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Abstract

We present a study of the galaxy merger and interaction activity within the Hyperion Proto-supercluster at z ∼ 2.5 in an effort to assess the occurrence of galaxy mergers and interactions in contrast to the coeval field and their impact on the buildup of stellar mass in high-density environments at higher redshifts. For this work, we utilized data from the Charting Cluster Construction with VUDS and ORELSE Survey (C3VO) along with extensive spectroscopic and photometric datasets available for the COSMOS field – including the HST-Hyperion Survey. To evaluate potential merger and interaction activity, we measured the fraction of galaxies with close kinematic companions (fckc) both within Hyperion and the coeval field by means of a Monte Carlo (MC) methodology developed in this work that probabilistically employs our entire combined spectroscopic and photometric dataset. We validated our fckc MC methodology on a simulated lightcone built from the GAlaxy Evolution and Assembly (GAEA) semi-analytic model, and we determined correction factors that account for the underlying spectroscopic sampling rate of our dataset. We find that galaxies in Hyperion have close kinematic companions ≳2.5× more than galaxies in the field and measure a corrected fckc = [image: equation]% for Hyperion and a corrected fckc = [image: equation]% for the surrounding field; a ≳3σ difference. The enhancement in fckc likely correlates to an enhancement in the merger and interaction activity within the high-density environment of Hyperion and matches the trend seen in other structures. The rate of merger and interactions within the field implied from our field fckc measurement is well aligned with values measured from other observations in similar redshift ranges. The enhanced fckc measured within Hyperion suggests that merger and interaction activity play an important role in the mass growth of galaxies in denser environments at higher redshifts.
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1. Introduction
Galaxies embedded in large-scale structures are ideal settings for studying a wide variety of astrophysical phenomena. These large-scale structures, including galaxy clusters, help to map out the distribution of matter within our Universe and are interconnected at low redshifts through an underlying filamentary structure (Geller & Huchra 1989; Einasto et al. 1997; Colberg et al. 2000; Colless et al. 2001; Evrard et al. 2002; Dolag 2006). Observations reveal that clusters form at the nodes of this underlying filamentary structure by accreting galaxies and groups of galaxies from the surrounding field (Frenk et al. 1996; Eke et al. 1998).
Galaxy clusters occupy only a small volume fraction in the local Universe, but they have been studied extensively as their high galaxy densities offer a unique perspective into galaxy evolution in contrast to the evolution of “coeval field” galaxies of roughly the same age outside the cluster environment (Goto et al. 2003; Hansen et al. 2009; von der Linden et al. 2010). Previous studies have clearly shown that cluster galaxies have experienced more rapid maturation than their non-cluster counterparts (Oemler 1974; Butcher & Oemler 1978; Dressler 1984), and this galactic maturation is influenced by the variety of mechanisms that affect a cluster galaxy (Treu et al. 2003; Moran et al. 2007). These mechanisms can significantly alter the physical properties of these galaxies, and include, but are not limited to, ram pressure stripping (Gunn & Gott 1972; Hester 2006; Boselli et al. 2009), galaxy strangulation (Peng et al. 2015), and galaxy harassment (Moore et al. 1996, 1998). These external drivers, combined with internal evolutionary processes, cause local cluster galaxies to exhibit early-type morphology more frequently (Dressler 1980), have older stellar populations (Smith et al. 2006; Cooper et al. 2008), redder colors, higher overall stellar masses (Hogg et al. 2004; Kauffmann et al. 2004), and suppressed star formation rates (SFRs) (Lewis et al. 2002; Gómez et al. 2003; Christlein & Zabludoff 2005; Cooper et al. 2008).
