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Abstract

A large fraction of the baryon budget at z < 1 resides in large-scale filaments in the form of diffuse intergalactic gas, and numerous studies have reported a significant correlation between the strength of the absorptions produced by this gas in the spectra of bright background sources, and impact the parameter to cosmic filaments intersected by these sightlines. However, a similar relation is harder to determine for the warm-hot phase of the intergalactic gas, since its higher Doppler parameter and significantly lower neutral gas fraction makes this gas difficult to detect in absorption. We use a sample of 13 broad Lyα absorbers (BLAs) detected in the HST/COS spectrum of a single QSO (z ∼ 0.2685), whose sightline intersects several intercluster axes, to study the relation between BLAs and the large-scale structure of the Universe. Given their Doppler parameters of b > 40 km s−1, BLAs are good tracers of warm-hot intergalactic gas. We use VLT/MUSE and VLT/VIMOS data to infer local overdensities of galaxies at the redshifts of the BLAs, and to assess the potential association of the BLAs with nearby galaxies. We find that out of the 13 BLAs in our sample, four are associated with a strong overdensity of galaxies, and four with tentative overdensities. The remaining five are located at redshifts where we do not identify any excess of galaxies. We find that these overdensities of galaxies at the redshift of BLAs (±1000 km s−1) are local, and they vanish when larger cosmic volumes are considered, in terms of a larger velocity offset to the BLA or larger impact parameter to the QSO sightline. Finally, we find a positive correlation between the total hydrogen column densities inferred from the BLAs, and the relative excess of galaxies at the same redshifts, consistent with the picture in which warm-hot gas resides deep within the gravitational potential well of cosmic filaments.
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1. Introduction
The cosmic web, an intricate structure of megaparsec-scale filaments and cluster, defines the large-scale structure of the Universe (Bond et al. 1996; González & Padilla 2010; Aragón-Calvo et al. 2010). Within this cosmic lattice, the warm-hot intergalactic medium (WHIM) is thought to hold a significant portion of the cosmic baryons (Cen & Ostriker 1999; Danforth et al. 2010; Shull et al. 2012; Nicastro et al. 2018). According to different hydrodynamical cosmological simulations based on ΛCDM cosmology, a fraction between 25% and 50% of the total baryons at low redshift resides in the WHIM (Shull et al. 2012; Martizzi et al. 2019; Tuominen et al. 2021). Thus, investigating the WHIM nature, properties, and distribution is vital for understanding cosmic structure and galactic evolution (Martizzi et al. 2019). The WHIM temperature lies between 105–107 K, and it is located mostly within the filaments of the cosmic web (Davé et al. 2001; Nicastro et al. 2018). These high temperatures result from the shock heating produced by the falling of the intergalactic gas into the potential well set by the large-scale structure of the Universe. As a consequence of the high temperatures, the neutral gas fraction of the WHIM is extremely low (Richter et al. 2004; Tripp et al. 2006), which, together with the overall low densities of the WHIM, makes this gas hard to study in absorption, because of the very shallow and broad absorption features produced by this gas in the spectra of background sources, thermally broadened to Doppler parameters of b > 40 km s−1 (Richter et al. 2006a,b; Lehner et al. 2007). Additionally, nonthermal line broadening processes, line blends, and noise features can mimic broad spectral features (Richter et al. 2006b; Garzilli et al. 2015), further complicating the study of the WHIM in absorption. This contrasts with the X-ray emission produced by the WHIM, detected between galaxy clusters (see, e.g., Kull & Böhringer 1999; Werner et al. 2008; Reiprich et al. 2021).
As a consequence, some studies have attempted to target cosmic filaments inferred from the distribution of galaxy clusters to detect and characterize WHIM properties (Tejos et al. 2016; Pessa et al. 2018; Vernstrom et al. 2021). In particular, Tejos et al. (2016) and Pessa et al. (2018) studied the sightline of a QSO that intersects seven independent intercluster axes, at impact parameters < 3 Mpc in the redshift range 0.1 ≤ z ≤ 0.5, which shows an excess of broad (> 40 km s−1) Lyman alpha absorbers (BLAs) with respect to the random field expectations; these authors conclude that this excess of BLAs is likely tracing WHIM within cosmic filaments. Detecting BLAs associated with warm gas absorbers is crucial for determining the physical properties of the WHIM and, fundamentally, its total baryon content (Savage et al. 2011).
An alternative approach to studying the baryon content consists of using the dispersion measure (DM) of fast radio bursts (FRBs) (McQuinn 2014; Macquart et al. 2020). However, one limitation of this approach is the difficulty of separating the contribution to FRB DMs from the cosmic web and that from other components in their lines of sight, such as that from the Milky Way, intervening galaxy halos, and the FRB galaxy host itself (Simha et al. 2020, 2023, 2021; Lee et al. 2022; Khrykin et al. 2024). Furthermore, FRBs’ DMs are insensitive to the temperature of the ionized gas. Another limitation is the degeneracy between cosmological parameters and the fraction and location of baryons in the intergalactic medium (IGM; Wang & Wei 2023; Baptista et al. 2024).
There are several works that have focused on connecting absorptions in the spectra of background sources to the properties of galaxy filaments (i.e., cosmic filaments traced by the distribution of galaxies). Wakker et al. (2015) use Lyα absorption lines in the HST spectra (resolution of about ∼20 km s−1) of 15 active galactic nuclei to probe the properties of the gas within an individual galaxy filament. They find that Lyα absorbers tend to be closer to the filament axis, and that there is a negative correlation between the equivalent width of the absorbers and the filament impact parameter, meaning that the gas is preferentially concentrated toward the inner regions of the filament, where the gravitational potential is deeper. However, their sample of absorbers contains only a few BLAs, making it difficult to extend their conclusions to warm-hot gas. In a similar study, Bouma et al. (2021) use a large sample of 32 QSO sightlines to probe the gas within five previously mapped (Courtois et al. 2013) local filaments, and find a higher number density of Lyα absorbers per unit redshift near galaxy filaments compared to the general population of Lyα absorbers, which most likely reflects the overdensity of matter within them.
On the other hand, Burchett et al. (2020) use the galaxy distribution inferred from the SDSS data to model the geometry and density of the cosmic web, and then use HST spectra to compare the strength of the measured absorption against the modeled gas density in the filaments, and find progressively stronger absorptions toward the inner and denser regions of the cosmic web. However, after reaching a maximum, they find a sharp drop in the absorption signal in the densest regions of filaments. This is likely due to the difficulty of detecting in absorption the warm-hot gas located in the deepest parts of the potential of the cosmic web, because of its low neutral fraction. Altogether, while studies of Lyα absorbers have shown that the IGM is denser in the inner regions of filaments, these results have not been extended to the warm-hot phase of the IGM yet, due to the difficulty of detecting BLAs, as this requires high-resolution and high-S/N (signal-to-noise) UV spectra of background sources. In this line, Pachat et al. (2016) find evidence of metal-enriched warm-hot gas in a QSO sightline that could be intercepting a large-scale filament connecting two groups of galaxies, supporting the idea that broad absorbers lie in cosmic filaments.
In this paper, we search for observational evidence of the connection between BLAs and the densest parts of the large-scale structure of the Universe traced by cosmological filaments. To do it, we proceed in a similar fashion as in Tejos et al. (2016) and Pessa et al. (2018). That is, targeting a single QSO (SDSSJ161940.56+254323.0), whose sightline intersects several intercluster axes, where theoretical models predict a higher probability of finding a large-scale filamentary structure (Aragón-Calvo et al. 2010; González & Padilla 2010). We detect 13 BLAs candidates in the sightline of the QSO, as well 21 narrow Lyα absorptions (NLA) at redshifts ∼0.01 − 0.26. Out of this sample of absorbers, we deem as reliable the 13 BLAs and 12 NLAs, based on their equivalent widths and equivalent width uncertainties. We use, then, VLT/MUSE and VLT/VIMOS data to infer local overdensities of galaxies at the redshift of the absorptions, which allows us to study the potential association of the BLAs with nearby galaxies and cosmic structures. While 13 BLAs is not a particularly large number, compared to other studies, it is still significantly higher than the random field expectation reported by Danforth et al. (2010) of 5 ± 3, for a single sightline at z ∼ 0.27, for which our combined dataset allows us to explore correlations between the properties of the absorbing gas and its local environment. Furthermore, previous works with larger samples of absorbers do not necessarily have a larger number of BLAs, due to the technical challenges that their detection represents (see, e.g., Wakker et al. 2015; Tejos et al. 2016).
Our paper is structured as follows. In Sect. 2 we describe the datasets used in our analyses, in Sect. 3 we present our results on the association between BLAs and local overdensities of galaxies, and in Sect. 4 we discuss them. Finally, we summarize our findings in Sect. 5. For our analysis, we assume a ΛCDM cosmology based on the results of the Planck Collaboration XIII (2016). All the distances quoted in this paper refer to the comoving distance.
2. Data and selection of the sightline
2.1. Selection of the QSO SDSSJ161940.56+254323.0
We selected SDSSJ161940.56+254323.0 in a similar fashion as the selection of SDSSJ141038.39+230447.1 described in Tejos et al. (2016); that is, maximizing the number of intercluster filaments intersected. The QSO SDSSJ161940.56+254323.0 was selected from the QSO catalog published by Schneider et al. (2010), based on SDSS DR7 data. This catalog comprises ∼100 000 QSOs with well-known magnitudes and spectroscopic redshifts. We searched for bright (r < 17.5 mag) QSOs whose sightlines pass through the maximum number of individual intercluster axes, connecting cluster pairs at lower z than that of the QSO and above z > 0.1 (the details of the identification of the intercluster axes are presented in Sect. 2.2). The motivation behind this selection criteria is that in the ΛCDM cosmological paradigm, galaxy clusters correspond to the nodes of the cosmic web, where several filamentary structures intersect. We also searched in the Galaxy Evolution Explorer (GALEX Martin et al. 2005) database and prioritized those QSOs with high FUV fluxes, enabling a S/N of ∼10 spectra to be observed in a relatively short exposure time (no larger than 15 HST orbits). We found that SDSSJ161940.56+254323.0 (together with SDSSJ141038.39+230447.1, see Tejos et al. 2016; Pessa et al. 2018) satisfied the imposed criteria, maximizing the number of independent cluster-pair structures, for the minimum observing time.
2.2. Galaxy clusters
As was described in Sect. 2.1, we selected SDSSJ161940.56+254323.0 because its sightline is expected to intersect the largest number of intercluster axes, within some maximum impact parameter. These intercluster axes are defined as straight lines in the plane of the clusters connecting pairs of galaxy clusters close (in the projected distance) to the QSO sightline, and they are expected to coincide with the presence of large-scale cosmic web filaments (González & Padilla 2010). To identify cluster pairs close to the QSO sightline and define the intercluster filaments, we used the Gaussian Mixture Brightest Cluster Galaxy (GMBCG) catalog (Hao et al. 2010). The GMBCG is based on SDSS DR7, and consists of over 55 000 rich clusters across the redshift range from 0.1 < z < 0.55.
The sample of cluster pairs has been defined imposing the following criteria (see Figure 1 of Tejos et al. 2016 for an illustration):

	
(i) 
The rest-frame velocity difference between the clusters has to be < 1000 km s−1.



	
(ii) 
Both clusters must be at z < zQSO.



	
(iii) 
At least one of the two members of a cluster pair must have a spectroscopic redshift determination1.


	
(iv) 
The transverse separation between the cluster centers has to be < 30 Mpc.


	
(v) 
The impact parameter between the intercluster axis and the candidate QSO sightline has to be < 5 Mpc.




Throughout this paper, we use 1000 km s−1 as a conservative velocity limit typically used to characterize galaxy filaments (e.g., Wakker et al. 2015; Bouma et al. 2021). This value also accounts for the typical velocity dispersion of galaxy clusters on the order of ∼1000 km s−1 (Struble & Rood 1999). Nevertheless, In Sect. 4.2, we explore the impact of using a different velocity limit. The 30 Mpc maximum separation between clusters in a cluster pair was motivated by theoretical results from N-body simulations in ΛCDM universes, which predict a high probability of having coherent large-scale filamentary structures between nearby galaxy clusters (González & Padilla 2010). Finally, the choice for the maximum impact parameter of ∼5 Mpc is somewhat higher than the typical width of filaments of ∼3 Mpc (Wakker et al. 2015; Aragón-Calvo et al. 2010). We decided to include larger impact parameters as the shape of the filaments is often not a straight line, and thus, a larger impact parameter to the intercluster axis does not necessarily imply a larger impact parameter to the actual galaxy filament.
Imposing these criteria, we find a total of eight cluster pairs close to the SDSSJ161940.56+254323.0 sightline, whose properties are summarized in Table 1. We use these cluster pairs to study the presence of an intercluster axis at the redshift of any of the BLAs described in Sect. 2.7, and overdensities of galaxies in our VLT/VIMOS survey (see Sect. 3.1).
Table 1. 
Properties of the cluster pairs described in Sect. 2.2.

2.3. HST/COS FUV spectroscopy
We obtained HST/COS FUV spectroscopy of QSO SDSSJ161940.56+254323.0 as part of a HST GO program (ID 13832, PI Tejos). The observations were carried out in August 2015. We employed the G130M and G160M gratings, and using four Fixed Pattern Noise Positions (FP-POS) with two central wavelengths for G130M (1291 and 1309 Å) and one central wavelength (1577 Å) for G160M. The inclusion of multiple FP-POS positions is necessary to mitigate the impact of fixed-pattern noise inherent to the COS instrument. Our setup provides spectral coverage between 1134 − 1751 Å with resolving power R ∼ 20 000.
We retrieved the individual exposures of SDSSJ161940.56+254323.0 spectra from the Mikulski Archive for Space Telescopes (MAST). The downloaded data reduced files x1d.fits had been previously uniformly processed by the HST/CalCOS (Danforth et al. 2016). CalCOS is a processing system designed to calibrate COS data. It achieves this by rectifying instrumental effects, producing a wavelength calibration tailored to each exposure, and finally extracting and producing a one−dimensional spectrum that is calibrated for flux, for the entire observation (James et al. 2022). We co-added all exposures corresponding to each grating. Subsequently, we used LINETOOLS (Prochaska et al. 2016) to rebin the original spectra into a single linear wavelength scale of 0.0395 Å pixel−1, which corresponds roughly to two pixels per resolution element. In the spectral range covered by both gratings, we used the data from the G160M grating due to its higher resolution and S/N.
This approach yielded a final spectrum characterized by a S/N ∼ 12 per resolution element. This process was done with LINETOOLS which ensures the conservation of total flux in the process.
The calibrated one-dimensional final spectrum was further analyzed using the LINETOOLS lt_continuumfit script to fit a pseudo-continuum to it2. Figure 1 illustrates the reduced SDSSJ161940.56+254323.0 spectrum, alongside its associated uncertainty, and our pseudo-continuum fit model.
	[image: thumbnail]	Fig. 1. Observed HST/COS FUV spectrum of QSO SDSSJ161940.56+254323.0 in black. The green line shows the 1 − σ uncertainty of the spectrum. The red line corresponds to the modeled pseudo-continuum. The gray line shows the HST spectrum convolved with a Gaussian kernel with a FWHM of 1 Å. Figure 6 shows a zoom-in of the QSO spectrum at their wavelengths.



