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Abstract

Hot dust-obscured galaxies (hot DOGs) are a family of hyper-luminous, heavily obscured quasars. A number of studies based on the identification of companions at optical to far-infrared (FIR) wavelengths have shown that these objects reside in significantly overdense regions of the Universe. Here we present further characterisation of their environments by studying the surface density of Lyman break galaxy (LBG) candidates in the vicinity of three hot DOGs. For two of them, WISE J041010.60–091305.2 (W0410–0913) at z = 3.631 and WISE J083153.25+014010.8 (W0831+0140) at z = 3.912, we identify the candidate LBG companions using deep observations obtained with Baade/IMACS. For the third, WISE J224607.56–052634.9 (W2246–0526) at z = 4.601, we reanalyse previously published data obtained with Gemini-S/GMOS-S. We optimise the LBG photometric selection criteria at the redshift of each target using the COSMOS2020 catalog. When comparing the density of LBG candidates found in the vicinity of these hot DOGs with that in the COSMOS2020 catalog, we find overdensities of δ = 1.83 ± 0.08 (δ′ = 7.49 ± 0.68), δ = 4.67 ± 0.21 (δ′ = 29.17 ± 2.21), and δ = 2.36 ± 0.25 (δ′ = 11.60 ± 1.96) around W0410–0913, W0831+0140, and W2246–0526, respectively, without (with) contamination correction. Additionally, we find that the overdensities are centrally concentrated around each hot DOG. Our analysis also reveals that the overdensity of the fields surrounding W0410–0913 and W0831+0140 declines steeply beyond physical scales of ∼2 Mpc. If these overdensities evolve into clusters by z = 0, the present results suggest that the hot DOG may correspond to the early formation stages of the brightest cluster galaxy. We were unable to determine whether or not this is also the case for W2246–0526 due to the smaller field of view (FOV) of the GMOS-S observations. Our results imply that hot DOGs may be excellent tracers of protoclusters.
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1. Introduction
The hierarchical assembly of galaxies implies that the environment in which galaxies are born and live can play a fundamental role in driving their evolution (e.g. Li et al. 2007; Dayal et al. 2019). This merging process may trigger active galactic nuclei (AGNs) activity, driving the growth of the supermassive black holes (SMBHs) at their centers. As we know that SMBHs assemble the majority of their mass through gas accretion during AGN phases (Soltan 1982; Inayoshi et al. 2020), it is likely that the most luminous quasars live in overdense regions of the Universe. In particular, the existence of SMBHs with > 108−9 M⊙ in the early Universe (z ≳ 6; e.g. Bañados et al. 2018; Wang et al. 2021; Fan et al. 2023, for a recent review) implies that these sources must be fed by large amounts of gas, and that they must live in the densest regions at that time (Overzier et al. 2009; Angulo et al. 2012). However, the observational evidence appears controversial.
Spanning over two decades, the exploration of overdensities around luminous high-redshift quasars and radio galaxies has notably deepened our comprehension of their environment throughout cosmic time (e.g. Zheng et al. 2006; Kim et al. 2009; Utsumi et al. 2010; Husband et al. 2013; Morselli et al. 2014; García-Vergara et al. 2017, 2019; Mazzucchelli et al. 2017; Uchiyama et al. 2018; Mignoli et al. 2020; Lambert et al. 2024). Spectroscopically identifying companion galaxies around quasars and radio galaxies is difficult due to the inherent faintness of the surrounding galaxies, and so various methods based purely on photometric observations have been devised to trace overdense regions. The most common of these include identification of either Lyman-break galaxies (LBGs; e.g. Steidel et al. 2003; Ouchi et al. 2004; Yoshida et al. 2006; Husband et al. 2013; Morselli et al. 2014; García-Vergara et al. 2017) through broad-band optical colours, or Lyman-alpha emitters (LAEs, e.g. Kashikawa et al. 2007; García-Vergara et al. 2019) via a combination of broad- and narrow-band observations.
Some studies find overdensities around high-redshift radio galaxies (1 < z < 5; e.g. Venemans et al. 2002, 2004, 2007; Miley et al. 2004; Intema et al. 2006; Mayo et al. 2012; Bosman et al. 2020) and high-redshift quasars (z ≳ 4; e.g. Zheng et al. 2006; Morselli et al. 2014; Balmaverde et al. 2017; García-Vergara et al. 2017). Others find a mix of overdensity and underdensity of LBGs (z ≥ 6; e.g. Kim et al. 2009; Ota et al. 2018; Champagne et al. 2023). There are also studies that find no overdensity of LAEs/LBGs around high-redshift quasars (z > 5.5; e.g. Bañados et al. 2013; Mazzucchelli et al. 2017; Uchiyama et al. 2018). Recently, Lambert et al. (2024) found evidence that the quasar itself may hinder star formation in its vicinity, suggesting that using LAEs as overdensity tracers should be done with caution. Despite these potential caveats, overdense environments provide a unique opportunity to understand the formation of large-scale structures, such as protoclusters in the early Universe.
Hot dust-obscured galaxies (hot DOGs; Eisenhardt et al. 2012; Wu et al. 2012), discovered through the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) mission, are among some of the most luminous and rare populations of quasars. These objects are powered by intense accretion onto SMBHs, which are heavily buried under enormous amounts of gas and dust (Stern et al. 2014; Tsai et al. 2015, 2018; Assef et al. 2015). Recently, Li et al. (2024) estimated the black hole masses of hot DOGs using the broad CIV and MgII lines and found that they range from 108.7 to 1010 M⊙. Hot DOGs have extreme bolometric luminosities, Lbol > 1013 L⊙, with some exceeding Lbol > 1014 L⊙ (Tsai et al. 2015). These objects may play a significant role in the evolution of their host galaxies by inducing substantial gas outflows (Díaz-Santos et al. 2016; Jun et al. 2020; Finnerty et al. 2020).
Previous studies of the environments of hot DOGs have found that they inhabit densely populated regions (Jones et al. 2014, 2017; Assef et al. 2015; Fan et al. 2017; Zewdie et al. 2023). In particular, Assef et al. (2015) studied a large number of hot DOGs through Spitzer/IRAC imaging and statistically revealed that these objects exist in dense environments similar to those hosting radio-loud AGN (e.g. Wylezalek et al. 2013; Noirot et al. 2018). Jones et al. (2014, 2017) explored the overdensities of submillimeter galaxies (SMGs) and mid-infrared (MIR) Spitzer-selected galaxies situated in proximity to hot DOGs. Their findings also suggest that hot DOGs could potentially reside in overdense environments.
Ginolfi et al. (2022) studied the environment of WISE J041010.60–091305.2 (W0410–0913, z = 3.361) using VLT/MUSE observations and found a significant overdensity of LAEs around this hot DOG ([image: equation], where [image: equation], NF is the number of LAE/LBG candidates in the targeted field, and NE is the number of LAEs/LBGs in the blank field normalised to the area of the targeted field). Luo et al. (2022) found double the surface density of distant red galaxies around W1835+4355 at z = 2.3 compared to the field. Recently, Zewdie et al. (Zewdie et al., hereafter 2023Zewdie) studied the environment of the most luminous known hot DOG WISE J224607.56–052634.9 (W2246–0526) at z = 4.601 using deep Gemini Multi-Object Spectrographs South (GMOS-S) imaging in the r, i, and z bands. These authors revealed a large overdensity (δ ∼ 6) of LBGs within 1.4 Mpc of the hot DOG, suggesting it lives in an early-stage protocluster. However, they did not observe a radial profile overdensity of LBGs around the hot DOG. They interpreted this as implying that either the hot DOG is not at the centre, that the structure is too young to have a clear centre even if the hot DOG becomes the brightest cluster galaxy (BCG), or that observational effects from the selection cancel out the radial profile. Further indications of the overdense environment around this source have also been found by deep ALMA observations: Díaz-Santos et al. (2016, 2018) revealed the presence of companions around W2246–0526 linked by dust streams up to 30 kpc from the hot DOG. Their findings suggest that this system is a triple merger, in a locally dense environment.
In the present work, we study the environment of three hot DOGs, namely W0410–0913, WISE J083153.25+014010.8 (W0831+0140), and W2246–0526, through the identification of LBG companions. We use optimised selection functions based on the observations, redshifts, and classifications of the Cosmic Evolution Survey (COSMOS; Scoville et al. 2007; Weaver et al. 2022) catalogue. Specifically, we investigate LBG candidates around W0410–0913 (z = 3.631) and W0831+0140 (z = 3.912) selected as g-band dropouts in imaging obtained with the Inamori-Magellan Areal Camera and Spectrograph (IMACS) at the Magellan Baade Telescope. Additionally, we reanalyse the data from 2023Zewdie for W2246–0526 using the same technique to optimise the selection function as that used for the other two fields. This paper is organised as follows: In Section 2, we discuss our IMACS observations, data reduction, photometric measurements, and the COSMOS2020 catalogue. In Section 3, we present the optimisation of the selection function based on the colour selection criteria. In Section 4, we discuss the study of the colour and spatial distribution of the LBG candidates and we compare our results with those for other hot DOG and quasar environments presented in the literature. Our conclusions are presented in Section 5. Throughout this paper, all magnitudes are given in the AB system. We assume a flat ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 and ΩM = 0.3.
2. Observations and data reduction
2.1. Magellan/IMACS observations
We used the IMACS instrument with the f/4 camera on the Magellan Baade telescope to obtain deep images in the g, r, and i bands of the fields around W0410–0913 and W0831+0140 on the night of 25 November 2019 (P.I.: R.J. Assef). The average seeing was 1.02″, 1.07″, and 1.08″ for the W0410–0913 observations in the g, r, and i bands, respectively, with airmass ranging from 1.07 to 1.15. For the W0831+0140 observations, the mean seeing was 0.81″, 1.10″, and 1.01″ in the r, g, and i bands, respectively, with the airmass ranging from 1.17 to 1.54. All images have a pixel scale of 0.22″ pix−1 and a field of view (FOV) of 15.4′× 15.4′. A dithering pattern with offsets of between 20″ and 60″ in right ascension (RA) and declination (Dec) was applied to minimise the effect of the chip gaps in the final stacked image. The details of the observations are summarised in Table 1.
Table 1. 
Summary of IMACS and GMOS-S observations used in this work. All data were acquired during the night of 25 November 2019 for both IMACS observations and nights of 16/23/27 September 2017 for W2246–0526 GMOS-S observations (2023Zewdie).