Although studies have also probed intermediate-redshift galaxy clusters (0.5 ≲ z ≲ 2), their properties are more diverse and less well understood. In particular, the epoch of onset for many of the local density relations (e.g., the mass-density relation, SFR-density relation, morphology-density relation, etc.) are often disputed. Toward the lower end of this redshift range (0.5 < z < 1.5), most studies see the persistence of the local density relations (Patel et al. 2011; Lin et al. 2014; Ziparo et al. 2014; Lemaux et al. 2017, 2019; Tomczak et al. 2019; Old et al. 2020; McNab et al. 2021), but others see evidence of density relation reversals (Postman et al. 2005; Elbaz et al. 2007; Popesso et al. 2011) or that a galaxy’s SFR and characteristics are largely independent of environment (Grützbauch et al. 2011; Muzzin et al. 2012; Koyama et al. 2013; Darvish et al. 2016). However, toward the higher end of this redshift range (z ≳ 1.5) many studies show a consistent reversal of the local relations for cluster galaxies (Tran et al. 2010; Santos et al. 2015; Wang et al. 2016; Noirot et al. 2018), but some of the hallmarks of lower-redshift clusters – such as massive red late-stage galaxies – are still present (Strazzullo et al. 2013). These discrepancies are related to the variance in mechanisms that effect cluster galaxies and contribute to environmental quenching at intermediate redshifts (Muzzin et al. 2014; Balogh et al. 2016; van der Burg et al. 2020; Baxter et al. 2022, 2023), as well as the intrinsic variance of such structures (Chiang et al. 2013) and the diversity of cluster and cluster galaxy selection criteria (Overzier 2016). However, despite this diversity, we do see the emergence of a dependence of the stellar mass function (SMF) on local environment by at least z ∼ 1 (Tomczak et al. 2017). Altogether, these observations suggest our current understanding of galaxy evolution within dense, high-redshift environments such as clusters is far from complete.
To shed light on the development and diversity of lower-redshift structure – in particular, the evolution and eventual maturation of member galaxies – we must investigate “protoclusters” (i.e., early-stage clusters at z ≳ 2). There is no single definition for what qualifies as or quantifies a protocluster in the literature (Muldrew et al. 2015; Contini et al. 2016), but it is commonly accepted that protoclusters are the structures that will, at some stage, collapse into a galaxy cluster (i.e., a significantly massive virialized object at z ≥ 0, see Overzier 2016 for a substantial discussion). The identification and investigation of protoclusters is critical to understanding the formation and evolution of present-day galaxy clusters (e.g., Toshikawa et al. 2012, 2014; Long et al. 2020; Calvi et al. 2021) as they are predicted and shown to heavily contribute to the star formation rate density at early times (Chiang et al. 2017; Lim et al. 2024; Staab et al. 2024). Recent works have also found that some protoclusters begin to show evidence of environmental effects that eventually result in the formation of the largely quiescent systems we observe in the local Universe (e.g., Boselli et al. 2016; Foltz et al. 2018; McConachie et al. 2022), as well as display enhanced rates of active galactic nucleus (AGN) activity (Shah et al. 2024b) and increased stellar masses of member galaxies (Shimakawa et al. 2018a,b; Forrest et al. 2024; Sikorski et al. 2025).
While members of large-scale structure, galaxies find themselves in close proximity to each other where they can interact and merge, so they evolve not as isolated systems, but as parts of the complex network of the cosmic web (Bond et al. 1996). These galaxy interactions and mergers oftentimes play a key role in a galaxy’s evolution, driving many processes such as galactic mass growth, supermassive black hole (SMBH) accretion, AGN activity, morphological changes, and star formation triggering and quenching (Toomre & Toomre 1972; Hernández-Toledo et al. 2005; Alonso et al. 2007; Woods & Geller 2007; Mesa et al. 2014; Satyapal et al. 2014; Patton et al. 2016; Garduño et al. 2021; Ellison et al. 2022). Protoclusters are naturally an ideal laboratory for investigating mergers and interactions at higher redshift and their dependence on environment, as they represent sites of large galaxy concentrations at these epochs, and their descendant galaxy clusters along with galaxy groups have been shown to impact the properties of merging galaxies and the rate of interactions – both enhancing and prohibiting them depending on factors such as velocity dispersion (Alonso et al. 2004; Ellison et al. 2010; Das et al. 2021). In particular, we see “preprocessing” effects at lower redshifts (z ≲ 1) where many galaxies are quenched as they infall into structures, which often takes place in locations of similar mass, density, and dynamics as high-z protoclusters and includes merger and interaction activity (Hashimoto et al. 1998; Kauffmann et al. 2004; Fujita 2004; Lemaux et al. 2012; Werner et al. 2022). Thus, increased merger and interaction activity could be related to the increased stellar masses and enhanced AGN activity that we are beginning to observe and measure within the environments of galaxy protoclusters, and may offer an important insight into the development of large-scale structure and the mass buildup of their constituent galaxies at higher redshift.