2.4. VLT/MUSE Integral field spectroscopy
We obtained VLT/MUSE (Bacon et al. 2010) data of a ∼1.3 × 1.3 arcmin2 field of view (FoV) containing SDSSJ161940.56+254323.0 as part of the ESO program 096.A-0426 (PI Tejos), which is in coordination with the HST/COS observations. The observations were taken in Service Mode with a seeing of ∼1″, sampled at 0.2 × 0.2 arcsec2, with a spectral range from 4750 − 9350 Å, and a resolving power of R ∼ 1770 − 3590. A total of 6 exposures of 18 min each were used. Table 2 summarizes these observations, including the pointings and position angles (PA) of each individual exposure and Fig. 2 shows the approximated combined FoV of our VLT/MUSE data overlaid on an r-image from The Dark Energy Spectroscopic Instrument (DESI; Dey et al. 2019) Legacy Surveys.
Table 2. 
Summary of our VLT/MUSE observations described in Sect. 2.4.

Datacubes have been reduced and combined using the standard MUSE pipeline version muse-1.6.13. As a postprocessing optimizaton, we used the ZAP software (Soto et al. 2016) to improve the sky subtraction. The survey of galaxies assembled from the VLT/MUSE data is described in detail in Sect. 2.6.1.
2.5. VLT/VIMOS multi-object spectroscopy
We obtained VLT/VIMOS (Le Fèvre et al. 2003) multi-object-spectroscopy (MOS) to complement the VLT/MUSE observations as part of ESO programs 097.A-0560 and 099.A-0197 (PI Tejos). Its FoV of ≈15 × 16 arcmin2 allows us to survey galaxies around the QSO SDSSJ161940.56+254323.0 at much larger scales, up to several Mpc, depending on the redshift considered. We note that the VLT/MUSE FoV lies within the separation of the four quadrants of the VLT/VIMOS FoV; that is, there is no overlap between both datasets.
We used the low-resolution blue grism (R = 220) with the OS Blue filter, which covers a wavelength range of 4000 − 6700 Å. Observations were performed in Service Mode with a seeing of ∼1.1 arcsec on the night of UT 2017-08-16. The VIMOS data has been reduced using the standard ESO pipeline version vimos-3.1.94.
We use R and I pre-imaging observations for designing the MOS masks. In order to avoid observing galaxies at z > zQSO ≈ 0.3, we applied a R − I < 0.7 color criteria for placing slits into objects. By using data from the SDSS DR16 as a reference, we expect that ≈80% of these galaxies will lie at z < 0.3. From the total of objects satisfying the color criteria, we placed slits randomly on galaxies that also satisfy a brightness criterion of R ≤ 22.5, aiming for a minimum S/N ≈5 per resolution element at the continuum level, in order to facilitate the redshift identification (although some galaxies fainter than this limit are included in our sample as fillers).
The total exposure time for the MOS observation was 1.9 hours, from 6 individual exposures of 1135 s each, with a position angle of PA = 90°. These observations are summarized in the Table 3. The survey of galaxies assembled from the VLT/VIMOS data is described in detail in Sect. 2.6.3
Table 3. 
Summary of our VLT/VIMOS observations described in Sect. 2.5.

2.6. Galaxy survey
In this section, we describe our methodology for building a survey of galaxies near the sightline of SDSSJ161940.56+254323.0, which are identified in our VLT/MUSE and VLT/VIMOS datasets. We use the VLT/MUSE dataset to study the small-scale (CGM-scales) environment around the QSO sightline, where the VLT/VIMOS data is not available, and look for potential intervening galaxies associated with the absorptions detected in the HST/COS spectrum, whereas the VLT/VIMOS data is used to study the environment around the sightline on scales of a few Mpc, and evaluate if the number of galaxies detected is consistent with an under- or an overdense region of the Universe. Further in the paper, we use this survey to evaluate the existence of overdensities of galaxies at the redshift of a given BLA identified in the HST/COS spectrum of SDSSJ161940.56+254323.0, as well as to identify potential associations between a BLA and a galaxy near the SDSSJ161940.56+254323.0 sightline.
2.6.1. VLT/MUSE survey
We have built this VLT/MUSE survey in the same fashion as in Pessa et al. (2018). In summary, the source identification has been done in two steps, first, we use SEXTRACTOR (Bertin & Arnouts 1996) in the ‘white’ image to detect the visible sources in the field. Then, we use MUSELET (Bacon et al. 2016) to search for additional emission-lines-only galaxies, and we added two sources.
We ended up with a sample of 51 sources in the VLT/MUSE FoV, and for each one of them we extracted a 1-D spectrum. For the sources detected by SEXTRACTOR in the “white” image, we estimate the apparent r magnitude by constructing an r image, convolving the cube with the SDSS r transmission curve. The zero-point calibration of this photometry has been done with a cross-match using sources in our survey with available SDSS r photometry.
The redshift of each source was measured using the REDMONSTER software (Hutchinson et al. 2016), with a posterior visual inspection. We adopt the same reliability scheme defined in Pessa et al. (2018) for classifying the level of confidence in the z characterization of each source: “a” for the best characterized sources (at least two well-identified spectral features), “b” for the reasonably well characterized sources (one well-identified spectral feature and at least one other tentative identification), “c” for the most uncertainly classified sources (only one clear spectral feature) and ‘d’ for the sources that could not be assigned a z. Stars safely identified by their continuum shape and/or characteristic stellar absorptions are labeled as “a”. Out of the 51 sources, we successfully obtained the redshifts for 40 of them (see Table A.1 in Appendix A). These include 35 obtained with REDMONSTER and 5 from a posterior visual inspection of strong emission lines. We note that in our VLT/MUSE survey, only one galaxy is labeled as “c”, and it is at a redshift higher than the central QSO, and therefore, it does not affect our results. The absolute r magnitude Mr and the spectral classification included in the table were determined following Pessa et al. (2018). The remaining 11 sources that were not characterized with a redshift are listed in Table B.1 for completeness. Figure 2 shows the location of the sources identified in the combined VLT/MUSE FoV, with and without a redshift measurement, with green and gray circles, respectively. While the VLT/MUSE FoV is not large enough to be useful for probing the large-scale structure of the Universe, it is useful to study in detail the small-scale environment of the QSO sightline, and investigate the presence of galaxy halos potentially associated with the absorptions identified in the QSO spectrum.
	[image: thumbnail]	Fig. 2. Combined FoV of our VLT/MUSE observations. The magenta square shows approximately the size of the combined FoV. The background image corresponds to an r-image from The Dark Energy Spectroscopic Instrument (DESI; Dey et al. 2019) Legacy Surveys. The green and gray circles show the sources identified in the field, with and without a redshift measurement, respectively (see Sect. 2.6.1). The central yellow circle corresponds to SDSSJ161940.56+254323.0.



2.6.2. Completeness of our VLT/MUSE survey
In order to characterize the completeness of our VLT/MUSE survey, we use the apparent r magnitude. The left panel of the Fig. 3 shows the r magnitude distribution of the sources detected by SEXTRACTOR in our VLT/MUSE survey. The sources characterized with a z are represented in green, and the complete sample is represented by the solid black line. This histogram suggests a detection threshold of r ∼ 24 mag. An apparent magnitude of r = 24 mag corresponds to a luminosity of 1.9 × 108 L⊙ ≈ 0.006 L* at z = 0.2. The central panel of Fig. 3 shows the fraction of sources characterized with a redshift per magnitude bin. Our characterization rate reaches ∼78% down to r magnitude r= 24 mag (it reaches 100% at fainter magnitudes, but with only two detected sources, both classified as star-forming galaxies due to the presence of emission lines). Finally, the right panel shows the redshift distribution of the sources in our VLT/MUSE survey. The central and right panels are colored by spectral type, blue and red for star-forming and non-star-forming galaxies, respectively. Most galaxies are at z > zQSO, with only 14 at z < zQSO (of which 10 are foreground stars, and are not included in the central and right panels of Fig. 3).
	[image: thumbnail]	Fig. 3. Left: Survey histogram colored in green for our VLT/MUSE sample with measured redshifts. The black line shows the distribution for the whole sample detected by SExtractor. The distribution suggest a detection threshold of around r ∼ 24 mag, indicated with the vertical dashed line. Center: Completeness fraction of the redshift survey. The star forming galaxies and non-star forming galaxies are shown in blue and red, respectively (stars are not included). We reach to ∼78% successful characterization fraction at an apparent magnitude rAB = 24 mag. Right: Redshift distribution of our full characterized galaxy sample colored by the star forming and non-star forming fraction, same as the central panel.



2.6.3. VLT/VIMOS survey
As was explained above, in Sect. 2.5, the target selection was made imposing a R − I color criterion in order to select galaxies in the redshift range of interest, that is, those galaxies at z < zQSO. We use ESOREX routines to reduce and extract the spectra from a total of 297 sources, and for each one of them, we obtain its apparent r and i magnitude from the SDSS DR16 catalog. We then use REDMONSTER to calculate the redshift of these sources. The left panel of Fig. 4 shows the r magnitude distribution of our VLT/VIMOS survey, for the complete sample, and for sources for which we could determine a redshift. This distribution suggests a detection threshold of r = 22.5 mag. The redshift distribution of the sources in our VLT/VIMOS survey is shown in the right panel of Fig. 4.
	[image: thumbnail]	Fig. 4. Left: r magnitude distribution of the sources in our VIMOS survey. The sources characterized with a redshift are represented in green, and the complete sample is represented by the solid black line. Center: Fraction of sources characterized with a redshift per magnitude bin. The mean of this fraction considering only the 17.5 < r < 22.5 interval is marked by the dashed black line. On average, we have measured the redshift of ∼84% of the sources in our VIMOS survey. Left: Redshift distribution of the sources in our VLT/VIMOS survey.



We successfully measured the redshifts of 244 sources out of the total sample, including 53 stars, used to check the ESOREX wavelength solution. We find this wavelength calibration to be satisfactory, with a dispersion of about ∼200 km s−1 around zero velocity. We use the same reliability scheme as in the VLT/MUSE survey. Table C.1 summarizes the properties of the sources in our VLT/VIMOS survey. Out of the 244 sources characterized with a redshift, 111 are at a lower redshift than the QSO (including stars), of which only 5 are labeled with an uncertain redshift (category “c”). Thus, while these possible misidentifications could weaken any putative real correlation, our results are unlikely to be driven by them. Furthermore, we have verified that the removal of these galaxies from our survey does not impact our main results.
2.6.4. Completeness of our VLT/VIMOS survey
In order to characterize the completeness of our VIMOS survey, we took into account two independent biases:

	
We are not able to measure the redshift of 100% of the sources in our VIMOS survey.



	
The real number of sources with apparent r magnitude < 22.5 mag in the VIMOS FoV that satisfy the imposed color criteria is much higher than the total number of sources in our VIMOS sample.




To correct for these effects, we:

	
Studied the successful redshift characterization ratio, in order to estimate how many galaxies we are missing in our own sample due to our limited ability to measure redshifts. Figure 4 shows this effect. The distribution of sources characterized by a redshift is represented in green, and the distribution of the full targeted sample is indicated with a solid black line. The central panel shows the fraction of sources characterized with a redshift per magnitude bin. On average, we recover about 84% of the galaxy redshifts in the 17.5 < r < 22.5 interval, where most of the sources in our survey lie.



	
Use the SDSS DR16 photometric catalog to estimate the total number of galaxies brighter than r = 22.5 mag within the VLT/VIMOS FoV that satisfy the imposed color criteria of R − I < 0.7. The left panel of Fig. 5, shows the total number of sources in the SDSS data and the number of sources in our VIMOS survey per rAB magnitude bin, in blue and black respectively. The right panel shows the fraction between these two quantities and the dashed black line shows the mean of this fraction, considering only the 17.5 < r < 22.5 interval. On average, our VIMOS target selection recovers around ∼27% of the sources in the field. The median 5σ depth for SDSS photometric observations is r = 22.70, so it provides an appropriate reference to evaluate the completeness of our VLT/VIMOS survey.

	[image: thumbnail]	Fig. 5. Left: Total number of sources in the SDSS DR16 data that satisfies the imposed color criteria of R − I < 0.7 (blue) and number of sources in our VIMOS survey (black) per magnitude bin. Right: Ratio between the total number of sources in the SDSS DR16 data and our VIMOS survey per magnitude bin. The dashed black line mark the mean of this fraction, for the 17.5 < r < 22.5 interval. On average, we have recovered ∼27% of the sources present on the field with our target selection.