2.2. IMACS data reduction
We reduced the IMACS observations by first applying bias and flat-field corrections using Theli1 (Erben et al. 2005; Schirmer 2013). The raw IMACS images do not come with World Coordinate System (WCS) information, and so we developed a python package2 to calibrate the image astrometry. We first made an initial guess based on the telescope information in the image headers. We then cross-matched sources in our images with objects in Gaia DR3 (Gaia Collaboration 2023) using the astroquery package. The pixel-to-world relation was then used to define an accurate WCS object for each image. We found that the initial guess was inaccurate by about 20″. Finally, we used Swarp3 to co-add our images (Bertin et al. 2002).
There are a number of saturated stars, particularly in the field of W0410–0913, with large saturation spikes that cause irregular systematic features in the image, and so we applied some conservative masking to avoid the detection of spurious sources near the saturated spikes. The final masked images are shown in Figure 1. We estimated the usable area by generating 106 random points distributed throughout the image and counted the fraction of unmasked points. The usable area remaining after masking is ∼212.6 arcmin2 and ∼235.7 arcmin2 for the W0410–0913 and W0831+0140 fields, respectively. The IMACS instrument is composed of eight CCDs with a gap between them at the centre of the FOV. Therefore, we centred the targets on one of the CCDs. We considered the region around the hot DOG as the centre up to a maximum radius. We refer to this area as the ‘inner region’, which has a radius of ∼4.8′.
	[image: thumbnail]	Fig. 1. r-band image of W0410–0913 (left-panel) and W0831+0140 (right-panel). In both panels, black circles and polygons show the masked area that we did not use for our LBG selection (see Section 2.1 for details). The blue circles and arrows indicate the hot DOGs positions, and the cyan circle represents the largest area centred on the hot DOG within the image bounds. The red circles are candidate LBG companions.



2.3. Photometry
We measured the photometry using fixed apertures of 2″ diameter with SExtractor4 (Bertin & Arnouts 1996) in dual-image mode, using the r-band images for source detection. We used detection and analysis thresholds of 3 pixels detected above 1.5σ. We applied a 5 × 5 convolution filter based on a Gaussian point spread function (PSF) with a full width at half maximum (FWHM) of 3.0 pix (0.66″). For the background, we used a global model with mesh and filter sizes of 32 and 3 in pixels, respectively.
Photometric calibration was conducted using data from the Panoramic Survey Telescope & Rapid Response System (PanSTARRS) Survey (Tonry et al. 2012). We exclusively considered point sources, which were selected based on the probabilistic classification of unresolved point sources with a ps_score of greater than 0.83, following the suggestion by Tachibana & Miller (2018)5. The PanSTARRS point sources were cross-matched with our sources using a 1″ radius, resulting in 175 and 372 matches within the unmasked areas of the W0410–0913 and W0831+0140 fields, respectively. To address potential issues with saturation and non-linearity in the IMACS images, as well as issues with low-signal-to-noise-ratio (S/N) detections in PanSTARRS, we only considered PanSTARRS point sources within the PSF magnitude ranges of 18.0 < g < 22.5, 17.5 < r < 21.5, and 17.0 < i < 21.0, resulting in 71 (201), 78 (205), and 77 (204) sources, respectively, for W0410–0913 (W0831+0140). To calibrate the IMACS g-band observations, we found that a single colour term, g − r from PanSTARRS, was needed in addition to the PanSTARRS g-band magnitude. For the IMACS r band, we found that two colour terms were needed, and so we used the g − r and r − i PanSTARRS colours. Similarly, for the IMACS i band, we found that we needed to use the r − i and i − z PanSTARRS colours. The 1, 3, and 5σ depths of the image stacks are presented in Table 1.
We also used deep GMOS imaging data in the r, i, and z bands of Gemini GMOS-S presented by 2023Zewdie in the field around W2246–0526. The magnitude limits of the stacked images for the 5σ, 3σ, and 1σ depths of the i and z bands are detailed in Table 1. Using a similar criteria for masking as was done for the IMACS observations resulted in a final FoV of 23.7 arcmin2 as shown in Figure 2. For further details, we refer the reader to 2023Zewdie.
	[image: thumbnail]	Fig. 2. i-band image of W2246–0526. The solid orange circle indicates the position of this hot DOG. The blue circles show the LBG candidates selected by 2023Zewdie using the modified selection criteria and with optimised selection criteria. The black circles and rectangles show the masked area. The red circles and rectangles show the LBG candidates only selected by 2023Zewdie and using optimised selection criteria, respectively. Figure adapted from 2023Zewdie.