One of the best-mapped protoclusters at high redshift is the Hyperion proto-supercluster at z ∼ 2.5 (Diener et al. 2015; Chiang et al. 2015; Casey et al. 2015; Lee et al. 2016; Wang et al. 2016; Cucciati et al. 2018). First characterized by Cucciati et al. (2018), Hyperion is an immense structure with an estimated total mass of Mtot ∼ 4.8 × 1015 M⊙ extending over a volume of 60 × 60 × 150 [image: equation] comoving Mpc, making it comparable in size and mass to local superclusters. Hyperion also falls within the Cosmological Evolution Survey (COSMOS) field (Scoville et al. 2007b), so extensive data has been collected for the structure both spectroscopically (Lilly et al. 2007; Brammer et al. 2012; Le Fèvre et al. 2015; Hasinger et al. 2018; Lemaux et al. 2022; Forrest et al. 2024, 2025) and photometrically (Laigle et al. 2016; Weaver et al. 2022). Even though it is seen at a lookback time of ∼10 Gyr, this wealth of data is comparable to that of some local structures making Hyperion a prime candidate to investigate the potential relation of merger and interaction activity to higher-z environment – particularly accelerated mass growth through mergers.
In this work, we present the results of a search for potential merging and interacting galaxies within the Hyperion proto-supercluster based on a combination of galaxies with spectroscopic and photometric redshifts in comparison to potential merger and interaction activity within the coeval field. To quantify the merger and interaction activity in both samples, we calculate a fraction of galaxies with close kinematic companions (fckc) and attempt to disentangle what effect environment has on the incidence and strength of this potential activity. Our work is organized as follows: the data and selection methods employed in this study are described in Section 2 and Section 3, the results in Section 4, a discussion of the implications in Section 5, and conclusions in Section 6. Throughout this paper, we utilize the AB magnitude system (Oke & Gunn 1983) and employ a cosmology with H0 = 70 km s−1 Mpc−1 and Ωm, 0 = 0.27. All distances are in proper h[image: equation] units.
2. Data
The Charting Cluster Construction with VUDS and ORELSE Survey (C3VO; Shen et al. 2021; Lemaux et al. 2022) is an ongoing survey that seeks to map out the growth of structure at 0.5 < z < 5. This survey grew from the VIMOS Ultra Deep Survey (VUDS; Le Fèvre et al. 2013, 2015; Tasca et al. 2017) in combination with the Observations of Redshift Evolution in Large-Scale Environments Survey (ORELSE; Lubin et al. 2009), and recently C3VO has worked to obtain additional visible and near-infrared wavelength spectroscopy of three extensively studied extragalactic fields in an effort to better characterize structure assembly and galaxy evolution within said structures. These fields are as follows: the Cosmic Evolution Survey (COSMOS; Scoville et al. 2007b) field, the Extended Chandra Deep Field South (ECDFS; Lehmer et al. 2005), and the first field of the Canada-France-Hawai’i Telescope Legacy Survey (CFHTLS-D1). Due to the location of the Hyperion proto-supercluster, we focus on the COSMOS field portion of C3VO in this work.
2.1. Photometric data
The photometric data used for galaxy properties and redshifts in this study is drawn from COSMOS2020 Classic Catalog v2.0 (Weaver et al. 2022). COSMOS2020 is the latest data release in a program that has long targeted the COSMOS field (Scoville et al. 2007b; Koekemoer et al. 2007; Capak et al. 2007; Ilbert et al. 2009, 2013; Muzzin et al. 2013) with extensive photometric observations. COSMOS2020 contains over 40 bands of multiwavelength observations ranging from the UV to IR. Far-UV and near-UV data is drawn from GALEX (Zamojski et al. 2007), and U-Band data from Canada-France-Hawaii Telescope (CFHT) MegaCam (Boulade et al. 2003) observations for the CFHT large area U-band deep survey (CLAUDS; Sawicki et al. 2019). Optical data comes from a combination of g,r,i,z,y bands from the Subaru Hyper Suprime-Cam (HSC, Miyazaki et al. 2018) and the HSC Subaru Strategic Program (HSC-SSP; Aihara et al. 2019), along with Subaru Suprime-Cam data used in COSMOS2015 (Taniguchi et al. 2007, 2015). The YJHKs broad-band and NB118 narrow-band data from the fourth data release (DR4) of the UltraVISTA survey (McCracken et al. 2012; Moneti et al. 2023) are used for the near-IR, and the mid-IR data comprise of Spitzer Infrared Array Camera (IRAC; Fazio et al. 2004) channel 1,2,3,4 images from the Cosmic Dawn Survey (Euclid Collaboration: Moneti et al. 2022). Aside from IRAC/channel 3 and IRAC/channel 4, all bands reach a depth of ∼26 mag at 3σ computed on PSF-homogenized images measured in empty 3″ diameter apertures (see Table 1 and Figure 3 of Weaver et al. 2022 for substantial information).