Considering these two effects, we divide the number of galaxies effectively found in our VLT/VIMOS survey (within a given redshift window) by 0.84 and 0.27 to estimate the real underlying number of galaxies in the same cosmic volume. While our absolute recovery fraction of sources in the VLT/VIMOS FoV is relatively low, our understanding of the selection function allows us to correct for this incompleteness. We used the Poissonian errors calculated following Gehrels (1986) to estimate the uncertainty of this correction.
2.7. BLA survey
In this section, we present the methodology employed for the identification of absorption lines in the SDSSJ161940.56+254323.0 normalized spectrum, and describe how we deal with possible ambiguities. The characterization of the absorption lines in the spectrum of SDSSJ161940.56+254323.0 of the HST/COS was carried out throughout the full line of sight, not only limiting ourselves to the regions where known structures exist. In this way, we minimize possible misidentifications and better handle possible interloper absorption.
We employed the same criteria to identify and characterize these absorption features as in Tejos et al. (2016) (see their section 4 for details). For this, we used the custom software IGM_guesses5. This software facilitates the visualization and Gaussian fitting of absorption features, ultimately yielding initial parameters for subsequent Voigt profile fitting (see below); these include redshift (z), column density (N), and Doppler parameter (b) for the ions identified.
In summary, we first identify all possible absorption components (H I and metals) at redshift z = 0, with the categories “a” (reliable), “b” (possible), or “c” (uncertain) as appropriate (this reliability scheme is independent of that used to classify the redshift measurement of galaxies, although for simplicity we use the same naming convention for the reliability categories). In cases where the component shows at least two well-resolved transitions, we assign them to the category “a”, and in the rest of the cases, we assign them to the category “b”. Similarly, we identify all possible absorption components (H I and metals) at redshift z = zQSO and label them in the respective categories. We then identify the absorption components of H I that show at least two transitions from z = zQSO to z = 0, with the category “a”. In the redshifts of these components, we identify all the possible metal absorptions, and we assign them to the respective category (given the prior of having a well-identified H I absorption). Finally, we consider that all unidentified absorption features are H I Lyα in category “b”, and their corresponding associated metal absorption are identified (if any). If metal ions are present, we reassign the H I component to the category “a”; otherwise, we maintain the component in category “b”. Some components in category “b” could move to category “c”, based on the equivalent width (Wr) significance criterion: Wr/δWr < 3, where δWr is the uncertainty of the Wr measurement. However, none of the BLAs in our sample fall in the “c” category.
Later, we used these initial guesses as inputs for an automatic Voigt profiling process using the software VEEPER6, taking into account the non-Gaussian COS line spread function and restricting the sample to absorption lines having Wr > 0.01 Å.
From this analysis, we obtained a sample of 13 identified reliable BLAs for which we measured their redshift, neutral hydrogen column density NHI, and Doppler parameter bHI. In this work, we identify as a BLA any hydrogen absorption with an observed Doppler parameter larger than 40 km s−1 (see, e.g., Lehner et al. 2007; Danforth et al. 2010, 2016); however, we acknowledge that due to the presence of nonthermal broadening, a b > 40 km s−1 does not necessarily always imply gas at T ≳ 105 K (see, e.g., Sameer et al. 2024). These BLAs are shown in Fig. 6. When characterizing absorption lines, there is always the possibility of introducing biases and/or systematics. We discuss possible caveats in the identification of our BLA sample in Section 2.8.
	[image: thumbnail]	Fig. 6. Identified BLAs in the HST/COS spectrum of SDSSJ161940.56+254323.0. The panels show the best-fitting Voigt profile for each BLA in blue and the full model of the QSO spectrum in red. The dotted line shows the continuum level. Additional modeled transitions in the same wavelength range are labeled in red. The derived observational parameters column density log(N/cm−2), Doppler parameter in km s−1, equivalent width in Å, and redshift are indicated in each panel, together with the reliability of the identification (see Sect. 2.7 for details). For saturated lines, our method leads to unrealistically large Wr uncertainties due to the poor column density constraint.



From the Voigt profile fit parameters of these BLAs (z, NHI, bHI), we have then followed Pessa et al. (2018) to infer the temperature (T), ionization fraction (fion) and ionized gas column density (NHII). In summary, we split the observed Doppler parameter (bobs) into two different components, thermal (bth) and nonthermal (bnon − th):
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The thermal broadening only depends on the temperature (T) of the gas,
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where kb is the Boltzmann constant, m is the gas particle mass and A is the atomic weight of the element. For H I Equation (2) follows (e.g., Richter et al. 2006b):
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On the other hand, nonthermal broadening mechanisms include turbulence, line blending, etc. In overdensities like galaxy filaments we expect that turbulence dominates (Dolag et al. 2008), and we parametrize it as being proportional to the thermal broadening, such that bnon − th ≈ bturb ≈ αbth. This would imply that
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In principle, to calculate the value of α for a BLA, it is needed an aligned metal component to separate the thermal and nonthermal broadening components (see e.g., Savage et al. 2014; Stocke et al. 2014). This relies upon the underlying assumption that each absorption component maps a spatially isolated ‘cloud’ structure that has well-defined properties. However, Marra et al. (2024) uses hydrodynamical cosmological simulations of two z = 1 galaxies and synthetic quasar absorption-lines spectra of their CGM, to track the location of the gas associated with a given absorption component, and find that generally, a single absorption component is produced by gas on multiple different locations along the line of sight, due to the complex line of sight velocity distribution of the CGM. This means that even when aligned metal components are available, the inferred value of α is highly uncertain. Nevertheless, in order to provide a first-order empirical estimation, we calculate the α value for the absorption components of aligned7 H I and O VI absorbers reported by Savage et al. (2014) and Stocke et al. (2014) (for those systems where bH I > bO VI). For the Savage et al. (2014) sample, we calculate a median α = 0.7, with a dispersion of 0.8. For the Stocke et al. (2014), we calculate α = 0.6 ± 0.3. If we consider only those absorptions with bH I ≥ 40, we obtain α  = 0.6 ± 0.4 and α = 0.5 ± 0.2, respectively, with most of the values within the 0 − 1.5 range. For the following calculations, we choose a fiducial value of α = 0.7, but we quantify the systematic uncertainty introduced by this assumption by also evaluating our results for α = 0 and α = 1.5, which encompasses most of the different measurements and also corresponds to the fiducial value plus the largest dispersion found among the different samples (0.8). We acknowledge that while this choice is likely not accurate for individual absorption lines, it should be appropriate for statistical inferences (as we do here), and an accurate measurement of this quantity is hard to obtain with the current observational methods (Marra et al. 2024). Moreover, we note that the additional uncertainty introduced by this assumption is generally comparable to our statistical uncertainties (see Sect. 4.3).
Given an α value, we can then estimate the temperature of the gas using Equations (3) and (4). The ionized gas column density is then given by the ionization fraction of the gas, that is, the number of ionized hydrogen per neutral ones, defined as
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The combined UV-background photoionization plus collisional ionization model from Richter et al. (2006a) suggests a linear relation between log(fion) and log(T), such that:
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We finally calculated the ionized gas column density, NH ≈ NHII, for each individual BLA simply as NH ≈ fionNHI. Table 4 summarizes the physical properties of the gas inferred from each one of the BLAs in our sample. While in this paper we focus primarily on BLAs, for completeness and comparison purposes we also proceed in the same manner with the detected NLAs. Table 5 summarizes the physical properties of the gas derived for the NLAs. In total, ten NLAs (and zero BLAs) fall in the low-reliability category “c”. These transitions are excluded from further analyses in the following sections. We note that Equation (6) is defined in Richter et al. (2006a) for a temperature range of 4 < log(T/K) < 7, where low-temperature absorption features are primarily photoionized, rather than collisionally ionized. Since most of the NLAs listed in Table 5 exhibit temperatures log(T/K) > 4 (even in the case of α = 1.5, especially those with reliabilities “a” and “b”), we find that using the same model to derive the ionization fraction of the NLAs is appropriate and avoids introducing inhomogeneities into our analyses. However, for the single NLA with a reliability higher than “c” that shows a temperature lower than 104 K (ID 2), this calculation represents an extrapolation of the model, and we caution the reader about this caveat (this particular NLA has no impact in any of the conclusions of this paper).
Table 4. 
Physical properties of the gas inferred from each one of the BLAs in our sample, as described in Sect. 2.7.

Table 5. 
Physical properties of the gas inferred from each one of the NLAs in our sample.

2.8. Potential caveats in the identification of BLAs
As was explained in the previous section, we identify as a BLA any hydrogen absorption with Doppler parameter larger than 40 km s−1, as this generally implies gas temperature higher than 105 K (Richter et al. 2006a,b). However, noise and line blends can potentially mimic broad and shallow absorption features (Richter et al. 2006b; Garzilli et al. 2015; Tejos et al. 2016). The impact of this effect depends on the S/N of the data, and eventually higher S/N enables a better characterization of the kinematic structure of the absorption features (e.g., Richter et al. 2006b; Danforth et al. 2010). This limitation is intrinsic to the absorption-line technique and affects, to some extent, any absorption-base study. In order to minimize the possible impact of blends, we introduce an additional component for absorption features that showed asymmetric profiles (e.g., ID 10 in Table 4, see also Fig. 6).
Additionally, since constraining b and N becomes degenerate for saturated lines (NH I ≳ 1014 cm−2), we present here a closer examination of our fits for the saturated BLAs in our sample (IDs 2, 10, and 13 in Table 4 and Fig. 6), as well as the fits of their associated metals and/or other H I absorption found at the same redshift, if any (figures are provided in Appendix E). We also discuss possible alternative best-fitting solutions for some of the BLAs in our sample (IDs 1, 3, 5, 6).
The #1 BLA (z ∼ 0.04021) could be alternatively modeled as three separate narrow components. Naturally, this could potentially reproduce the data better than our one-component fitting. Thus, to choose the best model, while avoiding overfitting, we use the Bayesian information criterion (BIC), which introduces an additional penalty term for the number of parameters in the model (Schwarz 1978)8. For this BLA, the BIC is significantly lower for the one-component fitting, and thus, a one-component model is the preferred solution.
The #2 BLA (z ∼ 0.04866), shown in Fig. E.1, exhibits Si III, Si IV, and C IV absorption at the same velocity. None of these absorptions show any sign of asymmetry, and therefore we find it unlikely that this BLA is an artifact produced by the blending of narrower absorptions. Unfortunately, Lyβ is not available at this redshift. However, fitting the absorption profile with a narrower Doppler parameter (1-σ lower than best-fitting value) produces a qualitatively worse fit that does not reproduce the spectral profile of the BLA. Thus, we conclude that the identification of this absorption as BLA is not a result of an unconstrained Doppler parameter.
The #3 BLA (z ∼ 0.06805) could also be modeled as two separate narrower components. However, the measured BIC value is significantly lower for the one-component model, and thus, a one-component model is the preferred solution.
The #5 BLA (z ∼ 0.15417) is blended with a multi-component Galactic Si IV absorption feature, which makes it difficult to infer its Doppler parameter confidently. The BLA fitting depends on the modeling of the Galactic absorption. We report here the best-fitting value obtained after carefully modeling the Galactic Si IV 1402 absorption, using three Si IV components. Using fewer components could lead to a broader BLA. However, the three-component fitting is supported by additional Galactic transitions present in the QSO spectrum (e.g., Si IV 1393, C IV). Since in any case, this absorption would still qualify as a BLA, and we find that three components are the most consistent model with what is seen in the HST data, we keep it in our sample.
The #6 BLA (z ∼ 0.17576) could be alternatively modeled as two separate narrow components. However, similar to #3 BLA, the BIC is significantly lower for the one-component fitting, and thus, we keep a one-component model as the preferred solution.
The #10 BLA (z ∼ 0.18787) is shown in Fig. E.2. This H I absorption feature presents an asymmetry that we model with an additional narrower component. Lyβ and Lyγ coverage are available at this redshift, and the spectra show consistency with absorption (although the latter is extremely shallow), further constraining the Doppler parameter and column density of the BLA. The detection of a O VI absorption is also consistent with the presence of warm-hot gas at this redshift. Overall, we believe that although there is a blend, the detection of this BLA is robust, and the parameters of the Voigt profile are well-constrained. Indeed, we find that fitting the BLA with a 1-σ narrower b produces a model that is not consistent with the observed absorption profile.
The #13 BLA (z ∼ 0.25294) is shown in Fig. E.3. This BLA does not present any sign of asymmetry in its spectral profile. Lyβ and Lyγ are also available at this redshift, although similar to the #10 BLA, the latter is very shallow (Lyβ, on the other hand, represents a more clear detection). We also find that fitting the BLA with a 1-σ narrower b produces a model that is not consistent with the data. Altogether, we find that this BLA is a robust identification and that the parameters of the Voigt profile are well-constrained.
3. Results
3.1. Cross-correlating the presence of BLAs with overdensities of galaxies
In this section, we look for overdensities of galaxies in our galaxy survey, at the redshifts of the BLAs reported in Sect. 2.7. These overdensities would suggest that there is a large-scale structure, and therefore, a positive correlation would mean that the BLAs may be preferentially tracing the large-scale filamentary structure of the Universe (the much larger volume fraction occupied by cosmic filaments, compared by cosmic nodes make this the most likely scenario, see, e.g., Cautun et al. 2014). We compare the number of galaxies detected at the redshift of each BLA with the field expectation to quantify the strength of the galaxy overdensity.
The top panel of Fig. 7 shows the impact parameter to the QSO sightline as a function of the redshift for the sources in our VLT/MUSE and VLT/VIMOS data. The VLT/VIMOS survey reaches larger impact parameters than that of VLT/MUSE because of its much larger FoV. However, VLT/MUSE is much more complete at impact parameters close to the QSO sightline. Thus, we use our VLT/VIMOS survey to study the large-scale distribution of galaxies, and our VLT/MUSE survey to look for galaxy halos closer to the QSO sightline that could be associated with some of the absorption features detected. The figure also shows the redshift of the reported BLAs (and NLAs). We find at least one galaxy close to the redshift of every BLA, except at z ≈ 0.21316 where we did not find any nearby galaxy. To quantify the significance of this number of galaxies, and determine if it does represent an excess with respect to the field expectation, consistent with a large-scale structure, we use the code presented in Reed et al. (2007) to study the Halo Mass Function (HMF) at low redshift. This code uses cosmological parameters as an input to generate a modeled HMF. In particular, it generates the number of haloes more massive than an arbitrary mass value expected per cubic Mpc h−1; that is, the number density of haloes per mass bin. Comparing this randomly expected number of galaxies with the number of galaxies ‘found’ (corrected by the two incompleteness effects mentioned in Sect. 2.6.4) within ±1000 km s−1 from the redshift of the BLAs reported in Sect. 2.7, permit us to know how significant is this number of found galaxies and if it does actually represent an overdensity, where the size of the velocity window determines the depth of the cosmic volume spanned by the VLT/VIMOS FoV. In Sect. 4.2, we explore the impact of using a different velocity limit on the inferred density of galaxies.
	[image: thumbnail]	Fig. 7. Impact parameter to the QSO sightline as a function of the redshift of each source in our survey. Top: Sources up to a projected distance of 4 Mpc from the QSO sightline. Objects in our VLT/MUSE and VLT/VIMOS surveys are represented with blue squares and red pentagons, respectively. The vertical solid black lines and their background gray area mark the redshifts of the reported BLAs ±1000 km s−1. The hatched area shows a 15 arcminute distance from the central QSO, which would correspond to approximately the edges of the VLT/VIMOS FoV at a given redshift. The vertical dashed magenta lines indicate the redshift of the NLAs detected in the spectrum of the QSO. Bottom: Sources closer to the QSO sightlines in our VLT/MUSE survey, at impact parameters up to ∼150 kpc (blue squares). The filled blue square represents a galaxy found to be very close in velocity (within ±1000 km s−1) to the BLAs at z ≈ 0.18787 and z ≈ 0.18919. The hatched area shows the approximate edges of the VLT/MUSE FoV. Additionally, we include data from the SDSS DR16 (green diamonds), in order to look for nearby galaxies that we could be missing due to our lack of impact parameter coverage at low redshift.