3. Optimisation of the LBG selection function
3.1. COSMOS data
The COSMOS2020 field offers a unique multiwavelength dataset covering a relatively large area of ∼2 deg2. Here, we use the COSMOS2020 CLASSIC catalogue (Weaver et al. 2022)6, where source detection was conducted using SExtractor. The catalogue provides observations in multiple broad and medium photometric bands. Additionally, it provides spectroscopic and photometric redshift estimates obtained with LePhare (Arnouts et al. 2002; Ilbert et al. 2006) and EAZY (Brammer et al. 2008) for more than 1.7 million sources. Weaver et al. (2022) quantify the uncertainty in photometric redshift estimates using the normalised median absolute deviation (NMAD; Hoaglin et al. 1983), defined as [image: equation]. In COSMOS2020, the precision of photometric redshifts (expressed as σNMAD) is typically subpercent, that is, about 0.01(1 + z) for sources with i < 21. For the faintest sources (25 < i < 27), the precision remains around 5%, and stays better than 0.025(1 + z) for sources with i < 25.
In this work, we use the photometry and photometric redshift estimates in the COSMOS2020 catalogue to optimise the LBG selection function for each of the hot DOG fields studied, as discussed in the following section. We specifically use the Subaru HSC photometry in the g, r, i, and z bands, which have 3σ depths of 28.1, 27.8, 27.6, and 27.2 mag, respectively, within 2″ apertures. We only considered sources whose photometry is not affected by saturated stars and their spikes. We further require sources to be in the overlap region of the UltraVISTA, HSC, and SuprimeCam imaging (i.e. FLAG_COMBINED, clean = 0; hereafter, combined catalog, see Weaver et al. 2022) to ensure a uniform quality of photometric redshifts and object classifications. The area of this combined region is 1.278 deg2. The combined COSMOS2020 catalogue has a total of 723 897 sources and includes spectroscopic or accurate photometric redshift estimates, as well as separate classifications for galaxies (711 918), stars (9644), X-rays sources (2170), and failure sources (165), which enable us to estimate the contamination level. As shown in Figure 3, the filter curves are very similar between the instruments. Hence, it is not required to calculate the colour differences between them.
	[image: thumbnail]	Fig. 3. Composite LBG spectrum from Shapley et al. (2003) shifted to z = 3.631 (black dashed lines) and z = 3.912 (grey solid lines), used for optimising the selection function for the W0410–0913 and W0831+0140 fields, respectively. After accounting for quantum efficiency and atmospheric transmission, the red and blue lines represent the HSC filter curves (used for optimisation and the blank field) and the IMACS filter curves (used for W0410–0913 and W0831+0140), respectively.



3.2. LBG selection function
LBGs are actively star-forming galaxies and, as such, have intrinsically blue spectral energy distributions (SEDs) in the rest-frame UV down to the wavelength of the Lyα emission line. At wavelengths shorter than this, their SEDs are significantly depressed by intergalactic Lyα absorption and by the Lyman break shortward of 912 Å. Photometric identification of LBGs is typically done using three photometric bands. The colour between the two bluest bands is used to identify the drop in flux due to the Lyman break, while the colour between the two redder bands maps the rest-frame UV continuum of the galaxy.
For the two lower-redshift targets, W0410–0913 and W0831+0140, we identify companion galaxies using g − r and r − i colours, while for W2246–0526 we use r − i and i − z colours instead. The exact colour limits one uses determines the purity and the completeness of the LBG sample. In order to optimise the selection function, we used the redshift estimates and the HSC g, r, i, and z photometry of COSMOS2020 sources in the combined COSMOS2020 catalogue (see Section 3.1). The HSC observations of the COSMOS2020 field are deeper than our IMACS and GMOS-S observations. Specifically, the depth of COSMOS2020 surpasses our IMACS depths by 1.0, 1.5, and 2.0 mag in the g, r, and i bands. In contrast, compared to GMOS, the COSMOS2020 catalogue is ∼0.5 magnitude deeper in the i and z bands, while the depth in the r band is comparable. To account for the different depths of the COSMOS2020 catalogue and our datasets, we added noise to the HSC COSMOS2020 photometry to match that of our observations. We modelled the photometric uncertainty as a function of magnitude in our IMACS and GMOS-S field as:
[image: thumbnail](1)
where δm is the magnitude error, m is magnitude, and A and β are the constants that we fit for.
Table 2 shows the best-fit β and A values for each filter in each hot DOG field. We note that, at the background-dominated limit, one would expect β = 0.92, which is very close to the best-fit values. Using this relation, we create a simulated version of the COSMOS2020 data, matching the depth of each band of the IMACS and GMOS-S fields. Specifically, for every object in COSMOS2020, we simulate a new magnitude for COSMOS2020 sources brighter than the 1σ depth of the field in question. The new magnitudes are randomly drawn from a Gaussian distribution with a mean equal to the COSMOS2020 HSC magnitude in the respective band and a dispersion equal to (δm2(m)−δmHSC2)1/2, where δmHSC is the photometric uncertainty of the HSC observations.
Table 2. 
Constants to model the photometric uncertainty as a function of magnitude in our fields.

We then proceed to optimise the LBG selection function separately for each of our fields using this modified COSMOS2020 photometry. The optimisation of the photometric selection criteria only considers sources fainter than the hot DOG in each field in the reddest band used for the colour selection (i.e. i = 23.96 for W0410–0913, i = 22.32 for W0831+0140, and z = 22.31 for W2246–0526). As LBGs are unlikely to be brighter than the hot DOG, this approach helps ensure the robustness of the LBG selection and minimises contamination. Additionally, we only use sources with magnitudes brighter than the 3σ depth of our images in the r(i) and i(z) bands, and brighter than the 1σ depth of our images in the g(r) bands in the IMACS (GMOS) observations.
We assume a general shape for the selection functions based on those of Ouchi et al. (2004). Specifically, we require that (i) sources are red in the bluest colour (g − r or r − i depending on the field) to target the depression in the SED caused by the Lyman break and the intergalactic medium (IGM) absorption; (ii) sources are blue in the reddest colour (r − i or i − z depending on the field) to ensure the continuum redwards to Lyα is consistent with a star-forming SED; and that (iii) sources meet a joint colour threshold to avoid contamination from lower-redshift galaxies. We optimise the selection function by maximising the contrast of the number of galaxies in the intended redshift range (NTarg) with respect to contaminants. Specifically, we select colours that maximise the function:
[image: thumbnail](2)
where NTarg are the galaxies in the targeted redshift range, defined as the redshift of the hot DOG +/− 0.1, Nlow z and Nhigh z are the galaxies with redshifts below and above the targeted range, respectively, NStars are stars, NX−ray are X-ray sources, and NFail are the failures, for which the photometric redshift fit failed (most of these objects have photometry from only a single band; see Weaver et al. 2022).
We find that the optimal selection function for sources at the redshift of W0410–0913 (z = 3.163) is given by
[image: thumbnail](3)
For sources at the redshift of W0831+0140 (z = 3.912), this selection function is given by
[image: thumbnail](4)
Finally, for W2246–0526 (z = 4.601), we find
[image: thumbnail](5)
Figures 4, 5, and 6 show the colour distribution of COSMOS2020 sources with the modified magnitudes used to optimise the LBG selection functions for the redshifts of W0410–0913, W0831+0140, and W2246–0526, respectively. The right panels of the figures also show the colours of representative galaxy templates from Coleman et al. (1980) in the redshift range of 0–3, and the LBG composite spectrum from Shapley et al. (2003). We used the Madau (1995) model, assuming the mean IGM optical depth for the hot DOG redshift.
	[image: thumbnail]	Fig. 4. g − r versus r − i colour distribution of simulated magnitude sources from the combined catalogue in the COSMOS2020 field used to optimise the selection function of companions to W0410–0913 in the redshift range 3.531 < z < 3.731. The left panel represents galaxies at lower redshifts (z < 3.531, grey) and higher redshifts (z > 3.731, tan). The middle panel displays stars, X-ray sources, and sources with failed photometric redshift measurements, while the right panel shows galaxies in the targeted redshift range of 3.631 ± 0.1. The solid magenta line represents the optimised selection function at 3.531 < z < 3.731. The grey line shows the colour–redshift track of the LBG composite spectrum of Shapley et al. (2003) with the IGM absorption of Madau (1995) shifted from z = 3.0 to z = 4.25, where the dots indicate Δz = 0.25. We show the representative colours of several classes of galaxies from Coleman et al. (1980) as a function of redshift from z = 0 to z = 3.0.