Sources for the COSMOS2020 Classic catalog were extracted using SExtractor (Bertin & Arnouts 1996), and the procedure to homogenize the PSF in the optical/near-infrared images is presented in Laigle et al. (2016) and Weaver et al. (2022). The bright-star masks from HSC-SSP PDR2 (Coupon et al. 2018) are used to mask stars within the COSMOS field. For COSMOS2020, astrometric solutions were computed using the Gaia DR21 astrometric reference (Gaia Collaboration 2016). Further details for the Classic catalog photometry can be found in Weaver et al. (2022).
2.2. Spectroscopic data
The spectroscopic data employed in this study are detailed in Lemaux et al. (2022), as well as Forrest et al. (2024) (particularly Appendix A). This includes public archival redshifts from a variety of surveys (see Section 2.2.1), C3VO observations (Section 2.2.2), and the new HST-Hyperion Survey (Section 2.2.3; Forrest et al. 2025). Apart from the HST-Hyperion Survey – which was obtained and cataloged independently – these combined sources provide us with ∼40 000 galaxies with spectroscopic redshifts (spec-zs). From these sources, we employed in this work only those spec-z sources which have been matched to objects in the COSMOS2020 Classic Catalog v2.0 (∼94.4% of sources) following the method described in Forrest et al. (2024). All spec-z sources from this catalog have assigned spec-z quality flags based on the VUDS quality flag scheme (with some complementary flags from the DEEP2 Galaxy Redshift Survey, see Newman et al. 2013). In this scheme, qflag = X2, X9, X3, or X4 correspond to acceptable quality flags (ranging from 70% to 99.3% confidence) for our study and qflag= X0 or X1 correspond to poor quality flags (see Le Fèvre et al. 2015 as well as Appendix A of Lemaux et al. 2022 for additional information). Of spectroscopic sources from Forrest et al. (2024) matched to COSMOS2020 sources, 66.7% have moderate to high-quality spectroscopic redshift measurements (i.e., acceptable spec-z quality flags).
While there are many additional spectroscopic redshift measurements available for the COSMOS field (see Khostovan et al. 2025), we chose to only utilize those from the Forrest et al. (2024) compilation. We tested our main result (i.e., our reported fckc values) against the inclusion of additional spectroscopic redshifts from the COSMOS Lyα Mapping and Tomography Observations (CLAMATO) Survey (Lee et al. 2018; Horowitz et al. 2022) and MOSFIRE Deep Evolution Field (MOSDEF) Survey (Kriek et al. 2015) (∼260 additional redshifts from 2 < z < 3 that match our sample selection criteria, see Section 3.1, representing a ∼9% increase over our fiducial spec-z sample) as these are the two largest surveys at 2 < z < 3 from Khostovan et al. (2025) that are not included in the Forrest et al. (2024) compilation. The inclusion of these two surveys constitutes ∼42% of the galaxies in the redshift range of interest with secure redshifts that are omitted from Forrest et al. (2024). We then performed an identical analysis using this composite catalog to that presented in this work (Section 3 and subsections) and find no significant change in our derived fckc values for Hyperion and field. Due to the invariance of our primary result – along with the fact that the Forrest et al. (2024) compilation contains more secure redshifts between 2 < z < 3 that match our sample selection than the Khostovan et al. (2025) DR1.0 compilation (2912 versus 2157 redshifts, respectively) – we employed the Forrest et al. (2024) compilation only to ensure a more uniform selection function, as the inclusion of all sources from Khostovan et al. (2025) would result in additional sources from at least 36 other surveys, which are subject to a wide range of selection biases. Additionally, we account for impact of the spectroscopic completeness of our underlying sample on our results regardless of the included surveys in Section 3.4.1.