Figure 8 shows this comparison. The black squares represent the corrected number of galaxies ‘found’ at the redshift of each BLA with its Poissonian error. Recall that the number of galaxies found in our VLT/VIMOS survey at a given redshift is corrected by the completeness of our survey, as detailed in Sect. 2.6.4, thus, the number of sources in the y axis of Fig. 8 is larger than the number of red symbols shown in the top panel of Fig. 7. The red line represents the number of galaxies randomly expected to be found in the VLT/VIMOS FoV within ±1000 km s−1 of a given redshift. This value comes from the modeled HMF mentioned earlier, and corresponds to the number of haloes more massive than a given mass lower limit expected in the VLT/VIMOS FoV. We used as mass lower limit the stellar mass that corresponds to our detection threshold of magnitude r = 22.5 mag (at any given redshift), and assuming a [image: equation] relation (see, e.g., Bell & de Jong 2001; Kauffmann et al. 2003; Schombert et al. 2022). We use then the relation provided by Moster et al. (2010) to transform this stellar mass into a threshold halo mass; that is, the lower integration limit for the HMF.
	[image: thumbnail]	Fig. 8. Comparison between the number of galaxies randomly expected at the redshift of the BLAs reported in Section 2.7, within a velocity window of ±1000 km s−1, inside the physical area enclosed by the total VLT/VIMOS FoV at a given redshfit, with the number of galaxies actually ‘found’ at that redshift range (corrected by the completeness effects described in Section 2.6.4). The black squares represent this corrected number of detected galaxies with their respective Poissonian uncertainty at the redshift of the BLAs (reliability “a” or “b”, see Sect. 2.7). The Poissonian error bars have been calculated following Gehrels (1986). The width of the gray area marks the ±1000 km s−1 region around the BLAs. The solid brown line shows the completeness-corrected number of galaxies found in bins of ±1000 km s−1, regardless of the presence of a BLA. The dotted brown line shows the zero level. The red line represents the randomly expected number of galaxies and the dashed blue line represents the number of galaxies expected in an environment 2.5 times denser, such as the filaments. At the redshift of 4 of the BLAs (≈0.04021, ≈0.04866, ≈0.18787, ≈0.18919), we find a clear excess of galaxies, consistent with an overdense region. The vertical dashed orange lines mark the redshift at which we find a galaxy cluster pair whose intercluster axis passes near the LoS of the QSO (see Sect. 2.2).



According to González & Padilla (2010), large-scale filamentary structures are 2 − 3 times denser than the average density of the Universe. Therefore, the dashed blue line corresponds to the expected number of galaxies found in an overdense region, 2.5× denser than average density. Thus, at the redshift of 4 of the BLAs, we found a tentative excess of galaxies, consistent with an overdense region: the BLAs at z ≈ 0.04021, z ≈ 0.04866, and the two BLAs at (average) z ≈ 0.18853. We also found a milder excess of galaxies at the BLAs at z ≈ 0.06805, z ≈ 0.13831, z ≈ 0.15417, and z ≈ 0.25294, although for these redshifts, the number of galaxies found is also consistent with the field expectation given the large uncertainties.
By randomly selecting 2000 sets of 13 redshifts in the range 0-zQSO, we have determined that given the redshift distribution of our VLT/VIMOS survey, the probability of, by chance, coinciding with at least 4 overdense regions (above our threshold of 2.5 times the expected number of galaxies), and 4 mildly overdense regions (above the expected density) is of about ∼3%, meaning that the BLAs are indeed found preferentially at redshift that exhibit an excess of galaxies. This also suggests that our BLA sample is likely not dominated by noise features (see Sect. 2.8 for a more comprehensive discussion about the caveats on the BLA identification).
3.2. Galaxies close to the QSO sightline at the redshift of BLAs
In Sect. 3.1 we studied the significance of having observed a certain number of galaxies at the redshift of each BLA, and we found that for the BLAs at z ≈ 0.04021, z ≈ 0.04866, z ≈ 0.18787 and z ≈ 0.18919, the number of galaxies observed is consistent with an overdense region of the Universe. Here, we study the distribution of galaxies nearby to the QSO sightline, in order to get more insights about the possible origin of these BLAs.
The bottom panel of Fig. 7 shows the impact parameter to the QSO sightline of nearby galaxies as a function of its redshift. The vertical lines mark the redshifts of the BLAs. The blue squares represent sources from our VLT/MUSE survey. The filled blue square represents a galaxy found to be very close in velocity (within ±1000 km s−1) to the BLAs at z ≈ 0.18787 and z ≈ 0.18919. This galaxy corresponds to the object with ID 14 in the Table A.1. At z ≈ 0.04021 and z ≈ 0.04866 we have an impact parameter coverage of ∼40 kpc and ∼50 kpc respectively. This is small compared to the size suggested for the circumgalactic medium, on the order of a few hundred kpc (e.g., Prochaska et al. 2011; Tumlinson et al. 2017). Therefore, we have included SDSS data in our survey to look for nearby galaxies beyond the VLT/MUSE FoV.
The diamonds in the bottom panel of Fig. 7 represent these data from the SDSS DR16 spectroscopic catalog. We have additionally searched for intervening sources in the SDSS photometric redshift catalog, but the large uncertainties in their redshift measurement make it difficult to obtain an appropriate measurement of their impact parameter to the QSO sightline, and therefore, we do not include these sources in the figure.
This search revealed one additional galaxy that lies close (in redshift and impact parameter) to the BLA at z ≈ 0.04021 and two more galaxies near the BLA at z ≈ 0.04866. However, no additional galaxies are found near any other BLA in our sample. In the following sections, we examine closely each one of the absorbing systems, together with their potential relation to galaxies near the QSO sightline. We stress that we use the SDSS data only to look for galaxies near the QSO sightline that could be directly associated with a BLA (same as our VLT/MUSE survey), and not to infer an overdensity of galaxies at a given redshift, due to the complex selection function of the SDSS spectroscopic survey. On the other hand, our understanding of the VLT/VIMOS survey completeness allows us to use our VLT/VIMOS survey to infer the completeness-corrected number of galaxies in a given cosmic volume. Thus, galaxies from the SDSS data set are only shown in the bottom panel of Fig. 7.
3.3. BLA – Overdensity of galaxies at z ≈ 0.04021
Figure 8 shows a clear excess of galaxies close to the BLA at z ≈ 0.04021, of nearly ∼7 times over the average number of galaxies (once completeness effects are accounted for). Figure 9 shows the spatial distribution of these galaxies around the QSO sightline, with a redshift within a velocity window of ±1000 km s−1 from the BLA, for the galaxies in our VLT/VIMOS survey (left) and the galaxies found in the SDSS data with spectroscopic redshift (right). We note that while the SDSS spectroscopic data is helpful for investigating the environment around the QSO sightline on ever larger scales than the VLT/VIMOS data, its completeness is lower inside VLT/VIMOS FoV, where the existence of a large-scale cosmic filament would have a more substantial impact in the local density of galaxies. Furthermore, our understanding of the completeness of our VLT/VIMOS survey (see Sect. 2.6.4) makes the latter suitable for evaluating whether there is an underdensity or an overdensity of galaxies at the redshift of the BLAs, compared to the random expectation. Although the number of galaxies identified in our VIMOS survey might seem low (2), this number is large considering the relatively small FoV of VLT/VIMOS at this redshift (∼1.0 Mpc2) and the completeness fraction of our VLT/VIMOS survey. Recall that the lower luminosity limit at lower redshifts has been taken into account when computing the average number of galaxies expected. In addition to these two galaxies, we find one more additional galaxy near the QSO sightline, at an impact parameter of ≈250 kpc, nearly at the same redshift of the BLA in the SDSS spectroscopic data (see bottom panel of Fig. 7). We then followed Taylor et al. (2011) to infer the stellar masses of these three galaxies from their SDSS photometry:
	[image: thumbnail]	Fig. 9. Spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1, for the BLA at z = 0.04021. Left: Full VLT/VIMOS FoV around SDSSJ161940.56+254323.0 at z ≈ 0.04021. The dashed cross represents the separation between the four VLT/VIMOS quadrants, indicated in gray. The central magenta square represents the VLT/MUSE FoV. The VLT/VIMOS FoV spans a square of ∼1.0 Mpc side at this redshift. The VLT/MUSE FoV is significantly smaller, reaching impact parameters of ∼40 kpc from the QSO sightline. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. Right: Zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey. The separation between the VLT/VIMOS quadrants is kept for reference. The colorbar of both panels indicates the velocity offset of each galaxy with respect to zsys.



[image: thumbnail](7)
where Mi corresponds to the absolute magnitude in the restframe i-band. This relation can be used to estimate the stellar mass with a ∼0.10 dex scatter (Taylor et al. 2011). We assumed the bijective relation between total halo mass and stellar mass presented in Moster et al. (2010) to estimate their virial masses (Mvir). Hydrodynamical simulations show that the scatter in the halo-stellar mass varies as a function of redshift and halo mass, and it is expected to be of the order of ∼0.1 − 0.2 dex at z = 0.1 (Matthee et al. 2017).
Finally, we estimated their virial radii (R200) and velocity dispersion (σvir) following
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and
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where R200 is defined as the radius of the spherical volume where Mvir is contained at 200 times the critical density of the Universe at a given redshift, ρc(z). Comparing the physical distance of these galaxies to the QSO sightline with R200, and their velocity offset with respect to the BLA (Δv) with σvir, allows us to evaluate if a BLA could be produced by hot gas in the halo of a galaxy, as opposed to only be tracing the large-scale filamentary structure of the Universe (Pessa et al. 2018). Generally, if the product between Δv, in units of σvir, and the impact parameter of a galaxy to the QSO sightline, in units of R200
[image: equation] is ≳2, it could be indicative of a not gravitationally bounded system (Shen et al. 2017). Indeed, Wilde et al. (2023) find evidence that suggests that the CGM of galaxies reaches up to two times their virial radii. We expect, however, that while BLA-galaxy systems with η ≥ 2 are most likely not gravitationally bound, a system with η < 2 does not necessarily correspond to virialized gas associated with a galaxy, for instance, if the impact parameter is much larger than the virial radius of the galaxy, but the Δv is ∼0, η would be ≪2, and still be likely that the absorption is not associated with the galaxy. Thus, we discuss possible BLA-galaxy associations case by case.
In this regard, we find that the inferred velocity dispersion and virial radii of these three galaxies are significantly smaller than their velocity offset to the BLA, and the impact parameter to the QSO sightline, respectively. Specifically, the velocity dispersions are a factor of ∼1.5 − 30 smaller than the velocity offsets to the BLA, and the virial radii are a factor of ∼5 − 15 smaller than the impact parameter to the QSO sightline, which lead to η values in the range 8 − 500. This suggests that the absorption feature is likely tracing intergalactic gas, rather than being associated with a specific galaxy. Furthermore, the right panel of Fig. 9 shows a possible filament of galaxies intersected by the QSO sightline (red to yellow dots at velocities 200 − 700 km s−1), which would further support this idea. Finally, we find several NLAs at a similar redshift (Δv ∼ 400 km s−1), and for the same reasons discussed above, we do not find it likely that the NLAs are associated with a particular galaxy, meaning that these absorption features are the imprint of warm-hot intergalactic gas near to a colder component.
3.4. BLA – Overdensity of galaxies at z ≈ 0.04866
Similar to the previous case, Fig. 8 also shows a clear excess of galaxies at the redshift z ∼ 0.04866, of nearly ∼9 times over the average density of galaxies. Figure 10 shows the spatial distribution of these galaxies around the QSO sightline. Again, three (uncorrected by incompleteness) galaxies might seem like a small number, but this number is large considering the small FoV of VLT/VIMOS at this redshift (∼1.2 Mpc2). A closer inspection shows that the galaxy in the bottom-right quadrant of the VLT/VIMOS FoV is the same as that found in the SDSS data at an impact parameter of ≈270 kpc (see bottom panel of Fig. 7). This leaves us with four galaxies near this BLA in the impact parameter – redshift space, three in the VLT/VIMOS FoV plus one extra galaxy in the SDSS data at an impact parameter of ∼180 kpc.
We proceed in the same way as for the BLA at z ≈ 0.04021 to evaluate if this absorption could be associated with a nearby galaxy, and we find that while the inferred velocity dispersion of these four galaxies is generally comparable to the Δv respect to the BLA, their virial radii are significantly smaller (at least a factor 3) than their physical separation to the QSO sightline. For the galaxies in our VLT/VIMOS survey, we calculate η values in the range 8 − 40. For the SDSS galaxy, on the other hand, we get η = 1.6. This is lower than our reference value of 2, but this is mostly driven by the low velocity separation between the BLA and the galaxy, since the galaxy is located at an impact parameter of ∼3 times its virial radius. Thus, we find it unlikely that the BLA originates from virialized gas associated with this galaxy. Altogether, this suggests that the absorption feature is tracing intergalactic gas, rather than being associated with any of the galaxies in our survey.
Moreover, when examining the distribution of galaxies at larger spatial scales using the SDSS galaxies with spectroscopically determined redshifts (right panel of Fig. 10), we find a coherent structure that is intersected by the QSO sightline, supporting the idea that the BLA at z ≈ 0.04866 is indeed tracing the filamentary large-scale structure of the Universe. Unfortunately, the GMBCG cluster catalog does not reliably cover redshifts lower than 0.1, thus, we are unable to infer the presence of an intercluster axis close to the QSO sightline at this redshift. Nevertheless, the presence of metals at this redshift (see Table 4) suggests that this gas could have been processed by a nearby galaxy at some point and escaped to the IGM (see, e.g., Tripp et al. 2006), or, alternatively, that it is indeed bound to a galaxy missed in our surveys.
	[image: thumbnail]	Fig. 10. Spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1, for the BLA at z = 0.04866. Left: Full VLT/VIMOS FoV around SDSSJ161940.56+254323.0 at z ≈ 0.04866. The dashed cross represents the separation between the four VLT/VIMOS quadrants, indicated in gray. The central magenta square represents the VLT/MUSE FoV. The VLT/VIMOS FoV spans a square of ∼1.2 Mpc side at this redshift. The VLT/MUSE FoV is significantly smaller, reaching impact parameters of ∼50 kpc from the QSO sightline. Three galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. Right: Zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey. The separation between the VLT/VIMOS quadrants is kept for reference. The colorbar of both panels indicates the velocity offset of each galaxy with respect to zsys.