	[image: thumbnail]	Fig. 5. Same as Figure 4 but for optimising the selection of companions to W0831+0140 in the redshift range of 3.812 < z < 4.012.



	[image: thumbnail]	Fig. 6. r − i versus i − z colour-distribution-simulated magnitude sources from the combined catalogue in the COSMOS2020 field used to optimise the selection of companions to W2246–0526 in the redshift range 4.601 ± 0.1. Symbols are defined in the same way as described in detail in Figure 4. The figure also shows the selection function adopted by 2023Zewdie based on modified selection criteria of Ouchi et al. (2004, cyan) and the Yoshida et al. (2006, black; See 2023Zewdie for details). The grey line is the colour–redshift track of the LBG composite spectrum of Shapley et al. (2003) with the IGM absorption of Madau (1995) shifted from z = 4.0 to z = 5.5, and the symbols are the same as in Figure 4.



We estimated the optimal reliability and completeness within the COSMOS fields. We find that the reliability of our optimal selection function for W0410-0913, W0831+0140, and W2246-0526 is 12.9%, 12.3%, and 13.3%, respectively. As can be seen in the left panel of Figures 4, 5, and 6, a higher fraction of the contaminants are galaxies within 0.2 and 0.5 units of redshift. We find that the completeness of our optimal selection function for W0410-0913, W0831+0140, and W2246-0526 is 44.6%, 34.4%, and 61.8%, respectively, although we note that the selection is optimised for contrast and not independently for reliability or completeness.
4. Results and discussion
4.1. Lyman-break galaxy candidates
We applied the optimised selection functions described in the previous section to select LBG candidates in the field around each hot DOG. We eliminated sources brighter than the hot DOGs in the i band and fainter than 3σ in the r and i bands. Sources fainter than the 1σ magnitude limit in the g band are treated as upper limits (1σ) for W0410–0913 and W0831+0140. Similarly, for W2246–0526, we eliminated sources brighter than the hot DOG in the z band, as well as those fainter than 3σ in the i and z bands. Sources fainter than the 1σ magnitude limit in the r band are treated as upper limits (1σ). We found 549, 676, and 96 LBG candidates around W0410–0913, W0831+0140, and W2246–0526, respectively. As mentioned above, the hot DOGs were not positioned at the centre of the IMACS FoV. Within the inner region (see Figure 1 and Section 2), we found 182 and 184 LBG candidates in the field of W0410–0913 and W0831+0140, respectively. These numbers are summarised in Table 3.
Table 3. 
Statistical information on the environments around the three hot DOGs studied in this work. We estimate the overdensity using [image: equation] and [image: equation], and provide the two area values for W0410–0913 and W0831+0140 for the full and inner region.

Figures 7 and 8 show the colour distributions of detected objects in each field, highlighting the LBG candidates. Figure 8 also shows the selection functions used by 2023Zewdie to identify LBG candidates around W2246–0526, and the modified selection criteria adapted from the studies of Ouchi et al. (2004) and Yoshida et al. (2006). The former identified 37 LBG candidates, while the latter identified 55. The optimised selection function determined in the present work identifies 96 LBG candidates over the same area. However, a direct comparison is difficult as the different selection functions are likely affected by different levels of completeness and reliability. We note, however, that W2246–0526 is not selected as an LBG in our study, nor by either selection function considered by 2023Zewdie. This outcome likely arises from its unique SED, which is influenced by strong dust and an AGN activity. However, the other two hot DOGs are selected as LBG candidates (Figure 7). Unlike W2246–0526, both W0410–0913 and W0831+0140 are selected by our criteria as LBGs, although we note the former is close to the edge of our optimised selection region (see Figure 7).
	[image: thumbnail]	Fig. 7. Distribution of the g − r versus r − i colours of sources around W0410–0913 at z = 3.631 (left panel) and W0831+0140 at z = 3.912 (right panel). The hot DOGs are denoted by red filled-circles. In both panels, grey dots represent detected sources, and the blue dots represent the LBG candidates. The magenta lines show the optimised selection criteria based on the simulated magnitude sources from combined COSMOS2020 (see Section 3). In the left panel, the orange filled stars are the LAEs detected by VLT/MUSE observations (Ginolfi et al. 2022).



	[image: thumbnail]	Fig. 8. Distribution of the r − i versus i − z colours of sources around W2246–0526 at z = 4.601. The red filled circle, grey and blue dots, and the magenta line have the same meaning as in Fig. 7. Brown filled squares and cyan filled stars are the confirmed and potential companions detected with ALMA observations (Díaz-Santos et al. 2018). The description of the selection function is the same as in Figure 6.