2.2.1. Archival spectroscopy
Archival spectroscopic redshifts for the Forrest et al. (2024) catalog, and thus this work, are drawn from VUDS (Le Fèvre et al. 2015), zCOSMOS (Lilly et al. 2007), DEIMOS10k (Hasinger et al. 2018), and the Massive Ancient Galaxies at z > 3 Near-Infrared Survey (MAGAZ3NE; Forrest et al. 2020). The details for those studies are as follows:

	
VUDS utilized the VIMOS spectrograph (Le Fèvre et al. 2003) on the 8.2 m Very-Large Telescope (VLT) to target 1 deg2 in 3 separate fields: COSMOS, ECDFS, and VVDS-02h (with 0.5 deg2 solely in COSMOS). Spectroscopic targets for VUDS were chosen primarily on a inclusive combination of photometric redshifts and Lyman-break galaxy (LBG) color-color properties resulting in a sample of ∼104 targets covering 2 < zphot< 6.



	
zCOSMOS targeted the COSMOS field with 600 hours of observations also using the VIMOS spectrograph, and consists of two sub-parts: zCOSMOS-bright, a magnitude-limited I-band IAB< 22.5 survey covering the entire 1.7 deg2 COSMOS ACS field in the redshift range 0.1 < z< 1.2; and zCOSMOS-deep, a color-selected survey bxased on both the BzK criteria of Daddi et al. (2004) and the ultraviolet UGR “BX” and “BM” selection of Steidel et al. (2004), covering the central 1 deg2 and the redshift range 1.3 < z< 3.0.



	
DEIMOS10k employed the DEIMOS spectrograph (Faber et al. 2003) on Keck II to target the COSMOS field. DEIMOS10k targets were selected from a variety of input catalogs based on multiwavelength observations spanning from X-ray to IR, and resulted in a sample with magnitude distribution peaking at IAB∼ 23 and KAB∼ 21, and a redshift range of 0 < z< 6. These sources are primarily included in this work to remove low redshift interlopers and constrain lower-redshift sources (∼4300 at z < 2, see Figure 1) as they sit in similar color phase space as many high redshift sources. Though subject to more complex selection from multiple input catalogs, DEIMOS10k imprints itself similarly on both the structure(s) and field populations from 2 < z < 3 in this work as none of the sub-surveys of DEIMOS10k specifically target protocluster or structure galaxies.



	
The MAGAZ3NE Survey employed Keck/MOSFIRE (McLean et al. 2010, 2012) to spectroscopically follow-up ultra-massive galaxies (log(M*/M⊙) > 11 at z > 3) and their surrounding environments. MAGAZ3NE targets in the COSMSOS field were selected for follow up based on the observed galaxy spectral energy distribution (SED), photometric redshift probability distribution (zPDF), stellar mass, and SFR from the UltraVISTA DR1 and DR3 catalogs (Muzzin et al. 2013).




2.2.2. C3VO observations
The C3VO spec-zs employed in this work are the result of observations with both Keck/DEIMOS and Keck/MOSFIRE that provide comprehensive mapping of six significant overdensities detected in VUDS, including Hyperion (Cucciati et al. 2018), as well as others reported in Lemaux et al. (2014), Cucciati et al. (2014), Lemaux et al. (2018), Shen et al. (2021), Forrest et al. (2023), Shah et al. (2024a), Staab et al. (2024). C3VO optical observations primarily target star-forming galaxies of all types down to iAB< 25.3 (or < LFUV* at z ∼ 2.5) and Lyman-α emitting galaxies to fainter magnitudes. The C3VO observations in the near-infrared (NIR) target sources to mH < 24.5, and, for these NIR observations, continuum redshifts are recoverable for the brighter sources (i.e., mH < 23.5). These magnitude limits were chosen so continuum observations at modest signal-to-noise rations could be achieved, such that Lyα or other emission features are not required to measure a galaxy’s redshift (though Lyα-derived redshifts are incorporated when appropriate), which would bias resulting samples. The overall spectroscopic sampling of the combined C3VO observations and archival spectroscopy is roughly representative of the underlying photometric dataset to ≳109.5 ℳ⊙ in stellar mass, though with a bias toward bluer galaxies at fixed stellar mass and redshift (Lemaux et al. 2022).