3.5. BLA – Overdensity of galaxies at z ≈ 0.18853
Since we have found 2 BLAs at similar redshifts (z1 = 0.18787 and z2 = 0.18919), we have defined zsys = 0.18853 as the average of the two. Similar to the previous figures, Fig. 11 shows the spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1 in our VLT/VIMOS and VLT/MUSE survey and the SDSS data. Both panels show a high number of galaxies close to the QSO sightline. Figure 8 shows that this elevated number clearly represents an excess with respect to the expected number of galaxies. Furthermore, we also find three cataloged intercluster axes close to the QSO at this redshift (see Table 1), although a clear filamentary structure is not visible in the spatial distribution of SDSS galaxies in Fig. 11.
	[image: thumbnail]	Fig. 11. Same as Fig. 9, for the two BLAs at (average) z ≈ 0.18853. The gray lines in the right panel indicate the intercluster axes connecting the cluster pairs described in Sect. 2.2, indicated with black diamonds. The VLT/VIMOS FoV spans a square of ∼4.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. Seven galaxies in our VLT/VIMOS survey and one galaxy from our VLT/MUSE survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



Although this high number of galaxies and the presence of close cluster pairs provide a first evidence of a large-scale structure, the presence of a galaxy close to the BLA redshift in the VLT/MUSE FoV (see bottom panel of Fig. 7 and left panel of Fig. 11) could indicate that the BLAs found at this redshift arise from hot coronal gas (Williams et al. 2013) belonging to the galaxy halo, rather than from warm-hot intergalactic gas. To evaluate this possibility, we have proceeded in an analogous fashion to Sect. 3.4, using SDSS photometric data to determine the Rvir and σvir of the galaxy, and comparing it with the impact parameter to the QSO sightline and the Δv with respect to the BLAs.
We find that its Rvir is comparable, even slightly larger than the impact parameter to the sightline (116 kpc and 102 kpc, respectively). However, its Δv to the BLAs are 11 km s−1 and −322 km s−1. While 11 km s−1 is a seemingly low value, significantly smaller than its estimated σvir of ∼90 km s−1 (η ≈ 0.1), a Δv of 322 km s−1 is considerably larger, and represents a much larger separation between the galaxy and the BLA (η ≈ 3.1). We have additionally detected O VI absorption at the redshift of one of these BLAs (although it is close in velocity to the BLA at z = 0.18787, see Table 4), which further suggests a galaxy-BLA association (although in a recent work, using a simple 1D model, Bromberg et al. 2024 report that the IGM can actually contribute the majority of the observed O VI column densities around the CGM of galaxies). Moreover, the detection of several NLAs at this redshift (only one with reliability “a”, Δv ∼ 150 km s−1), suggests the presence of an additional colder component near the warm-hot gas. Altogether, we conclude that while the BLA at z = 0.18919 could be associated with the circumgalactic medium of a galaxy identified in our VLT/MUSE survey, this seems to not be the case for the BLA at z = 0.18787 (although we cannot rule out the possibility that this gas is indeed an outflow from the galaxy, as it high Δv value is also consistent with outflowing gas, see, e.g., Schroetter et al. 2019, and we caution the reader about this potential caveat), for which the absence of nearby galaxy suggest it is originated by intergalactic warm-hot gas, tracing a large scale structure with a clear excess of galaxies identified in our VLT/VIMOS survey.
3.6. BLAs not associated with a robust overdensity of galaxies
For some of the BLAs, we find a mild overdensity of nearby galaxies, but given the uncertainties, they are also consistent with the field expectation (i.e., those at z = 0.06805, 0.13831, 0.15417, and 0.25294). For the BLAs at z = 0.17576, 0.17649, 0.17729, and 0.17813, we find a number of galaxies roughly consistent with the average expected number (see Fig. 8) and for the BLA at z = 0.21316, we do not find any nearby galaxy, neither in our VLT/VIMOS nor in our VLT/MUSE survey.
In the case of the BLA at z = 0.06805, our VLT/MUSE survey shows no nearby galaxies up to impact parameters of ∼60 kpc. Similarly, we do not find any nearby galaxy in the SDSS dataset either. On the other hand, our VLT/VIMOS survey shows one galaxy at the same redshift, at an impact parameter of ∼300 kpc. However, proceeding in the same way as in Sect. 3.3, we find that the virial radii and velocity dispersion of this galaxy are considerably smaller than its impact parameter, and velocity offset to the BLA (by a factor ∼10, leading to η ≈ 180), making it unlikely that it is associated with the BLA. Thus, while it is possible that we are missing a nearby galaxy due to the small FoV of our VLT/MUSE survey, our analysis suggests that the BLA at z = 0.06805 is probably not associated with any nearby galaxy, and it is truly tracing IGM.
Finally, given that the BLAs at z = 0.13831, 0.15417, 0.17576, 0.17649, 0.17729, 0.17813, 0.21316, and 0.25294 do not present any nearby (impact parameter to the sightline < 500 kpc) galaxy in any of our datasets, and that our VLT/MUSE FoV covers impact parameters higher than ∼120 kpc at those redshifts, and it is complete up to r ∼ 24 mag (see Sect. 2.6.1), we find unlikely that they could be associated with any particular galaxy. For the BLA at z ≈ 0.17576, we also find a nearby intercluster filament, with an impact parameter of 3.5 Mpc to the QSO sightline (see Table 1 and Figure D.4). Altogether, we conclude that the BLAs at z = 0.17576, 0.17649, 0.17729, and 0.17813 are likely truly tracing IGM (naturally, there is the caveat that we could be missing a nearby galaxy in our surveys, but we do not find evidence that this is the case).
For completeness, in Appendix D, we show the spatial distribution of sources at the redshift of the BLAs discussed in this subsection, found in our VLT/MUSE and VLT/VIMOS surveys, as well as in the SDSS dataset.
3.7. A potential BLA in a void of galaxies
Figure D.6 shows the absence of galaxies close to the BLA at z ≈ 0.21316 in our data, as well as in the SDSS dataset. Remarkably, the top panel of Fig. 7 shows the presence of an obvious overdense region at a slightly higher redshift, beyond our imposed velocity window threshold of 1000 km s−1. Under the assumption that BLAs trace warm-hot gas residing in large-scale galaxy filaments (Richter et al. 2006a,b; Tripp et al. 2006; Danforth et al. 2010; Wakker et al. 2015), the detection of a BLA at this redshift is intriguing.
One possibility is that this BLA is tracing warm-hot gas that does not belong to a galaxy filament. In this line, Tejos et al. (2012) and Watson & Vogeley (2022) have reported the existence of a population of Lyα absorbers within cosmic voids. A second possibility is that this BLA arises artificially, due to the blending of multiple narrower components, instead of actually tracing warm-hot gas. As discussed in Sect. 2.8, this limitation is intrinsic to the absorption-line technique. We also refer the reader to Tejos et al. (2016) for a more comprehensive discussion of this issue.
In both these scenarios, the BLA at z ≈ 0.21316 would not be tracing a large-scale filament of galaxies. Alternatively, the lack of galaxies could be due to the sightline probing an underdense region of a filament. A final possibility is that there is indeed an overdense region at this redshift, but due to the imperfect statistical completeness of our VLT/VIMOS survey, we do not detect any of its galaxies. However, given the completeness and size of our survey, we have estimated a probability ≲3% of this occurring (with lower probability for overdensities larger than our threshold of 2.5 times the expected number of field galaxies). Thus, we rule out this latter possibility.
In the following sections, we infer the physical properties of the warm-hot gas assuming that this BLA is real, and we opt by not removing it from our sample, although we caution the reader about this potential caveat, as we cannot rule out that this BLA emerges from the blending of two narrower components or from one noisy narrower component.
4. Discussion
4.1. Intercluster axes and BLA connection
As was detailed in Sect. 2.1, the sightline toward the QSO SDSSJ161940.56+254323.0 was chosen to maximize the number of intercluster axes (as proxies of intercluster filaments) intersected, in the same fashion as SDSSJ141038.39+230447.1 (Tejos et al. 2016; Pessa et al. 2018). However, while for SDSSJ141038.39+230447.1 the authors find a good agreement between the redshift of the BLAs and that of the cluster pairs (all detected BLAs are located within 800 km s−1 of a cluster pair, with a mean velocity offset of 500 km s−1), that is not the case for SDSSJ161940.56+254323.0. Figure 8 shows that only the BLAs at average z ≈ 0.18853 and the BLA at z ≈ 0.17576 lie within 1000 km s−1 from the closest cluster pair. The rest of them (even those at z > 0.1, where clusters in the GMBCG catalog are available) do not present any nearby (in redshift) intercluster axis (see Fig. 8). This either implies that the cluster pairs that do not present a nearby BLA are not actually connected by a large-scale filament that contains WHIM, or that there is a WHIM filament, but it produces a shallow absorption feature that is not detectable in our data. A third possibility could be that there is a WHIM filament, but with a morphology that evades the QSO sightline (we note that in contrast to the sample of Tejos et al. 2016, here most of the impact parameters to the intercluster axes are larger than 3 Mpc). In any case, this difference in the intercluster axes and BLAs connection for both QSOs is intriguing and deserves further exploration to assess the impact of the number of intersected intercluster axes in the observed number of BLAs, as a function of impact parameters, using a larger sample of QSOs with a known number of intersected intercluster axes. Nevertheless, the sightline of SDSSJ161940.56+254323.0 still presents a large number of BLAs, compared to the random expectation (Danforth et al. 2010), despite them perhaps not being connected to the (rather simplistic) intercluster axes definition used to select this specific sightline.
4.2. Overdensity of galaxies toward larger physical scales
In previous sections, we have established the existence of a strong overdensity of galaxies close to the QSO sightline coinciding with the redshift of four of the BLAs in our sample, in addition to milder overdensities at the redshift of other four BLAs. We acknowledge, however, that due to our overall low number statistics of at most a few galaxies at the redshift of a given BLA, the reported overdensities of galaxies are subject to large Poissonian errors. Indeed, Fig. 8 makes clear that the four strongest overdensities are only ∼1 − σ above the overdensity threshold of a factor of 2.5 more galaxies than the field expectation. Nevertheless, keeping this caveat in mind, in this section we explore the extent of these overdensities in both, velocity and impact parameter space.
Figure 12 shows the ratio between the (completeness-corrected) inferred and expected number of galaxies in the full VLT/VIMOS FoV, at the redshift of the thirteen BLAs in our sample, considering a velocity window that ranges from ±200 km s−1 up to ±8000 km s−1. It is clear that the BLA at z ≈ 0.04866 shows the most extreme excess of galaxies, over a factor ∼40 on the smallest velocity windows. That is, our VLT/VIMOS survey shows an abnormally high number of galaxies close to the BLA in a relatively small cosmic volume (although none of these galaxies seem to be directly associated with the BLA, as discussed in Sect. 3.4). This excess of galaxies decays rapidly when a larger velocity window is considered. At ±2000 km s−1, the excess is drastically smaller, although still significant (∼6 times higher than the average expected value), pointing to a local overdensity of galaxies, rather than, for example, the possibility that our modeling is underestimating the number of expected galaxies in a given volume.
	[image: thumbnail]	Fig. 12. Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey (considering the full FoV) at the redshift of the BLAs, as a function of the size of the velocity window used to define the depth of the cosmic volume subtended by the VLT/VIMOS FoV, from 200 km s−1 to 8200 km s−1. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Although 8000 km−1 is considerably higher than the Δv expected for a large-scale galaxy filament, we included large velocity windows to show how the local excess of galaxies converges toward the cosmic average in a large enough volume.



