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        Spectroscopic overdensity of the z ~ 4.57 proto-structure as seen by VUDS. The black histogram shows the incidence of galaxies with secure spectroscopic redshifts falling within a “filter” of size given at the top of the plot for 1000 trial observations of the COSMOS field. For each observation the filter is placed at a random (uniformly generated) spatial location over the VUDS footprint and given a random (uniform) redshift center in the range 4 < z < 5. The filter size is chosen to be identical to that adopted for this proto-structure. The green solid line is a Poissonian fit to the histogram with best-fit parameters given to the right of the line. The number of zspec members of the proto-structure, NPS, is denoted by the vertical dashed line. The spectroscopic overdensity (δgal = (NPS − μ)∕μ) and detection significance (σPC = (NPS − μ)∕σ) of the proto-structure is listed to the right of the line.
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        Sky plot of the Voronoi Monte-Carlo overdensity map encompassing a large fraction of the VUDS coverage in the COSMOS field. The redshift bound over which the Voronoi tessellation is calculated is set to 4.53 < z < 4.60. Both spectroscopic and photometric redshifts are treated statistically following the prescription in Sect. 3.3 and used generate 500 realizations of the overdensity map in the field. These 500 maps are then median combined and smoothed with a Gaussian of FWHM = 4.5 pixel to create the plotted map. A color bar indicates the magnitude of the overdensity in each 75 × 75 kpc2 pixel. The dashed line indicates the extent of our zspec member cut (Rproj = 2 Mpc). Small black dots denote galaxies with secure spectroscopic redshifts at z > 3 from VUDS and filled circumscribed blue diamonds denote those within the range of PCl J1001+0220. The PCl J1001+0220 proto-cluster exhibits coherent overdensity (log (1 + δgal) > 0.5) over an area of 7.58 Mpc2.
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        Left panel: rest-frame NUV-r+ versus r+ color-magnitude diagram for the zspec members of the PCl J1001+0220 proto-cluster (red diamonds) and a matched coeval field sample at 4.23 < z < 4.88 (small navy dots) at stellar masses [image: equation]. The stellar mass cut is imposed here in an attempt to mitigate any induced differential bias between the field and proto-cluster members. Overplotted are the expected locations in this phase space of a progentor of a low-redshift cluster L* galaxy (assuming passive evolution) estimated from synthetic spectra (see Sect. 4.2.1) at different stellar-phase metallicities and with different SFHs. The gray dashed track is generated from an instantaneous burst while the three green tracks are generated from an exponentially declining SFH with τ = 100 Myr at three different stellar-phase metallicities. Age ticks along each track indicate the time since the inception of the star formation event. Color and magnitude histograms for each sample are normalizedto each other such that they contain the same area. The solid light blue area indicates the area of this phase space for which VUDS is no longer representative of the underlying photometric sample at these redshifts and stellar masses (see Sect. 4.2.1). Right panel: rest-frame MNUV -[image: equation] versus [image: equation] color-stellar-mass diagram for the identical samples as in the left panel. The meanings of all symbols and lines are unchanged. While some of the brightest, reddest, and most (stellar) massive galaxies in the entire spectroscopic sample at these redshifts fall within PCl J1001+0220, only a moderately significant difference in the average brightness and a significant difference in the stellar mass distribution is detected relative to the coeval field population.
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        Distributions of the estimate for the index of the power-law dependence between flux density and wavelength in the rest-frame UV (β-slope) measured from the photometry of individual galaxies for PCl J1001+0220 spec-z members and the coeval field (red and blue histograms, respectively). Measurements are made assuming a single (unbroken) power-law dependence of fλ on λ for each galaxy following the method of Hathi et al. (2016). For galaxies at z < 4.5, β is measured with the i+z+Y J photometry spanning roughly 1300 Å < λrest < 2300 Å. At z > 4.5, the i+ band is exchanged for the H band (covering roughly 1400 Å < λrest < 3000 Å) to prevent Lyα emission from potentially contaminating the measurement. The average errors on individual measurements for the two samples are shown at the top left (σβ ~ 0.2 in both cases). Galaxies where extremely blue β-slopes are measured (β < −2.5) have average errors roughly twice the global average. The median β-slope for both samples is [image: equation] and no significant difference is measured between the two distributions.

      

    

  
    
      Fig. 11 
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        Distribution of the PCl J1001+0220 spec-z members (red diamonds and histogram) and coeval field galaxies (navy points and histogram) in the SFR-[image: equation] plane as estimated by LE PHARE. Histograms are normalized as in other figures such that the area is identical for both samples. The upper limit to the radio-derived SFR of spec-z member and coeval field galaxies coming from stacked 3 GHz JVLA data is shown as the green and light blue lines/arrows, respectively. The lack of detection for both proto-cluster members and coeval field galaxies suggests that prodigious dusty star formation (IRX ≲ 10) is no more common in the proto-cluster than in the overall field at these redshifts and is not particularly common in either environment.
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        Hubble/ACS F814W 5 × 5′′ (~ 33 × 33 kpc) postage stamps of the nine secure spec-z members of PCl J1001+0220. At the redshift of the proto-cluster, F814W almost exactly corresponds to the rest-frame FUV band. The redshift, SFR, circularized effective radius (re,circ), and stellar mass for each galaxy is shown in each panel. The nine galaxies exhibit a large diversity of morphologies, from a single, compact (re,circ < 0.5′′) bright star-forming clump to larger (re,circ ~ 1 − 2′′), multi-component diffuse structures devoid of concentrated light. Many of the proto-cluster members are observed with single or multiple projected companions, a rate which possibly exceeds that of the coeval field (see text).

      

    

  
    
      Fig. 13 
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        Distribution of non-parametric total sizes, [image: equation], as measured in the Hubble/ACS F814W imaging of spec-z member galaxies of PCl J1001+0220 compared to that of the coeval (red and blue histograms, respectively). As in previous figures, histograms are normalized to have equal areas. Due to the relationship between size and stellar mass, size measurements are modulated by the estimated stellar mass of each galaxy ([image: equation]) where α is derived from a fit to the observed size-stellar mass relation in the combined proto-cluster and coeval field sample (α = 0.18 ± 0.03). The average value for both samples is identical within the uncertainties, though a slight increase (~25%) in the spread of the proto-cluster distribution is observed which we argue in Sect. 4.2.3 that, if real, may be due to increased galaxy–galaxy interactions.

      

    

  
    
      Fig. 14 
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        Left panel: unit-weighted (normalized) mean rest-frame VUDS spectra of the nine spec-z members ofthe PCl J1001+0220 proto-cluster plotted against that of the 53 coeval field galaxies (one galaxy was removed due to the presence of severe reduction artifacts). The requisite stellar mass limit for each coaddition is given in the figure panel. Each spectrum is smoothed with a Gaussian of FWHM = 1.5 pixels (1.45 Å). Important absorption and emission features frequently observed in VUDS spectra are marked by vertical lines. Clear differences can be observed between the two spectra, with the proto-cluster members exhibiting, on average, reduced Lyα emission andexaggerated absorption in Hydrogen and various metal lines relative to the average coeval field galaxy. In both cases, a significant (~300 km s−1) offset to the red can be seen for the Lyα line potentially indicating that large-scale outflows are pervasive in galaxies at this redshift. Right panel: distribution of rest-frame Lyα equivalent widths (EWs) for the proto-cluster (red histogram) and coeval field sample (blue histogram) measured on individual spectra. Negative or positive EW indicates the line is seen in emission or absorption, respectively. The two distributions are inconsistent at >3σ, the Lyα feature being more likely to be seen in absorption for the proto-cluster members.
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