2.2.3. HST-Hyperion spectroscopy
In this work, we also employed redshifts measured with WFC3/G141 slitless (grism) spectroscopy from the HST-Hyperion Survey (Forrest et al. 2025). The HST-Hyperion Survey is a Cycle 29 program (PI: Lemaux, PID 16684) consisting of 50 orbits of direct imaging with HST/WFC3/F160W and slitless grism spectroscopy with HST/WFC3/G141 over 25 pointings in the COSMOS field. The pointing locations and position angles were chosen to target the main density peaks of Hyperion, as well as to be complementary to existing grism observations of the COSMOS field from 3D-HST (Brammer et al. 2012; Momcheva et al. 2016). Derived redshifts from this survey are a result of the combination of re-reduced 3D-HST data along with the new HST pointings with all sources passing multiple rounds of visual inspection (see Forrest et al. 2025 for a summary of the methodology). This work resulted in 5629 reliable redshifts that we employ in this study.
Grism redshift quality flags (qfgrism) were assigned for each source based on a visual classification scheme of redshifts and fits measured with GRIZLI version 1.9.5 (Brammer & Matharu 2021). In this scheme, qfgrism ranges from qfgrism = 0 to qfgrism = 5 in steps of 1 with qfgrism = 3, 4, 5 being of reliable quality (67.4%, 80.6%, and 93.2% reliable, respectively) and qfgrism = 0, 1, 2 being unreliable quality redshifts.
3. Methods
3.1. Sample selection and spectroscopic completeness
To create the final sample for this study, we selected sources from our extensive spectroscopic catalog, HST-Hyperion, and COSMOS2020. We primarily selected sources from the spectroscopic and/or grism observations, whereas COSMOS2020 sources are supplementary and are included to increase the completion of our sample and to reduce biases from spectroscopic target selection. However, all sources selected from our spectroscopic catalog and HST-Hyperion have a confirmed match within COSMOS2020. For this, we only employed single match non-blended sources from HST-Hyperion (see Forrest et al. 2025), and, for sources selected from our spectroscopic catalog, we used only single match or the highest-quality multi-match sources (Q3/Q4; see Forrest et al. 2024). Thus, all sources in our final sample have at least a measured photometric redshift from COSMOS2020 with some having additional spectroscopic and/or grism redshifts (see Table 1 and Figure 1 for the redshift breakdowns). We did not employ any redshift cut in our sample selection due to the Monte Carlo (MC) process used in this work (see Section 3.3.1).
	[image: thumbnail]	Fig. 1. Source breakdown as a function of redshift for objects in our final catalog based on the cuts detailed in Section 3.1. Sources from different methods are shown in different panels: wide field spectroscopic surveys (top left), targeted spectra (top right), and HST Hyperion (bottom left). Rather than including a histogram of photometric redshift counts, we include the photometric redshift fraction (i.e. the fraction of galaxies with only a photometric redshift measured) for reference on the bottom right. The location of Hyperion is included in each panel as a shaded gray region (2.4 < z < 2.7), and insets for this shaded region are included for the spectroscopic and grism redshift panels. Histograms with multiple survey sources are stacked.



Table 1. 
Breakdown of survey sources for all objects in the final catalog.