4.2. Overdensity of LBGs around the hot DOGs
As is evident from Table 3, we find a significantly larger number of LBG candidates around hot DOGs than in the COSMOS2020 field. Assuming the COSMOS2020 field is representative of the average field densities (see below for details), we quantify the overdensities by first comparing the full number of candidates found around each hot DOG (NF) to the number expected in the same area based on COSMOS2020 (NE), namely
[image: thumbnail](6)
where NE is defined as NCOSMOSΨ, with NCOSMOS being the total number of objects selected in COSMOS by the optimised criteria, and [image: equation] the ratio between the area searched in the COSMOS2020 catalogue (ACOSMOS) and the area searched around the given hot DOG (AHotDOG). This estimate of the overdensity is the simplest, but due to the presence of contaminants it is only a lower limit on the true overdensity. Using the SED classifications and the redshift estimates from the LePhare models presented in COSMOS2020, we can also try to account for contaminants by estimating the overdensity as
[image: thumbnail](7)
where [image: equation] is defined as [image: equation], with [image: equation] being the expected number of galaxies within 0.1 units of redshift from the respective hot DOG (see Eq. (2)), and [image: equation] being defined as [image: equation], which is the number of contaminants selected by the optimised criteria in COSMOS2020 (which corresponds to all other categories in Eq. (2)). While in principle this should provide a better characterisation of the overdensities, it is affected by a number of additional sources of systematic uncertainty (primarily the accuracy of photometric redshift in COSMOS2020) as well as being subject to somewhat arbitrary definitions (e.g. the targeted redshift range). To provide a more complete picture, we present both estimates for all hot DOG fields. The true overdensity is expected to be between δ and δ′, with a higher likelihood of being closer to δ′.
We estimate the uncertainty of the overdensity as
[image: thumbnail](8)
while for the contamination-corrected estimate, we calculate the uncertainty as
[image: thumbnail](9)
We report uncertainties based on Poisson statistics, without added systematic uncertainties to account for cosmic variance.
For W0410–0913, considering the entire field of our observations, we find an overdensity of δ = 1.83 ± 0.08 and δ′ = 7.49 ± 0.68, while for W0831+0140, we find δ = 4.67 ± 0.21 and δ′ = 29.17 ± 2.21. The overdensity factors within the inner regions (see Section 2.1 and Figure 1) are δ = 2.36 ± 0.19 and δ′ = 12.38 ± 1.65 for W0410–0913, and δ = 4.38 ± 0.33 and δ′ = 29.50 ± 3.84 for W0831+0140. For W2246–0526 within the much smaller area probed by the GMOS-S imaging, we find δ = 2.36 ± 0.25 and δ′ = 11.60 ± 1.96. We note that Assef et al. (2016) showed that W0831+0140 can be classified as a blue hot DOG; these are objects whose UV/optical SED is dominated by scattered light from the highly obscured central engine (Assef et al. 2016, 2020, 2022). As such, the host may be significantly fainter than the limit adopted above, and could possibly be as faint as the host of W0410-0913. If we only consider LBG candidates fainter than the host galaxy of W0410-0913 (i.e. i > 23.96) in the W0831+0140, we estimate an overdensity of δ = 4.67 ± 0.19 and δ′ = 24.67 ± 1.87. The overdensity factors imply that these hot DOGs live in very dense environments.
Ginolfi et al. (2022) studied an overdensity of LAEs around W0410–0913 using VLT/MUSE, and identified 24 LAEs associated with this hot DOG. In our observations, we detect ten of these LAEs, although only seven have the necessary significance in the i band to be retained in our sample. Of these seven, only three were classified as LBG candidates by our optimised selection function. Of the remaining four, two are very close to the edge of the selection region, while the other two are significantly farther away and may potentially be interlopers.
Figures 9–11 show the surface density of LBG candidates as a function of the continuum band magnitude (i.e. i band for W0410–0913 and W0831+0140, and z band for W2246–0526). The figures also show the distribution of LBG candidates in COSMOS2020 for comparison. A noticeable trend is observed, where the overdensity level seems to diminish towards fainter magnitudes. The diminishing overdensity trend towards fainter magnitudes could be due to several factors, particularly the challenges of detecting faint galaxies and the biases inherent in the selection process. Our observations are not as deep as those from COSMOS, and so we are missing faint objects. When we subtract the contamination in both our field and COSMOS, the difference in overdensity becomes apparent in the figures. We optimise the selection using very small redshift bins, which might also contribute to missing faint sources. However, increasing the redshift bins can lead to more contamination.
	[image: thumbnail]	Fig. 9. Surface density of LBG candidates around W0410–0913 in the full field (left panel) and in the inner region within the 4.8′ the hot DOGs (right panel). Solid and open symbols show the densities without and with correcting for contaminants, respectively.



	[image: thumbnail]	Fig. 10. Surface density of LBG candidates around W0831+0140 in the full field (left panel) and in the inner region within the 4.8′ the hot DOG (right panel). Symbols are as in Figure 9.



	[image: thumbnail]	Fig. 11. Surface density of the LBG candidates around W2246–0526. For plot details, see Figure 9.



2023Zewdie studied the overdensity of LBGs around W2246–0526 using the Subaru Deep Field (SDF) and Subaru/XMM-Newton Deep Field (SXDF) as blank fields, with slightly modified versions of the selection functions presented by Ouchi et al. (2004) and Yoshida et al. (2006). These selection functions have negligible levels of contamination (see discussions in the respective articles as well as in 2023Zewdie). 2023Zewdie found overdensities of δ = 7.1 ± 1.1 (δ = 5.1 ± 1.2) using the modified selection criteria from Ouchi et al. (2004) and the SDF (SXDF) to determine the expected field densities, and an overdensity of δ = 5.2 ± 1.4 using the modified selection criteria from Yoshida et al. (2006) with the SDF for comparison, resulting in an average overdensity of [image: equation]. The overdensities found by 2023Zewdie are somewhat lower than what we find in the present work, namely δ′ = 11.60 ± 1.96. When applying the modified selection of Ouchi et al. (2004) used by 2023Zewdie to the combined region of the COSMOS2020 field, and taking into account the magnitude range they used, we find that the COSMOS2020 field has a 2.7 (2.5) times higher density of LBG candidates than SDF (SXDF). Similarly, using the modified criteria of Yoshida et al. (2006), we find COSMOS2020 to have a 1.5 times higher density of LBG candidates than SDF. While some of the differences may come from the different filters used (see 2023Zewdie for details), this suggests SDF (which covers a four times smaller area than COSMOS) might be somewhat underdense at the redshift of W2246–0526 (z = 4.601). We note that all fields involved in this work are far from the Galactic plane (GP) and Galactic centre (GC), minimising issues related to stellar contamination. Specifically, the fields for W0410–0913, W0831+0140, and W2246–0526 are 53.14, 23.01, and 39.9 deg away from the GP and 74.36, 131.96, and 135.44 deg away from the GC, respectively. For completeness, we note that COSMOS, SDF, and SXDF are 42.12, 82.62, and 51.49 deg away from the GP and 113.95, 84.16, and 125.56 deg away from the GC, respectively.
4.3. Spatial distribution and angular correlation function
Figures 12, 13, and 14 show the density of LBG candidates as a function of distance from W0410–0913, W0831+0140, and W2246–0526, respectively, measured in 20″ wide annuli centred on the hot DOG (not counting the hot DOG even when selected as an LBG). The overdensity of LBGs shows a profile concentrated around the hot DOGs, suggesting they correspond to the most massive galaxies in these structures and may become the BCGs of the forming clusters once virialised, as suggested by Díaz-Santos et al. (2018). We note that 2023Zewdie failed to identify a density profile clustering around the hot DOG (see Figure 14). The difference is likely due to the fact that our optimised selection function has a higher level of completeness and is able to identify many LBGs missed by 2023Zewdie (see the discussion of overdensities around hot DOGs in their Section 4.1 as well).
	[image: thumbnail]	Fig. 12. Spatial distribution of LBG candidates as a function of distance from W0410–0913. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″ (7.2 kpc) radius. The vertical dashed red line represents the circle of 280″ in radius shown in Figure 1.



	[image: thumbnail]	Fig. 13. Spatial distribution of LBG candidates as a function of distance from W0831+0140. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″(7.014 kpc) radius. The vertical dashed red lines represent the circle of 295″ radius shown in Figure 1.



	[image: thumbnail]	Fig. 14. Spatial distribution of LBG candidates as a function of their distance from W2246–0526. We count the number of LBG candidates in annuli with 20″ radial intervals, excluding the inner region of 2″(13.072 kpc) radius. We adapted this analysis from 2023Zewdie. The magenta open circles and grey open squares represent the selected LBG candidates based on modified selection criteria from 2023Zewdie. These selections have been corrected for detection completeness. For clarity, we shifted the surface density of LBG candidates selected by the modified Ouchi et al. (2004) selection criteria by +5″ on the x-axis.



