80
	0.99



	z1 contam
	[image: Mathematical equation: $ 0.004^{+0.069}_{-0.062} $]
	[image: Mathematical equation: $ 0.006^{+0.033}_{-0.029} $]
	6.51
	3.06
	1.06



	z2 correct
	[image: Mathematical equation: $ 0.002^{+0.058}_{-0.051} $]
	[image: Mathematical equation: $ 0.003^{+0.023}_{-0.022} $]
	5.40
	2.25
	0.98



	z2 contam
	[image: Mathematical equation: $ 0.002^{+0.061}_{-0.057} $]
	[image: Mathematical equation: $ 0.005^{+0.030}_{-0.028} $]
	5.89
	2.87
	0.98



	z3 correct
	[image: Mathematical equation: $ 0.004^{+0.052}_{-0.048} $]
	[image: Mathematical equation: $ 0.007^{+0.021}_{-0.021} $]
	4.97
	2.07
	1.00



	z3 contam
	[image: Mathematical equation: $ 0.000^{+0.061}_{-0.053} $]
	[image: Mathematical equation: $ 0.009^{+0.026}_{-0.025} $]
	5.67
	2.51
	1.06



	z4 correct
	[image: Mathematical equation: $ 0.007^{+0.040}_{-0.040} $]
	[image: Mathematical equation: $ 0.007^{+0.018}_{-0.018} $]
	3.93
	1.78
	1.08



	z4 contam
	[image: Mathematical equation: $ 0.006^{+0.036}_{-0.037} $]
	[image: Mathematical equation: $ 0.007^{+0.018}_{-0.016} $]
	3.66
	1.65
	1.01





      

    

  
    
      Fig. 16. 

      
        [image: Fig. 16. Refer to the following caption and surrounding text.]
      

      
        Summary plot of the AP parameters in all the redshift bins, both in the correct and contaminated case.

      

    

  
    
      Fig. 17. 

      
        [image: Fig. 17. Refer to the following caption and surrounding text.]
      

      
        Comparison between the systematic bias on the two AP parameters with respect to the reference case (correct).

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Two-dimensional prefactors p(r, μ) (left side of the colour bar scale) and percent difference Δp(r, μ) (right side) for a subset of the total terms in Eq. (17) for z ∈ [0.9, 1.1].

      

    

  
    
      Fig. A.2. 

      
        [image: Fig. A.2. Refer to the following caption and surrounding text.]
      

      
        One-dimensional r-dependent prefactors p(r) for a subset of terms in Eq. (17), compared to their constant counterpart (dashed lines) for all redshift bins (different colours).

      

    

  
    
      Fig. A.3. 

      
        [image: Fig. A.3. Refer to the following caption and surrounding text.]
      

      
        One-dimensional r-dependent percent difference Δp(r) between scale-dependent and constant prefactors for a subset of terms in Eq. (17), for all redshift bins (different colours).

      

    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Contour plot of the correct galaxy parameters for the reference case (grey contour) and the minimal correct-only model with the exact prefactor (green contour) in z ∈ [1.3, 1.5], running chains with rmin = 20 h−1 Mpc (left) and rmin = 40 h−1 Mpc (right).

      

    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        Monopole (left) and quadrupole (right) of the correct-noise cross-correlation measurements and models in z ∈ [0.9, 1.1]. The solid black line represents the average of the ξcn measurements over the mock catalogues. Dashed lines correspond to different models for the signal (see Eq. C.1), each colour representing a different value for the redshift error in the 2PCF model.
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