However, we did make additional cuts for all sources using their IRAC channel 1 (ch1, 3.6 μm) and channel 2 (ch2, 4.5 μm) magnitudes at mIRAC1 < 24.8 or mIRAC2 < 24.8 (roughly 0.03 × M* at z ∼ 2.5, see Weaver et al. 2023). At the redshift of Hyperion (z ∼ 2.5), IRAC ch1 and ch2 correlate strongly with stellar mass by probing rest-frame Y and J bands, respectively, and are largely immune to contributions from dust or young stellar populations. We used both IRAC ch1 and IRAC ch2 (rather than just a single IRAC band) for this cut due to the poor angular resolution of IRAC. The IRCLEAN software (Hsieh et al. 2012) is used to extract photometry from those bands and uses the detection images in other bands as a prior for source extraction. This extraction can result in a non-detection in either IRAC band-pass (particularly for fainter sources), and, thus, to increase the completeness of our final sample we used both IRAC ch1 and ch2. If we were to use only IRAC ch1 for our sample selection, we would lose 10 378 sources or ∼4.7% of our final sample. We chose our IRAC ch1 and ch2 magnitude cuts following the completeness limits for the COSMOS field (see Davidzon et al. 2017; Weaver et al. 2022, 2023) and we chose to make this magnitude cut rather than a stellar mass cut due to the MC process used to obtain our main results (see Section 3.3). This is done to create an overall sample that is stellar mass limited without being reliant on a fitted quantity, as well as to maximize the usefulness of the spectroscopic portion of our sample (i.e., galaxies measured with spectroscopic or grism redshifts in our sample fall off precipitously at IRAC > 24.8). We also found that our main results are invariant to our choice of an IRAC magnitude cut or a LePhare stellar mass cut. We employed the IRAC ch1 and IRAC ch2 values from COSMOS2020 for these cuts and galaxies without measured magnitudes in both IRAC channels by COSMOS2020 are not used.
Additionally, we performed an astrometric cut to limit our sample to the sky region covered by Hyperion (149.6° ≤α ≤ 150.52° and 1.74° ≤δ ≤ 2.73°) utilizing COSMOS2020 astrometry. We also removed all sources designated as stars based on either the spectroscopic catalog or from the COSMOS2020 Classic Catalog LePhare fit (Ilbert et al. 2006; Arnouts & Ilbert 2011). This results in a final sample of 220 356 unique sources. Table 1 gives the source breakdown of our final sample and Figure 1 provides the redshift distribution of our final sample.
In Figure 2, we also provide for reference the stellar mass and the IRAC ch1 magnitude distribution of galaxies in our final sample between 2 < z < 3 (i.e., the redshift range where we examine merger and interaction activity). Values for both the stellar mass and IRAC ch1 magnitude are drawn from COSMOS2020. With our imposed IRAC cuts, the resultant spectroscopic and photometric sample used to assess merger and interaction activity in Hyperion and the surrounding field is roughly 70% complete to a stellar mass limit of log(M*/M⊙) ≳ 9.3 (see also Weaver et al. 2022, 2023).
	[image: thumbnail]	Fig. 2. Galaxies in our final sample from 2 < z < 3 plotted in stellar mass and IRAC ch1 magnitude space (lower left) along with individual normalized histograms of stellar mass (top) and IRAC ch1 magnitude (lower right). All values are drawn from COSMOS2020 aside from the redshifts where we employ the best spectroscopic or grism redshift when available. For reference, our imposed IRAC ch1 magnitude cut is plotted as the dotted black line (note: some galaxies in our final sample lie above this line as our IRAC cut is an or cut on both ch1 and ch2). As expected, our spectroscopic and grism redshift sources (spec-z and grism-z, respectively) are primarily at brighter magnitudes and higher stellar masses in comparison to the distribution of photometric redshift only sources. Our final sample has a rough stellar mass limit of log(M*/M⊙)∼9.3 from 2 < z < 3 based on our imposed IRAC cuts.



Though we do include over 22 000 sources with spectroscopic and/or grism redshifts in our final sample (∼2900 spectroscopic and/or grism sources from 2 < z < 3), the majority of sources in our final sample of 220 356 galaxies are purely photometric sources (∼90%). From Figure 2, we see that the fainter (and low mass) end of our sample from 2 < z < 3 in particular is dominated by photometric sources. This fact in combination with the variety of studies from which we draw spectroscopic redshifts – along with the targeting strategy of HST-Hyperion – suggests the spectroscopic and grism portion of our final sample is subject a complex selection function. Thus, it is important to explore the underlying spectroscopic completeness of our sample as a function of magnitude.