The BLA at z ≈ 0.04021 also shows a significant excess of nearby galaxies, peaking at an excess of a factor ∼12 relative to the cosmic average at a velocity window of ±300 km s−1. This excess is still relevant toward larger velocity windows. At ±1000 km s−1, the number of galaxies is still a factor ∼7 larger than the expected cosmic average. On the other hand, The two BLAs at average z ≈ 0.18853 show a peak overdensity of factor 4 and 6 with respect to the cosmic average on velocity windows of 700 − 1000 km s−1, which is not as extreme as for the BLAs at z ≈ 0.04021 and 0.04866, but still well above the threshold of factor 2.5 used to define overdense regions of the Universe (see Sect. 3.1).
The rest of the BLAs that coincide with an overdensity of galaxies present a more modest excess that peaks at absolute velocity windows ≲1000 km s−1, a scale typically used to represent the extent in the velocity space of large-scale filaments (e.g., Tejos et al. 2016; Bouma et al. 2021). The BLAs at z ≈ 0.06805 and z = 0.15417 exhibit an excess of ∼4 times the expected number of galaxies at a velocity window of ±500 km s−1, with a steady decline toward larger velocity windows. The BLA at z = 0.13831 also presents a modest peak of a factor of 3 − 4 at velocity windows of about ±1000 km s−1.
The BLA at z ∼ 0.25294 shows a first peak of factor ∼2 at the smallest velocity window, followed by a peak of only a factor of ∼1.5 at a velocity window of ±1000 km s−1. However, it also shows an additional peak at velocities > 4000 km s−1, due to the presence of a large number of galaxies found at a slightly higher redshift (see the top panel of Fig. 7). Although this excess of galaxies at higher velocities could, in principle, be consistent with a galactic filament, it is beyond the scope of this paper to focus on the overdensities of galaxies that do not present a BLA. In this regard, the lack of a BLA at the redshift of an existing filament is not necessarily unexpected, as their detection is often difficult due to the high temperature of the gas, leading to an extremely low fraction (< 10−5) of neutral hydrogen and a large thermal broadening. Thus, the detection of gas at higher temperatures requires higher quality data (see, e.g., Danforth et al. 2010) or a different technique (e.g., using FRBs).
For completeness, we have also included in the figure those BLAs that do not present an excess of nearby galaxies. The BLAs at z = 0.17576, 0.17649, 0.17729, 0.17813, and 0.21316 do not present any clear peak above our threshold of 2.5 times the average density.
The fact that the ratio of galaxies found and expected, at the redshift of all the different absorption systems, converges toward large volumes reflects the consistency between our model and our galaxy survey (although the ratio of found and expected galaxies converges toward a slightly higher number ∼2 for those systems that present an overdensity of galaxies). A relevant aspect of this analysis is that at different redshifts, we probe different maximum impact parameters with the full VLT/VIMOS FoV, being significantly smaller toward lower redshifts, implying that purely using a velocity criteria (as in Fig. 12) to compare the systems do not provide a complete picture.
Figure 13 makes this difference clearer. It shows the found to expected galaxies ratio close to each BLA, within a fixed velocity window of ±1000 km s−1, considering different maximum impact parameters, from 100 kpc, up to the maximum impact parameter covered by VLT/VIMOS at each redshift.
	[image: thumbnail]	Fig. 13. Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey within 1000 km s−1 from the redshift of the BLAs, as a function of the maximum impact parameter used to define the area of the cosmic volume subtended by VLT/VIMOS, from 100 kpc to 3.2 Mpc. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Note that for the BLAs at low redshift (blue and orange lines), we can only probe impact parameters up to ∼500 kpc.



The systems at z = 0.04866 and 0.06805 present the strongest excess of galaxies, with an excess of a factor ∼50 and ∼25, respectively. In general, all the systems peak at maximum impact parameters lower than 1.5 Mpc (except for the system at z = 0.15417, since the galaxies at this redshift are located relatively far away from the central sightline), which is well within the expected width of cosmic filaments, according to cosmological simulations (González & Padilla 2010). Additionally, their ratio of found to expected galaxies (within ±1000 km s−1) is notoriously larger when we consider a smaller fraction of the FoV. This is because when one or more galaxies start being accounted for within a very small cosmic volume, parametrized by a small maximum impact parameter, it represents a strong excess that is then averaged when a larger cosmic volume is considered. Hence, at small impact parameters, measurements are statistically less robust, as a single galaxy can drastically increase the ratio of found to expected galaxies (this naturally also occurs when only a small velocity window is considered).
In general, we conclude that the overdensities of galaxies at the redshift of the BLAs peak within impact parameters and velocity windows comparable to or smaller than the expected size of the large-scale structure of the Universe, being indeed local in the velocity space, and representing a true excess of galaxies with respect to the average density of galaxies.
4.3. Correlation between intergalactic medium conditions and excess of galaxies in our VLT/VIMOS survey
Our VLT/VIMOS survey gives us the opportunity to study the number and distribution of galaxies at the redshift of the BLAs. In this section, we use the BLAs to infer the physical conditions of the intergalactic gas, and correlate gas properties with the galaxy distribution (For completeness and comparison purposes, we also include the NLAs in our analyses). The top panel of Fig. 14 shows the derived column density of ionized gas (NHII, which comprises the bulk of the gas mass) for each absorption (see Tables 4 and 5) as a function of the ratio between the (completeness-corrected) inferred and expected number of galaxies found in our VLT/VIMOS survey, within velocity windows of ±1000 km s−1 considering the full VLT/VIMOS FoV (note that we now treat the excess of galaxies as the independent variable shown in the x axis). The figure shows a tentative correlation between both quantities, for both, the BLA and the NLA samples. The only notable exceptions are the three NLAs that lie close (in velocity and impact parameter, η ≈ 0.4) to a galaxy from our VLT/MUSE survey at z ≈ 0.125. For two of them, we infer a column density NHII > 1021 cm−2, and are not shown in the figure (the error bars of the NLAs at this redshift are large because the absorptions are blended and heavily saturated). We also identify several metal transitions at the same redshift of these NLAs (C II, C IV, Si II, Si III, O VI). The NLA at z ≈ 0.01702 is also an outlier to some degree (on the low- NHII side), but unfortunately, the small FoV of VLT/MUSE at this redshift does not allow for a meaningful search of nearby galaxies at the same velocity.
	[image: thumbnail]	Fig. 14. Correlation between the total ionized hydrogen column density (top), neutral hydrogen column density (middle), and Doppler parameter (bottom) measured for each absorption feature and the completeness-corrected number of galaxies found in our VLT/VIMOS survey at the same redshift, divided by the cosmic average expected. The redshift of each BLA is indicated by the colorbar. The BLA close to a nearby galaxy from our VLT/MUSE survey is indicated with a diamond in the three panels (i.e., that at z ≈ 0.18919). The gray squares correspond to our NLA sample. The orange bars in the top panel quantify the range of variation in the inferred ionized hydrogen column density between the α = 0 and α = 1.5 scenarios (see Sect. 2.7).



After excluding these outlier absorptions, since they are either very likely tracing the circumgalactic medium of a galaxy, rather than being truly intergalactic (in the case of the NLAs at z ≈ 0.125), or do not allow for an appropriate exploration of their origin (as for the NLA at z ≈ 0.01702), it is interesting that both BLAs and NLAs follow a similar correlation. We compute the Spearman correlation coefficient ρ for the BLAs, after excluding the BLA found to be near a galaxy in our VLT/MUSE survey (z ≈ 0.18919), and find ρ = 0.88 ± 0.14, a value typically interpreted as a strong correlation between both quantities. This value is higher, albeit consistent with the ρ measured for the NLAs (after excluding the outlier NLAs, a detailed analysis of the environment at the redshift of each NLA is beyond the scope of this paper, and none of the other NLAs are found to be an outlier in any aspect) of ρ = 0.64 ± 0.16. This similarity further suggests that the density of both, cold and warm-hot phases of the IGM correlates with the underlying overdensity of galaxies (e.g., see Tejos et al. 2014). However, one aspect that separates both samples is that while about half of the BLAs coincide with ratios of found-to-expected number of galaxies ≳2, most of the NLAs coincide with lower densities of galaxies, closer to the expected average, indicating that BLAs seem to coincide preferentially with more overdense environments, compared to NLAs (see also Tejos et al. 2016). We estimated the uncertainty in ρ by performing 100 measurements of ρ, perturbing the data according to its uncertainty in column density in each iteration, and then using the standard deviation of these 100 measurements as the uncertainty in the Spearman coefficient.
In principle, this correlation is similar to the previously explored in the literature correlation between impact parameter to a filament of galaxies and strength of an absorption feature (see, e.g, Wakker et al. 2015; Bouma et al. 2021), except that here we use the local overdensity of galaxies to trace properties of the galaxy filament, whose presence is initially inferred from the BLA, but its exact location is unknown. In this line, Wakker et al. (2015) used cosmological hydrodynamical simulations (Oppenheimer et al. 2010) to show that a higher density of galaxies is expected closer to the center of the filament (although differences between different filaments may exist). Thus, the top panel of Fig. 14 can be interpreted as the IGM having higher total gas densities either closer to the center of a filament, or in overall denser (in terms of number of galaxies) filaments. A similar approach was carried out by Burchett et al. (2020), where they find a correlation between the modeled density of the cosmic web in a given volume and the strength of the H I absorption feature in an average sightline passing through that volume. Furthermore, it is interesting that Burchett et al. (2020) report that the H I absorption strength increases only up to a certain density threshold, after which the strength of the absorption saturates (or even decrease), and the scatter raises. This is because the H I absorption is harder to detect in the hotter gas, with a lower neutral fraction, as expected in the inner and denser regions of the cosmic web filaments.
Here, we see that the column density of ionized gas also flattens toward larger density of galaxies (i.e., the systems at z = 0.04021 and z = 0.04866), although this should be treated carefully, as it could also be a result of our statistically small sample and cosmic volume probed at these redshifts. For a more consistent comparison with the findings reported by Burchett et al. (2020), the middle panel of Fig. 14 shows the same correlation for neutral hydrogen column density. Remarkably, the figure shows a correlation that is qualitatively consistent with the results from Burchett et al. (2020), where the strongest outliers are again the NLAs at z ≈ 0.125, for which we found a nearby galaxy in our VLT/MUSE survey and the presence of metals at the same redshift (i.e., they are likely not produced by intergalactic gas). For this correlation we find a Spearman coefficient ρ = 0.70 ± 0.08 for the BLA sample, and ρ = 0.64 ± 0.18 for the NLA sample, which is still significant, but lower than that for the correlation with ionized gas column density in the case of the BLAs (and the same for the NLAs).
It is also interesting that the BLA for which we do not find any nearby galaxy in our survey (i.e., the BLA at z ≈ 0.21316) presents nearly the lowest column density (of neutral and ionized hydrogen) among the full sample. This is consistent with the scenario where this BLA is indeed tracing diffuse low-density intergalactic gas in an overall underdense cosmic region. We have also explored the correlation between NHII and the impact parameter to the intercluster axes. Unfortunately, we find a BLA coinciding with an intercluster axis only at two independent redshifts (z∼ 0.18853 and 0.17576), and although for these two absorbing systems (with multiple BLAs nearby each), we do find higher column densities for the BLAs closer (in velocity) to an intercluster axis, we do not have enough intercluster axes-BLA systems to robustly determine a correlation.
The bottom panel of Fig. 14 shows the Doppler parameter measured for each absorption feature (a tracer for the temperature of the gas) as a function of the magnitude of the galaxy overdensity. In this case, we do not see any correlation between both quantities for the BLA sample (ρ = 0.22 ± 0.23). This is in agreement with previous findings in the literature. Bouma et al. (2021) reports a large scatter between b and the impact parameter to the galaxy filament. On the other hand, Wakker et al. (2015) reports a tentative correlation between the same quantities, although this correlation disappears when only broad absorptions are considered, because the BLAs are located preferentially at smaller impact parameters to the filament, where the scatter in the correlation between both quantities is higher. Interestingly, we find a tentative correlation for the NLA sample, with a correlation coefficient of ρ = 0.57 ± 0.31, where NLAs with a higher Doppler parameter tend to be in overall denser environments, in line with the findings from Wakker et al. (2015).
5. Summary and conclusions
In this paper, we have used a sample of 13 BLAs identified on the HST/COS FUV spectra of the QSO SDSSJ161940.56+254323.0 to infer the physical properties of the WHIM. We have also further identified 12 NLAs that we include in our analyses for comparison purposes. SDSSJ161940.56+254323.0 is targeted because its sightline maximizes the number of intercluster filaments intersected. Additionally, we have used VLT/MUSE and VLT/VIMOS data, together with available SDSS data, to infer the distribution of galaxies near the QSO sightline. The detection threshold of our VLT/MUSE and VLT/VIMOS galaxy surveys are to magnitude r ∼ 24 mag and r ∼ 22.5 mag, respectively. We study the presence of galaxies at the redshift of the BLAs to infer if the BLAs could potentially be produced by gas gravitationally bound to a galaxy, or, alternatively, if both, BLAs and galaxies are tracing the same large-scale filament of galaxies but are otherwise not directly associated. We also compare the number of galaxies present in our dataset at the redshift of the BLAs with predictions from N-body simulations to evaluate if a certain number of galaxies does represent an excess with respect to the cosmic average, and finally, we cross-correlate the gas properties inferred from the BLAs with the strength of the excess of galaxies. Our main results are the following:

	
We find an elevated number of galaxies, consistent with an overdense region of the Universe, at the redshift of four out of the thirteen BLAs in our sample. Furthermore, the two BLAs at average z ≈ 0.18853 are also close, in terms of velocity and projected distance, to three intercluster axes identified from the GMBCG catalog. Other four BLAs present a milder excess of galaxies, which could also be consistent with the expected cosmic average.



	
Based on the distance of nearby galaxies to the BLAs, in terms of velocity offset and impact parameter to the QSO sightline, we conclude that one of the BLAs is likely associated with the circumgalactic medium of a nearby galaxy, rather than being really probing WHIM gas (BLA at z = 0.18919). For the rest of the BLAs, we do not find evidence that suggests that they are gravitationally bound to any specific galaxy.



	
Interestingly, the BLA at z = 0.21316 does not show any nearby galaxy in either of our datasets, implying that it could be either tracing warm-hot gas within a cosmic void, or alternatively, could be an artificial BLA produced by the blending of multiple narrower components. However, the fact that this BLA presents nearly the lowest column density among our sample could suggest that it is tracing diffuse low-density intergalactic gas in an overall underdense cosmic region.