Further characterisation of the spatial distribution can be achieved by looking at their clustering. We use the two-point angular correlation, ω(θ), in each field to provide further evidence that these candidates are truly associated with one another. Specifically, ω(θ) is defined as the excess probability δP of finding objects with an angular separation of θ from each other, such that
[image: thumbnail](10)
where n is the mean number density, and δΩ1 and δΩ2 are the elements of the solid angle with a separation angle θ.
We used the estimator proposed by Landy & Szalay (1993) to calculate the two-point angular correlation function, namely
[image: thumbnail](11)
where DD(θ) is the number of pairs of selected LBGs with angular separations of between θ and θ + Δθ, RR(θ) is the number of pairs from random catalogues with the same geometry as the selected LBGs, and DR(θ) is the number of cross-pairs between data and random galaxies. Here, nD and nR are the total number densities of galaxies in the data and random catalogues, while NDD = nD * (nD − 1)/2, NRR = nR * (nR − 1)/2, and NDR = nD * nR are the total numbers of data-data pairs, random-random pairs, and data-random pairs, respectively. This galaxy correlation function estimator is widely used in the literature (e.g. Croom et al. 2005; Lee et al. 2006; Overzier et al. 2006a). We estimate the errors assuming Poisson statistics (Croom et al. 2005):
[image: thumbnail](12)
To compute the DR and RR terms, we used 10 000 random sources uniformly distributed within an area equivalent to that of each field. We then applied the same masks described in Section 2 for each field and computed the correlation functions. The results are shown in Figures 15.
	[image: thumbnail]	Fig. 15. Angular auto-correlation function of the selected LBG candidates around W0410–0913 (red stars), W0831+0140 (grey solid circles), and W2246–0526 (blue squares). We used logarithmic binning of the separations to ensure sufficient pair counts at small separations. The lines represent the power-law fits (red dotted lines): for W0410–0913 and W0831+0140, the separation angle ranges from 3 arcseconds to 480 arcseconds, with power-law fits (grey solid lines) of Aω = 13.07 ± 3.31 and β = 1.244 ± 0.08; and Aω = 5.28 ± 2.51 and β = 1.30 ± 0.16, respectively. For W2246–0526, the separation angle ranges from 2 arcseconds to 480 arcseconds, with power-law fits (blue dashed lines) of Aω = 3.82 ± 3.19 and β = 0.99 ± 0.24.



The angular auto-correlation function is often expressed in the form of a power law (e.g. Roche & Eales 1999):
[image: thumbnail](13)
where Aω is the amplitude of the auto-correlation function and β is the slope or power-law index. As shown in Figures 15, which show the fit of the angular auto-correlation functions, for W0410-0913, Aω = 13.07 ± 3.31, and β = 1.244 ± 0.08; for W0831+0140, Aω = 5.28 ± 2.51, and β = 1.30 ± 0.16 and for W2246–0526, Aω = 3.82 ± 3.19, and β = 0.99 ± 0.24. We find ahigher amplitude and slope, indicating strong clustering at smaller scales.
Several analyses have fitted the power law by fixing β = 0.8 and β = 0.6. We also fixed the power-law index, β, value to estimate the clustering amplitude in each field, as shown in Table 4. Ouchi et al. (2001) studied the clustering amplitude for three fields at z ∼ 4, and Harikane et al. (2016) studied three fields at 3.8 < z < 6.8 by fixing β = 0.8 and found that Aω ranged from 0.56 ± 0.25 to 0.97 ± 0.57 and from 0.2 ± 0.10 to 8.8 ± 3.4, respectively. Similarly, Lee et al. (2006) studied ten fields at 3.5 < z < 5.5 by fixing β = 0.6 and found that Aω ranged from [image: equation] to [image: equation]. These three studies measured clustering amplitudes in field studies. We find that the clustering amplitude in our hot DOGs is somewhat higher than that observed in similar redshift studies conducted in the field. Specifically, at β = 0.8, we find a higher clustering signal than in the SDF field studies (Ouchi et al. 2001), and a weaker clustering at β = 0.6, although this latter is similar to the clustering signal found in the two Great Observatories Deep Origins Survey (GOODS) field studies (Lee et al. 2006). The rapid decrease in the clustering signal with decreasing β values suggests that galaxies are more clustered at smaller angular separations.
Table 4. 
Summary of the clustering amplitude with the power-law model using best-fitting parameters (Aω and β) and two fixed power-law indices of the correlation function.

4.4. Overdensities around quasars and radio galaxies
2023Zewdie conducted a comparison of the overdensities observed around hot DOGs, quasars, and radio galaxies at different redshifts collected from the literature (see their Figure 12 and the discussion and references in their Section 4). The comparison encompasses various tracers, such as LBGs around quasars (Overzier et al. 2006b; Utsumi et al. 2010; Morselli et al. 2014; Balmaverde et al. 2017; García-Vergara et al. 2017; Ota et al. 2018; Mignoli et al. 2020), and radio galaxies (Miley et al. 2004; Intema et al. 2006; Overzier et al. 2008); and LAEs around quasars (García-Vergara et al. 2019), radio galaxies (Venemans et al. 2002, 2004), and hot DOGs (Ginolfi et al. 2022). Additionally, the comparison includes red, distant galaxies around a hot DOG (Luo et al. 2022) and 24 μm sources around radio galaxies (Mayo et al. 2012).
Ouchi et al. (2004) studied the properties of photometrically selected LBGs using deep SDF and SXDF imaging in R, i, z bands, finding that the selected LBGs had reasonably high completeness and low contamination from interlopers. 2023Zewdie modified the Ouchi et al. (2004) selection criteria by taking into account the filter curve and the IGM absorption model of Madau (1995), aiming to account for differences in the filters to ensure that the same sources were targeted as those targeted by Ouchi et al., which is necessary in order to estimate the overdensity. 2023Zewdie also checked the modified selection criteria by overplotting different types of stars (including main sequence, giant, and supergiant stellar atmosphere models from Castelli & Kurucz 2004, and M and L dwarfs from Burgasser 2014) and low-redshift galaxy templates from Coleman et al. (1980), shifted to redshifts from z = 0 to 3 (see Figures 4–6). 2023Zewdie found no contamination from these interlopers, as shown in their Figure 4.
Here, we have updated their comparison by adding the overdensity factors around the three hot DOGs studied in this work (see Figure 16), providing further evidence that hot DOGs may live in some of the densest structures at their redshifts. For completeness, we show the overdensity for the hot DOG environments both with (δ) and without (δ′) correcting for contaminants (see section 4.2 for details). The denseness of these environments may be related to their unique properties, such as their extreme infrared luminosities and high SMBH accretion rates. Given the small sample size, we are not able to draw strong conclusions as to the overdensity factor variation as a function of redshift.
	[image: thumbnail]	Fig. 16. Overdensity around high-redshift radio galaxies, quasars, and hot DOGs as a function of redshift adapted from 2023Zewdie. We added the three hot DOGs overdensities (δ′ filled star and δ open star) that were found using the optimised selection criteria. The red horizontal line indicates a null overdensity. (*We note that, in the literature, overdensity is defined as [image: equation], which we adjusted to align with the definition used in the present study.)



5. Conclusions
In this study, we investigated the environments of three hot DOGs by looking for companion LBGs using IMACS and GMOS-S photometry. In order to improve our sensitivity to LBGs, we developed a novel process to optimise the photometric selection criteria using the COSMOS2020 combined catalogue. Specifically, we used the HSC photometry of this field combined with its accurate photometric redshifts and SED classifications to adjust the colour selection criteria in order to target the galaxies at the specific redshift of each hot DOG we study. We summarise our results below.

	
For the hot DOG W0410-0916 at z = 3.631, we find an overdensity of δ = 1.83 ± 0.08 when considering the whole FoV of the IMACS imaging (14.6×14.6 Mpc2) compared to the density of targets selected using the same criteria in the COSMOS2020 catalogue. When focusing on the region within 2 Mpc of the hot DOG, we find instead δ = 2.36 ± 0.19. When accounting for potential contaminants based on the redshifts and classifications of COSMOS2020, these overdensities increase to δ′ = 7.49 ± 0.68 and 12.38 ± 1.65, respectively. Our results are consistent with the overdensity of LAEs of 14[image: equation] found by Ginolfi et al. (2022) within a 0.4 Mpc radius of the hot DOG.



	
For W0831+0140 at z = 3.912, we also find an overdense field compared to COSMOS2020 with δ = 4.67 ± 0.21 within the entire IMACS FOV and δ = 4.38 ± 0.33 when focusing on the region within 2 Mpc of the hot DOG. When attempting to remove contaminants, these estimates increase to δ′ = 30.9 ± 2.0 and 29.4 ± 3.84, respectively.



	
We reanalysed the GMOS-S observations presented by 2023Zewdie for W2246–0526 at z = 4.601 to identify LBG companions using our method to optimise the selection criteria. We find an overdensity within the area of 4.7 × 4.7 arcmin2 of δ = 2.5 ± 0.5 that increases to δ′ = 11.60 ± 1.96 when attempting to remove contaminants. 2023Zewdie instead found an overdensity of [image: equation] when using the selection criteria from Ouchi et al. (2004) and Yoshida et al. (2006) and comparing to the target density found in the SDF and SXDF. We find that, while some of the difference could be explained by the different levels of contamination of the selection criteria and the different filters used, much of the difference may come from SDF/SXDF being underdense by a factor of about 2 when compared to COSMOS2020.



	
Analysing the radial distribution of LBG candidates with respect to the hot DOGs, we find that in all three fields the overdensities are concentrated around the hot DOGs (Figures 12, 13, and 14).




We also compared our work with previous overdensity studies involving tracers such as LBGs, LAEs, and other companions around hot DOGs, quasars, and radio galaxies. We find hot DOGs may have some of the densest environments among luminous, active galaxies. Our results therefore suggest that hot DOGs are good tracers of dense protoclusters. Additional spectroscopic follow-up observations are necessary to further constrain the properties of the environments of these objects and to confirm whether or not hot DOGs represent an early stage of formation for the BCGs found in the local Universe.


1 https://github.com/schirmermischa/THELI


2 https://github.com/TrystanScottLambert/imacs_wcs


3 https://www.astromatic.net/software/swarp/


4 SExtractor version 2.28.


5 https://outerspace.stsci.edu/display/PANSTARRS/How+to+separate+stars+and+galaxies


6 The COSMOS2020 catalogueis available for download at https://cosmos2020.calet.org/
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All Tables
Table 1. 
Summary of IMACS and GMOS-S observations used in this work. All data were acquired during the night of 25 November 2019 for both IMACS observations and nights of 16/23/27 September 2017 for W2246–0526 GMOS-S observations (2023Zewdie).
In the text

Table 2. 
Constants to model the photometric uncertainty as a function of magnitude in our fields.
In the text

Table 3. 
Statistical information on the environments around the three hot DOGs studied in this work. We estimate the overdensity using [image: equation] and [image: equation], and provide the two area values for W0410–0913 and W0831+0140 for the full and inner region.
In the text

Table 4. 
Summary of the clustering amplitude with the power-law model using best-fitting parameters (Aω and β) and two fixed power-law indices of the correlation function.
In the text

All Figures
	[image: thumbnail]	Fig. 1. r-band image of W0410–0913 (left-panel) and W0831+0140 (right-panel). In both panels, black circles and polygons show the masked area that we did not use for our LBG selection (see Section 2.1 for details). The blue circles and arrows indicate the hot DOGs positions, and the cyan circle represents the largest area centred on the hot DOG within the image bounds. The red circles are candidate LBG companions.
In the text



	[image: thumbnail]	Fig. 2. i-band image of W2246–0526. The solid orange circle indicates the position of this hot DOG. The blue circles show the LBG candidates selected by 2023Zewdie using the modified selection criteria and with optimised selection criteria. The black circles and rectangles show the masked area. The red circles and rectangles show the LBG candidates only selected by 2023Zewdie and using optimised selection criteria, respectively. Figure adapted from 2023Zewdie.
In the text



	[image: thumbnail]	Fig. 3. Composite LBG spectrum from Shapley et al. (2003) shifted to z = 3.631 (black dashed lines) and z = 3.912 (grey solid lines), used for optimising the selection function for the W0410–0913 and W0831+0140 fields, respectively. After accounting for quantum efficiency and atmospheric transmission, the red and blue lines represent the HSC filter curves (used for optimisation and the blank field) and the IMACS filter curves (used for W0410–0913 and W0831+0140), respectively.
In the text



	[image: thumbnail]	Fig. 4. g − r versus r − i colour distribution of simulated magnitude sources from the combined catalogue in the COSMOS2020 field used to optimise the selection function of companions to W0410–0913 in the redshift range 3.531 < z < 3.731. The left panel represents galaxies at lower redshifts (z < 3.531, grey) and higher redshifts (z > 3.731, tan). The middle panel displays stars, X-ray sources, and sources with failed photometric redshift measurements, while the right panel shows galaxies in the targeted redshift range of 3.631 ± 0.1. The solid magenta line represents the optimised selection function at 3.531 < z < 3.731. The grey line shows the colour–redshift track of the LBG composite spectrum of Shapley et al. (2003) with the IGM absorption of Madau (1995) shifted from z = 3.0 to z = 4.25, where the dots indicate Δz = 0.25. We show the representative colours of several classes of galaxies from Coleman et al. (1980) as a function of redshift from z = 0 to z = 3.0.
In the text



	[image: thumbnail]	Fig. 5. Same as Figure 4 but for optimising the selection of companions to W0831+0140 in the redshift range of 3.812 < z < 4.012.
In the text



	[image: thumbnail]	Fig. 6. r − i versus i − z colour-distribution-simulated magnitude sources from the combined catalogue in the COSMOS2020 field used to optimise the selection of companions to W2246–0526 in the redshift range 4.601 ± 0.1. Symbols are defined in the same way as described in detail in Figure 4. The figure also shows the selection function adopted by 2023Zewdie based on modified selection criteria of Ouchi et al. (2004, cyan) and the Yoshida et al. (2006, black; See 2023Zewdie for details). The grey line is the colour–redshift track of the LBG composite spectrum of Shapley et al. (2003) with the IGM absorption of Madau (1995) shifted from z = 4.0 to z = 5.5, and the symbols are the same as in Figure 4.
In the text