	
We study how the excess of galaxies found in our VLT/VIMOS survey at the redshift of the different BLAs change when we consider a broader or narrower cosmic volume around the BLA, in terms of velocity windows and impact parameter, and find that the overdensities of galaxies close to BLAs are indeed local, with all of them reaching their maxima within velocity windows ≤1000 km s−1 and being averaged up to the expected cosmic average number of galaxies toward larger cosmic volumes



	
The strength of the excess of galaxies close to a BLA, parametrized by the ratio of completeness-corrected found-to-expected number of galaxies in our VLT/VIMOS survey, correlates well with the neutral- and ionized-hydrogen column density inferred for the BLAs, where BLAs with higher column density are generally associated with a stronger excess of galaxies. Our NLA sample also follows a similar trend, which suggests that the density of both, cold and warm-hot phases of the IGM correlates with the underlying overdensity of galaxies in a similar manner. The strongest outliers in this correlation correspond to the NLAs at z ≈ 0.125, which we believe are likely not probing intergalactic gas, given that they are very close to a galaxy in our VLT/MUSE survey. Furthermore, we found the presence of metal absorptions in the QSO spectra at the same redshift, providing further evidence of the galactic origin of these NLAs.



	
For the BLA sample, the measured Doppler parameter does not correlate with the strength of the underlying excess of galaxies. However, for the NLA sample, we find a tentative correlation where broader NLAs lie preferentially in overall denser environments, in line with previous findings from the literature.




Altogether, this work shows that most of the BLAs identified in the FUV spectra of QSO SDSSJ161940.56+254323.0 are really tracing WHIM, and that WHIM properties correlate with the distribution of galaxies within its local volume, where denser intergalactic gas correlates with a stronger local excess of galaxies, relative to the cosmic expectancy. This provides an alternative observational perspective to similar correlations reported in the literature, derived using cosmological simulations, between properties of cosmic filaments and properties of the intergalactic gas residing in them.

[bookmark: S28]Data availability
Full Tables A.1 and C.1 are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/698/A116


1 Only one cluster from all the final selection of cluster pairs near the SDSSJ161940.56+254323.0 sightline does not have spectroscopic redshift.


2 That is, including the intrinsic broad emission lines and the Galaxy’s damped Lyα system wings (Tejos et al. 2016).


3 http://www.eso.org/observing/dfo/quality/PHOENIX/MUSE/processing.html


4 https://www.eso.org/sci/software/pipelines/vimos/


5 https://github.com/pyigm/pyigm


6 https://github.com/jnburchett/veeper


7 Δv < 10 km s−1 between both components.


8 The BIC is also sensitive to the improvement of the fitting, and the goodness of fit will generally increase when more parameters are added to the model. In that sense, in principle, an arbitrarily high number of components could be added to fit any given BLA; thus, here we use the BIC to determine up to which point the data support a more complex model.
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Appendix A:  Galaxies in our VLT/MUSE galaxy survey
Table A.1 lists an extract of the sources characterized in our VLT/MUSE survey. The full list of 40 sources is available in the VizieR (CDS) database.
Table A.1. 
Sources characterized with a redshift in our VLT/MUSE survey (extract).


Appendix B:  Uncharacterized VLT/MUSE sources
Table B.1 lists photometric sources identified in the VLT/MUSE dataset but for which no redshift solution was found.
Table B.1. 
List of the sources that could not be characterized with a redshift in our VLT/MUSE survey


Appendix C:  Galaxies in our VLT/VIMOS galaxy survey
Table C.1 lists an extract the sources characterized in our VLT/VIMOS survey. The full list of 244 sources is available in the VizieR (CDS) database.
Table C.1. 
Sources characterized with a redshift in our VLT/VIMOS survey (extract).


Appendix D:  Spatial distribution of galaxies at the redshift of BLAs not associated with a robust overdensity
For completeness, in this section, we show the spatial distribution of sources at the redshift of the BLAs that are not associated with an overdensity of galaxies, discussed in Sec. 3.6.
Figures. D.1, D.2, D.3, D.4, D.6, and D.7 show the spatial distribution of sources at the redshift of these subset of BLAs.
	[image: thumbnail]	Fig. D.1. Same as Fig. 9, for the BLA at z = 0.06805. The VLT/VIMOS FoV spans a square of ∼1.6 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼60 kpc from the QSO sightline. One galaxy in our VLT/VIMOS survey lies within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.2. Same as Fig. 9, for the BLA at z = 0.13831. The VLT/VIMOS FoV spans a square of ∼3.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼120 kpc from the QSO sightline. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.3. Same as Fig. 9, for the BLA at z = 0.15417. The VLT/VIMOS FoV spans a square of ∼3.8 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼130 kpc from the QSO sightline. Three galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.4. Same as Fig. 9, for the BLA at z ∼ 0.17576. The VLT/VIMOS FoV spans a square of ∼4.2 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. The gray line in the right panel indicates the intercluster axis connecting the cluster pairs described in Sec. 2.2, indicated with black diamonds. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.5. Same as Fig. 9, for the BLA at z ∼ 0.17649. The BLAs at z ∼ 0.17729 and z ∼ 0.17813 present a similar distribution of nearby galaxies. The VLT/VIMOS FoV spans a square of ∼4.2 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. One galaxy in our VLT/VIMOS survey lie within 1000 km s−1 from the BLAs at z∼ 0.17649, 0.17729, and 0.17813. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.6. Same as Fig. 9, for the BLA at z = 0.21316. The VLT/VIMOS FoV spans a square of ∼4.8 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼170 kpc from the QSO sightline. We do not find any galaxy in our VLT/VIMOS survey within 1000 km s−1 from the BLA. he right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.



	[image: thumbnail]	Fig. D.7. Same as Fig. 9, for the BLA at z = 0.25294. The VLT/VIMOS FoV spans a square of ∼6.0 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼190 kpc from the QSO sightline. Four galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.




Appendix E:  Saturated BLAs and associated metals
For completeness, the plots of the BLAs are presented, which are shown saturated together with the metals associated with their detection.
The Figures. E.1, E.2, and E.3 show the BLAs that present saturation and their associated metals.
	[image: thumbnail]	Fig. E.1. H I absorption feature for ID 2 with z = 0.0486. The metals detected in this H I absorption associated kinematically aligned are shown under the BLA (only transitions with reliability “a” and “b” are shown, see Sec. 2.7 for details of the reliability categories). The spectrum is shown in black, and the continuum is shown in blue dots. The best Voigt best profile fit is shown in blue. The observational parameters of the Dopper parameter in km s−1 and column density log(N/cm−2) are shown in the upper right part of the panels.



	[image: thumbnail]	Fig. E.2. Same as Fig. E.1, but for ID 10 with z = 0.18787.



	[image: thumbnail]	Fig. E.3. Same as Fig. E.1, but for ID 13 with z = 0.25294.
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All Figures
	[image: thumbnail]	Fig. 1. Observed HST/COS FUV spectrum of QSO SDSSJ161940.56+254323.0 in black. The green line shows the 1 − σ uncertainty of the spectrum. The red line corresponds to the modeled pseudo-continuum. The gray line shows the HST spectrum convolved with a Gaussian kernel with a FWHM of 1 Å. Figure 6 shows a zoom-in of the QSO spectrum at their wavelengths.
In the text



	[image: thumbnail]	Fig. 2. Combined FoV of our VLT/MUSE observations. The magenta square shows approximately the size of the combined FoV. The background image corresponds to an r-image from The Dark Energy Spectroscopic Instrument (DESI; Dey et al. 2019) Legacy Surveys. The green and gray circles show the sources identified in the field, with and without a redshift measurement, respectively (see Sect. 2.6.1). The central yellow circle corresponds to SDSSJ161940.56+254323.0.
In the text



	[image: thumbnail]	Fig. 3. Left: Survey histogram colored in green for our VLT/MUSE sample with measured redshifts. The black line shows the distribution for the whole sample detected by SExtractor. The distribution suggest a detection threshold of around r ∼ 24 mag, indicated with the vertical dashed line. Center: Completeness fraction of the redshift survey. The star forming galaxies and non-star forming galaxies are shown in blue and red, respectively (stars are not included). We reach to ∼78% successful characterization fraction at an apparent magnitude rAB = 24 mag. Right: Redshift distribution of our full characterized galaxy sample colored by the star forming and non-star forming fraction, same as the central panel.
In the text



	[image: thumbnail]	Fig. 4. Left: r magnitude distribution of the sources in our VIMOS survey. The sources characterized with a redshift are represented in green, and the complete sample is represented by the solid black line. Center: Fraction of sources characterized with a redshift per magnitude bin. The mean of this fraction considering only the 17.5 < r < 22.5 interval is marked by the dashed black line. On average, we have measured the redshift of ∼84% of the sources in our VIMOS survey. Left: Redshift distribution of the sources in our VLT/VIMOS survey.
In the text



	[image: thumbnail]	Fig. 5. Left: Total number of sources in the SDSS DR16 data that satisfies the imposed color criteria of R − I < 0.7 (blue) and number of sources in our VIMOS survey (black) per magnitude bin. Right: Ratio between the total number of sources in the SDSS DR16 data and our VIMOS survey per magnitude bin. The dashed black line mark the mean of this fraction, for the 17.5 < r < 22.5 interval. On average, we have recovered ∼27% of the sources present on the field with our target selection.
In the text



	[image: thumbnail]	Fig. 6. Identified BLAs in the HST/COS spectrum of SDSSJ161940.56+254323.0. The panels show the best-fitting Voigt profile for each BLA in blue and the full model of the QSO spectrum in red. The dotted line shows the continuum level. Additional modeled transitions in the same wavelength range are labeled in red. The derived observational parameters column density log(N/cm−2), Doppler parameter in km s−1, equivalent width in Å, and redshift are indicated in each panel, together with the reliability of the identification (see Sect. 2.7 for details). For saturated lines, our method leads to unrealistically large Wr uncertainties due to the poor column density constraint.
In the text



	[image: thumbnail]	Fig. 7. Impact parameter to the QSO sightline as a function of the redshift of each source in our survey. Top: Sources up to a projected distance of 4 Mpc from the QSO sightline. Objects in our VLT/MUSE and VLT/VIMOS surveys are represented with blue squares and red pentagons, respectively. The vertical solid black lines and their background gray area mark the redshifts of the reported BLAs ±1000 km s−1. The hatched area shows a 15 arcminute distance from the central QSO, which would correspond to approximately the edges of the VLT/VIMOS FoV at a given redshift. The vertical dashed magenta lines indicate the redshift of the NLAs detected in the spectrum of the QSO. Bottom: Sources closer to the QSO sightlines in our VLT/MUSE survey, at impact parameters up to ∼150 kpc (blue squares). The filled blue square represents a galaxy found to be very close in velocity (within ±1000 km s−1) to the BLAs at z ≈ 0.18787 and z ≈ 0.18919. The hatched area shows the approximate edges of the VLT/MUSE FoV. Additionally, we include data from the SDSS DR16 (green diamonds), in order to look for nearby galaxies that we could be missing due to our lack of impact parameter coverage at low redshift.
In the text



	[image: thumbnail]	Fig. 8. Comparison between the number of galaxies randomly expected at the redshift of the BLAs reported in Section 2.7, within a velocity window of ±1000 km s−1, inside the physical area enclosed by the total VLT/VIMOS FoV at a given redshfit, with the number of galaxies actually ‘found’ at that redshift range (corrected by the completeness effects described in Section 2.6.4). The black squares represent this corrected number of detected galaxies with their respective Poissonian uncertainty at the redshift of the BLAs (reliability “a” or “b”, see Sect. 2.7). The Poissonian error bars have been calculated following Gehrels (1986). The width of the gray area marks the ±1000 km s−1 region around the BLAs. The solid brown line shows the completeness-corrected number of galaxies found in bins of ±1000 km s−1, regardless of the presence of a BLA. The dotted brown line shows the zero level. The red line represents the randomly expected number of galaxies and the dashed blue line represents the number of galaxies expected in an environment 2.5 times denser, such as the filaments. At the redshift of 4 of the BLAs (≈0.04021, ≈0.04866, ≈0.18787, ≈0.18919), we find a clear excess of galaxies, consistent with an overdense region. The vertical dashed orange lines mark the redshift at which we find a galaxy cluster pair whose intercluster axis passes near the LoS of the QSO (see Sect. 2.2).
In the text



	[image: thumbnail]	Fig. 9. Spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1, for the BLA at z = 0.04021. Left: Full VLT/VIMOS FoV around SDSSJ161940.56+254323.0 at z ≈ 0.04021. The dashed cross represents the separation between the four VLT/VIMOS quadrants, indicated in gray. The central magenta square represents the VLT/MUSE FoV. The VLT/VIMOS FoV spans a square of ∼1.0 Mpc side at this redshift. The VLT/MUSE FoV is significantly smaller, reaching impact parameters of ∼40 kpc from the QSO sightline. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. Right: Zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey. The separation between the VLT/VIMOS quadrants is kept for reference. The colorbar of both panels indicates the velocity offset of each galaxy with respect to zsys.
In the text



	[image: thumbnail]	Fig. 10. Spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1, for the BLA at z = 0.04866. Left: Full VLT/VIMOS FoV around SDSSJ161940.56+254323.0 at z ≈ 0.04866. The dashed cross represents the separation between the four VLT/VIMOS quadrants, indicated in gray. The central magenta square represents the VLT/MUSE FoV. The VLT/VIMOS FoV spans a square of ∼1.2 Mpc side at this redshift. The VLT/MUSE FoV is significantly smaller, reaching impact parameters of ∼50 kpc from the QSO sightline. Three galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. Right: Zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey. The separation between the VLT/VIMOS quadrants is kept for reference. The colorbar of both panels indicates the velocity offset of each galaxy with respect to zsys.
In the text



	[image: thumbnail]	Fig. 11. Same as Fig. 9, for the two BLAs at (average) z ≈ 0.18853. The gray lines in the right panel indicate the intercluster axes connecting the cluster pairs described in Sect. 2.2, indicated with black diamonds. The VLT/VIMOS FoV spans a square of ∼4.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. Seven galaxies in our VLT/VIMOS survey and one galaxy from our VLT/MUSE survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. 12. Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey (considering the full FoV) at the redshift of the BLAs, as a function of the size of the velocity window used to define the depth of the cosmic volume subtended by the VLT/VIMOS FoV, from 200 km s−1 to 8200 km s−1. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Although 8000 km−1 is considerably higher than the Δv expected for a large-scale galaxy filament, we included large velocity windows to show how the local excess of galaxies converges toward the cosmic average in a large enough volume.
In the text