	[image: thumbnail]	Fig. 7. Distribution of the g − r versus r − i colours of sources around W0410–0913 at z = 3.631 (left panel) and W0831+0140 at z = 3.912 (right panel). The hot DOGs are denoted by red filled-circles. In both panels, grey dots represent detected sources, and the blue dots represent the LBG candidates. The magenta lines show the optimised selection criteria based on the simulated magnitude sources from combined COSMOS2020 (see Section 3). In the left panel, the orange filled stars are the LAEs detected by VLT/MUSE observations (Ginolfi et al. 2022).
In the text



	[image: thumbnail]	Fig. 8. Distribution of the r − i versus i − z colours of sources around W2246–0526 at z = 4.601. The red filled circle, grey and blue dots, and the magenta line have the same meaning as in Fig. 7. Brown filled squares and cyan filled stars are the confirmed and potential companions detected with ALMA observations (Díaz-Santos et al. 2018). The description of the selection function is the same as in Figure 6.
In the text



	[image: thumbnail]	Fig. 9. Surface density of LBG candidates around W0410–0913 in the full field (left panel) and in the inner region within the 4.8′ the hot DOGs (right panel). Solid and open symbols show the densities without and with correcting for contaminants, respectively.
In the text



	[image: thumbnail]	Fig. 10. Surface density of LBG candidates around W0831+0140 in the full field (left panel) and in the inner region within the 4.8′ the hot DOG (right panel). Symbols are as in Figure 9.
In the text



	[image: thumbnail]	Fig. 11. Surface density of the LBG candidates around W2246–0526. For plot details, see Figure 9.
In the text



	[image: thumbnail]	Fig. 12. Spatial distribution of LBG candidates as a function of distance from W0410–0913. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″ (7.2 kpc) radius. The vertical dashed red line represents the circle of 280″ in radius shown in Figure 1.
In the text



	[image: thumbnail]	Fig. 13. Spatial distribution of LBG candidates as a function of distance from W0831+0140. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″(7.014 kpc) radius. The vertical dashed red lines represent the circle of 295″ radius shown in Figure 1.
In the text



	[image: thumbnail]	Fig. 14. Spatial distribution of LBG candidates as a function of their distance from W2246–0526. We count the number of LBG candidates in annuli with 20″ radial intervals, excluding the inner region of 2″(13.072 kpc) radius. We adapted this analysis from 2023Zewdie. The magenta open circles and grey open squares represent the selected LBG candidates based on modified selection criteria from 2023Zewdie. These selections have been corrected for detection completeness. For clarity, we shifted the surface density of LBG candidates selected by the modified Ouchi et al. (2004) selection criteria by +5″ on the x-axis.
In the text



	[image: thumbnail]	Fig. 15. Angular auto-correlation function of the selected LBG candidates around W0410–0913 (red stars), W0831+0140 (grey solid circles), and W2246–0526 (blue squares). We used logarithmic binning of the separations to ensure sufficient pair counts at small separations. The lines represent the power-law fits (red dotted lines): for W0410–0913 and W0831+0140, the separation angle ranges from 3 arcseconds to 480 arcseconds, with power-law fits (grey solid lines) of Aω = 13.07 ± 3.31 and β = 1.244 ± 0.08; and Aω = 5.28 ± 2.51 and β = 1.30 ± 0.16, respectively. For W2246–0526, the separation angle ranges from 2 arcseconds to 480 arcseconds, with power-law fits (blue dashed lines) of Aω = 3.82 ± 3.19 and β = 0.99 ± 0.24.
In the text



	[image: thumbnail]	Fig. 16. Overdensity around high-redshift radio galaxies, quasars, and hot DOGs as a function of redshift adapted from 2023Zewdie. We added the three hot DOGs overdensities (δ′ filled star and δ open star) that were found using the optimised selection criteria. The red horizontal line indicates a null overdensity. (*We note that, in the literature, overdensity is defined as [image: equation], which we adjusted to align with the definition used in the present study.)
In the text
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        Composite LBG spectrum from Shapley et al. (2003) shifted to z = 3.631 (black dashed lines) and z = 3.912 (grey solid lines), used for optimising the selection function for the W0410–0913 and W0831+0140 fields, respectively. After accounting for quantum efficiency and atmospheric transmission, the red and blue lines represent the HSC filter curves (used for optimisation and the blank field) and the IMACS filter curves (used for W0410–0913 and W0831+0140), respectively.
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        Same as Figure 4 but for optimising the selection of companions to W0831+0140 in the redshift range of 3.812 < z < 4.012.
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        Distribution of the g − r versus r − i colours of sources around W0410–0913 at z = 3.631 (left panel) and W0831+0140 at z = 3.912 (right panel). The hot DOGs are denoted by red filled-circles. In both panels, grey dots represent detected sources, and the blue dots represent the LBG candidates. The magenta lines show the optimised selection criteria based on the simulated magnitude sources from combined COSMOS2020 (see Section 3). In the left panel, the orange filled stars are the LAEs detected by VLT/MUSE observations (Ginolfi et al. 2022).
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        Surface density of LBG candidates around W0831+0140 in the full field (left panel) and in the inner region within the 4.8′ the hot DOG (right panel). Symbols are as in Figure 9.
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        Surface density of the LBG candidates around W2246–0526. For plot details, see Figure 9.
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        Spatial distribution of LBG candidates as a function of distance from W0410–0913. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″ (7.2 kpc) radius. The vertical dashed red line represents the circle of 280″ in radius shown in Figure 1.
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        Spatial distribution of LBG candidates as a function of distance from W0831+0140. We count the number of LBG candidates in annuli with 20″ radial intervals, avoiding the inner region of 1″(7.014 kpc) radius. The vertical dashed red lines represent the circle of 295″ radius shown in Figure 1.
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        Spatial distribution of LBG candidates as a function of their distance from W2246–0526. We count the number of LBG candidates in annuli with 20″ radial intervals, excluding the inner region of 2″(13.072 kpc) radius. We adapted this analysis from 2023Zewdie. The magenta open circles and grey open squares represent the selected LBG candidates based on modified selection criteria from 2023Zewdie. These selections have been corrected for detection completeness. For clarity, we shifted the surface density of LBG candidates selected by the modified Ouchi et al. (2004) selection criteria by +5″ on the x-axis.
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        Angular auto-correlation function of the selected LBG candidates around W0410–0913 (red stars), W0831+0140 (grey solid circles), and W2246–0526 (blue squares). We used logarithmic binning of the separations to ensure sufficient pair counts at small separations. The lines represent the power-law fits (red dotted lines): for W0410–0913 and W0831+0140, the separation angle ranges from 3 arcseconds to 480 arcseconds, with power-law fits (grey solid lines) of Aω = 13.07 ± 3.31 and β = 1.244 ± 0.08; and Aω = 5.28 ± 2.51 and β = 1.30 ± 0.16, respectively. For W2246–0526, the separation angle ranges from 2 arcseconds to 480 arcseconds, with power-law fits (blue dashed lines) of Aω = 3.82 ± 3.19 and β = 0.99 ± 0.24.

      

    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
        Overdensity around high-redshift radio galaxies, quasars, and hot DOGs as a function of redshift adapted from 2023Zewdie. We added the three hot DOGs overdensities (δ′ filled star and δ open star) that were found using the optimised selection criteria. The red horizontal line indicates a null overdensity. (*We note that, in the literature, overdensity is defined as [image: equation], which we adjusted to align with the definition used in the present study.)
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