	[image: thumbnail]	Fig. 13. Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey within 1000 km s−1 from the redshift of the BLAs, as a function of the maximum impact parameter used to define the area of the cosmic volume subtended by VLT/VIMOS, from 100 kpc to 3.2 Mpc. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Note that for the BLAs at low redshift (blue and orange lines), we can only probe impact parameters up to ∼500 kpc.
In the text



	[image: thumbnail]	Fig. 14. Correlation between the total ionized hydrogen column density (top), neutral hydrogen column density (middle), and Doppler parameter (bottom) measured for each absorption feature and the completeness-corrected number of galaxies found in our VLT/VIMOS survey at the same redshift, divided by the cosmic average expected. The redshift of each BLA is indicated by the colorbar. The BLA close to a nearby galaxy from our VLT/MUSE survey is indicated with a diamond in the three panels (i.e., that at z ≈ 0.18919). The gray squares correspond to our NLA sample. The orange bars in the top panel quantify the range of variation in the inferred ionized hydrogen column density between the α = 0 and α = 1.5 scenarios (see Sect. 2.7).
In the text



	[image: thumbnail]	Fig. D.1. Same as Fig. 9, for the BLA at z = 0.06805. The VLT/VIMOS FoV spans a square of ∼1.6 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼60 kpc from the QSO sightline. One galaxy in our VLT/VIMOS survey lies within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.2. Same as Fig. 9, for the BLA at z = 0.13831. The VLT/VIMOS FoV spans a square of ∼3.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼120 kpc from the QSO sightline. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.3. Same as Fig. 9, for the BLA at z = 0.15417. The VLT/VIMOS FoV spans a square of ∼3.8 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼130 kpc from the QSO sightline. Three galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.4. Same as Fig. 9, for the BLA at z ∼ 0.17576. The VLT/VIMOS FoV spans a square of ∼4.2 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. The gray line in the right panel indicates the intercluster axis connecting the cluster pairs described in Sec. 2.2, indicated with black diamonds. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.5. Same as Fig. 9, for the BLA at z ∼ 0.17649. The BLAs at z ∼ 0.17729 and z ∼ 0.17813 present a similar distribution of nearby galaxies. The VLT/VIMOS FoV spans a square of ∼4.2 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. One galaxy in our VLT/VIMOS survey lie within 1000 km s−1 from the BLAs at z∼ 0.17649, 0.17729, and 0.17813. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.6. Same as Fig. 9, for the BLA at z = 0.21316. The VLT/VIMOS FoV spans a square of ∼4.8 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼170 kpc from the QSO sightline. We do not find any galaxy in our VLT/VIMOS survey within 1000 km s−1 from the BLA. he right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. D.7. Same as Fig. 9, for the BLA at z = 0.25294. The VLT/VIMOS FoV spans a square of ∼6.0 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼190 kpc from the QSO sightline. Four galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.
In the text



	[image: thumbnail]	Fig. E.1. H I absorption feature for ID 2 with z = 0.0486. The metals detected in this H I absorption associated kinematically aligned are shown under the BLA (only transitions with reliability “a” and “b” are shown, see Sec. 2.7 for details of the reliability categories). The spectrum is shown in black, and the continuum is shown in blue dots. The best Voigt best profile fit is shown in blue. The observational parameters of the Dopper parameter in km s−1 and column density log(N/cm−2) are shown in the upper right part of the panels.
In the text



	[image: thumbnail]	Fig. E.2. Same as Fig. E.1, but for ID 10 with z = 0.18787.
In the text



	[image: thumbnail]	Fig. E.3. Same as Fig. E.1, but for ID 13 with z = 0.25294.
In the text





    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Left: Survey histogram colored in green for our VLT/MUSE sample with measured redshifts. The black line shows the distribution for the whole sample detected by SExtractor. The distribution suggest a detection threshold of around r ∼ 24 mag, indicated with the vertical dashed line. Center: Completeness fraction of the redshift survey. The star forming galaxies and non-star forming galaxies are shown in blue and red, respectively (stars are not included). We reach to ∼78% successful characterization fraction at an apparent magnitude rAB = 24 mag. Right: Redshift distribution of our full characterized galaxy sample colored by the star forming and non-star forming fraction, same as the central panel.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Left: Total number of sources in the SDSS DR16 data that satisfies the imposed color criteria of R − I < 0.7 (blue) and number of sources in our VIMOS survey (black) per magnitude bin. Right: Ratio between the total number of sources in the SDSS DR16 data and our VIMOS survey per magnitude bin. The dashed black line mark the mean of this fraction, for the 17.5 < r < 22.5 interval. On average, we have recovered ∼27% of the sources present on the field with our target selection.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Impact parameter to the QSO sightline as a function of the redshift of each source in our survey. Top: Sources up to a projected distance of 4 Mpc from the QSO sightline. Objects in our VLT/MUSE and VLT/VIMOS surveys are represented with blue squares and red pentagons, respectively. The vertical solid black lines and their background gray area mark the redshifts of the reported BLAs ±1000 km s−1. The hatched area shows a 15 arcminute distance from the central QSO, which would correspond to approximately the edges of the VLT/VIMOS FoV at a given redshift. The vertical dashed magenta lines indicate the redshift of the NLAs detected in the spectrum of the QSO. Bottom: Sources closer to the QSO sightlines in our VLT/MUSE survey, at impact parameters up to ∼150 kpc (blue squares). The filled blue square represents a galaxy found to be very close in velocity (within ±1000 km s−1) to the BLAs at z ≈ 0.18787 and z ≈ 0.18919. The hatched area shows the approximate edges of the VLT/MUSE FoV. Additionally, we include data from the SDSS DR16 (green diamonds), in order to look for nearby galaxies that we could be missing due to our lack of impact parameter coverage at low redshift.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Spatial distribution of galaxies with a redshift within zsys ± 1000 km s−1, for the BLA at z = 0.04866. Left: Full VLT/VIMOS FoV around SDSSJ161940.56+254323.0 at z ≈ 0.04866. The dashed cross represents the separation between the four VLT/VIMOS quadrants, indicated in gray. The central magenta square represents the VLT/MUSE FoV. The VLT/VIMOS FoV spans a square of ∼1.2 Mpc side at this redshift. The VLT/MUSE FoV is significantly smaller, reaching impact parameters of ∼50 kpc from the QSO sightline. Three galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. Right: Zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey. The separation between the VLT/VIMOS quadrants is kept for reference. The colorbar of both panels indicates the velocity offset of each galaxy with respect to zsys.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Same as Fig. 9, for the two BLAs at (average) z ≈ 0.18853. The gray lines in the right panel indicate the intercluster axes connecting the cluster pairs described in Sect. 2.2, indicated with black diamonds. The VLT/VIMOS FoV spans a square of ∼4.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼140 kpc from the QSO sightline. Seven galaxies in our VLT/VIMOS survey and one galaxy from our VLT/MUSE survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey (considering the full FoV) at the redshift of the BLAs, as a function of the size of the velocity window used to define the depth of the cosmic volume subtended by the VLT/VIMOS FoV, from 200 km s−1 to 8200 km s−1. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Although 8000 km−1 is considerably higher than the Δv expected for a large-scale galaxy filament, we included large velocity windows to show how the local excess of galaxies converges toward the cosmic average in a large enough volume.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Ratio of completeness-corrected found and expected number of galaxies in our VLT/VIMOS survey within 1000 km s−1 from the redshift of the BLAs, as a function of the maximum impact parameter used to define the area of the cosmic volume subtended by VLT/VIMOS, from 100 kpc to 3.2 Mpc. Each line is colored by the redshift of the BLA, as indicated in the top-right part of the panel. Note that for the BLAs at low redshift (blue and orange lines), we can only probe impact parameters up to ∼500 kpc.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Correlation between the total ionized hydrogen column density (top), neutral hydrogen column density (middle), and Doppler parameter (bottom) measured for each absorption feature and the completeness-corrected number of galaxies found in our VLT/VIMOS survey at the same redshift, divided by the cosmic average expected. The redshift of each BLA is indicated by the colorbar. The BLA close to a nearby galaxy from our VLT/MUSE survey is indicated with a diamond in the three panels (i.e., that at z ≈ 0.18919). The gray squares correspond to our NLA sample. The orange bars in the top panel quantify the range of variation in the inferred ionized hydrogen column density between the α = 0 and α = 1.5 scenarios (see Sect. 2.7).

      

    

  
    
      Table A.1. 

      Sources characterized with a redshift in our VLT/MUSE survey (extract).

      
        


	ID
	Object
	RA
	DEC
	Impact Parameter
	rAB
	Mr
	z
	class
	reliability



	
	
	J2000
	J2000
	(arcsec)
	(kpc)
	
	
	
	
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)





	1
	J161938.98+254318.7
	244.91242
	25.72186
	22
	-
	18.6
	-
	0.0000
	Star
	a



	2
	J161939.97+254330.2
	244.91654
	25.72506
	9
	-
	17.7
	-
	0.0000
	Star
	a



	3
	J161939.31+254247.9
	244.91379
	25.71331
	41
	-
	24.3
	-
	0.0000
	Star
	a



	4
	J161943.25+254351.5
	244.93021
	25.73097
	45
	-
	22.0
	-
	0.0000
	Star
	a



	5
	J161941.26+254353.0
	244.92192
	25.73139
	29
	-
	21.0
	-
	0.0000
	Star
	a



	6
	J161942.90+254324.2
	244.92875
	25.72339
	32
	-
	23.1
	-
	0.0000
	Star
	a



	7
	J161942.22+254324.9
	244.92592
	25.72358
	23
	-
	20.7
	-
	0.0000
	Star
	a



	8
	J161940.07+254315.6
	244.91696
	25.72100
	12
	-
	21.5
	-
	0.0000
	Star
	a



	9
	J161937.79+254401.3
	244.90746
	25.73369
	52
	-
	24.4
	-
	0.0000
	Star
	a



	10
	J161943.46+254344.9
	244.93108
	25.72914
	44
	-
	19.0
	-
	0.0000
	Star
	a



	11
	J161937.77+254333.0
	244.90737
	25.72583
	38
	74
	23.2
	-15.5
	0.1016
	SF
	b



	12
	J161939.24+254336.1
	244.91350
	25.72669
	21
	47
	18.0
	-21.2
	0.1248
	non-SF
	a



	13
	J161937.79+254254.9
	244.90746
	25.71525
	48
	128
	23.1
	-16.1
	0.1456
	SF
	b



	14*
	J161938.25+254321.0
	244.90937
	25.72250
	31
	103
	18.8
	-21.6
	0.1891
	non-SF
	a



	15
	J161940.53+254325.6
	244.91887
	25.72378
	0
	0
	16.3
	-24.5
	0.2685
	QSO
	a⊥





      

      
Notes. The full list of 40 sources is available in the VizieR (CDS) database. (⊥): Redmonster did not converge to a z on these sources; redshifts were assigned by a visual inspection. (*): Nearby galaxy to a reported BLA. Sources were classified according to their spectral type. SF galaxies show strong emission lines and a blue continuum and non-SF galaxies show a strong red continuum and an absence of emission lines. Columns (5) and (6) shows the impact parameter of each source to the QSO sight-line, in arcseconds and kiloparsecs, respectively. Sources where r is undefined were not detected by SExtractor and we used MUSELET to identify them and include them in the survey. The uncertainties in the redshift measurements in the column (9) are of the order of ∼0.0001.



    

  
    
      Table B.1. 

      List of the sources that could not be characterized with a redshift in our VLT/MUSE survey

      
        


	ID
	Object
	RA
	DEC
	Impact Parameter
	rAB
	reliability



	
	
	J2000
	J2000
	(arcsec)
	
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)





	1
	J161937.72+254351.2
	244.90717
	25.73089
	45.9
	22.2
	d



	2
	J161937.88+254317.0
	244.90783
	25.72139
	37.2
	24.9
	d



	3
	J161942.70+254305.3
	244.92792
	25.71814
	35.5
	24.4
	d



	4
	J161939.77+254308.4
	244.91571
	25.71900
	20.3
	24.2
	d



	5
	J161942.37+254321.0
	244.92654
	25.72250
	25.0
	23.2
	d



	6
	J161938.98+254248.6
	244.91242
	25.71350
	42.8
	24.7
	d



	7
	J161941.20+254329.0
	244.92167
	25.72472
	9.3
	24.0
	d



	8
	J161940.11+254322.2
	244.91712
	25.72283
	7.0
	24.8
	d



	9
	J161941.87+254308.7
	244.92446
	25.71908
	24.7
	23.7
	d



	10
	J161939.07+254325.4
	244.91279
	25.72372
	20.0
	24.8
	d



	11
	J161938.84+254309.8
	244.91183
	25.71939
	28.1
	-
	d





      

      
Notes. The object where r is undefined is faint and SExtractor did not compute its photometry.



    

  
    
      Fig. D.1. 

      
        [image: thumbnail]
      

      
        Same as Fig. 9, for the BLA at z = 0.06805. The VLT/VIMOS FoV spans a square of ∼1.6 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼60 kpc from the QSO sightline. One galaxy in our VLT/VIMOS survey lies within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.

      

    

  
    
      Fig. D.2. 

      
        [image: thumbnail]
      

      
        Same as Fig. 9, for the BLA at z = 0.13831. The VLT/VIMOS FoV spans a square of ∼3.4 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼120 kpc from the QSO sightline. Two galaxies in our VLT/VIMOS survey lie within 1000 km s−1 from the BLA. The right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.

      

    

  
    
      Fig. D.6. 

      
        [image: thumbnail]
      

      
        Same as Fig. 9, for the BLA at z = 0.21316. The VLT/VIMOS FoV spans a square of ∼4.8 Mpc side at this redshift. The VLT/MUSE FoV is smaller, reaching impact parameters of ∼170 kpc from the QSO sightline. We do not find any galaxy in our VLT/VIMOS survey within 1000 km s−1 from the BLA. he right panel shows a zoom-out of the left panel, using spectroscopic data from the SDSS DR16 survey.

      

    

  
    
      Fig. E.2. 

      
        [image: thumbnail]
      

      
        Same as Fig. E.1, but for ID 10 with z = 0.18787.

      

    

  
    
      Fig. E.3. 

      
        [image: thumbnail]
      

      
        Same as Fig. E.1, but for ID 13 with z = 0.25294.
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