In Figure 3, we plot spectroscopic completeness (or the fraction of sources with a spectroscopic and/or grism redshift, Fspec) as a function of IRAC ch1 magnitude for two distinct populations: the full sample of sources in our final sample from 2 < z < 3 and a sample more specifically targeted to capture the bounds of Hyperion (i.e., the “Hyperion limited” sample). The 2 < z < 3 full sample contains the same sources as shown in Figure 2 and is selected as every source that has their “best” redshift lie within the given redshift range. The Hyperion limited sample contains 3134 galaxies and is selected as all galaxies that have their “best” redshift from 2.4 < z < 2.7 and has an additional astrometric cut of 149.9° ≤α ≤ 150.42° and 2° ≤δ ≤ 2.5° (to match the density contours of Hyperion, see Figure 8). We also include the underlying normalized IRAC ch1 magnitude distributions in Figure 3 for reference.
	[image: thumbnail]	Fig. 3. Spectroscopic completeness (or the fraction of sources with a spectroscopic and/or grism redshift, Fspec) as a function of IRAC ch1 magnitude for all sources from 2 < z < 3 in our final sample (purple) and a sub-sample of sources limited to the redshift range of Hyperion with tighter astrometric cuts (gold). Also included for reference are the underlying normalized IRAC ch1 magnitude distributions for each population along with the location of the imposed IRAC ch1 (or ch2) magnitude cut (vertical dashed black line). Spectroscopic completeness for both samples declines sharply as a function of magnitude. However, there is notably higher completeness for galaxies limited more closely to the bounds of Hyperion.



From Figure 3, we see a sharp decline in spectroscopic completeness as a function of magnitude for both the full sample and the Hyperion limited sample that matches the trends seen in Figure 2. However, we see that the spectroscopic completeness of the Hyperion limited sample is consistently higher than that of the full 2 < z < 3 sample with the Hyperion limited sample seeing ≳10% more completeness until IRAC ch1 ∼23.5 and ∼3 − 5% more completeness until our imposed magnitude cut (i.e., IRAC ch1 < 24.8). Due to the targeting strategies of the included C3VO observations and HST-Hyperion itself, this is expected. Our spectroscopic completeness for both samples is also best where we have lower source counts (IRAC ch1 ≲23) and noticeably lower where the bulk of our sample lies (23 ≲ IRAC ch1 ≲ 24.8). We are sure to account for these varying levels of spectroscopic completeness when making our final close kinematic companion calculations (see Section 3.4.2).
3.2. Environmental measures
3.2.1. Local overdensity
In this work, we differentiate two distinct environments: Hyperion and the coeval field. This definition results from a determination of local overdensity (i.e., log(1 + δgal)) drawn from Voronoi Monte Carlo (VMC) maps made for the Hyperion field (see Tomczak et al. 2017; Lemaux et al. 2017; Hung et al. 2020, 2021; Lemaux et al. 2022; Hung et al. 2025). The Voronoi tessellation technique divides a 2D plane into a number of polygonal regions equal to the number of objects in that plane. A Voronoi cell for each object is then defined as the region closer to it than to any other object in the plane. Objects in the highest-density regions therefore have the smallest Voronoi cells, while objects in lower-density regions have larger cells. The inverse area of the cell sizes can thus be used to measure the local density at the position of the object bounded by the cell.
To obtain the 2D planes for VMC mapping, galaxies are partitioned into thin redshift slices with each slice spanning 7.5 proper [image: equation] Mpc along the line of sight (approximately 3000–4500 km s−1 or Δz ∼ 0.03 − 0.05 over the redshift range of this study, 2 < z < 3), with a 90% overlap between adjacent slices (see Hung et al. 2020 for a discussion on this choice). Each redshift slice is then projected onto a 2D Voronoi tessellation that is calculated using the positions of the galaxies within it. Local environmental density is defined as the inverse of the area of a Voronoi cell multiplied by the square of the angular diameter distance at the corresponding mean redshift of the slice. The Voronoi maps are then projected onto a 2D grid of pixels sized 75 × 75 proper kpc. The local environmental overdensity at pixel (i,j) is defined as [image: equation] where Σi, j is the density at pixel (i, j) and [image: equation] is the median density of all the pixels where the map is reliable (i.e., the central 80% of the slice).
A MC process is used to incorporate the redshift uncertainties. The above process of 2D planes partitioned by redshift slices is repeated 100 times, varying the redshifts of the member galaxies in each iteration. Within each iteration, galaxies with a spectroscopic redshift either have that redshift chosen or are cut based on the VUDS-like spectroscopic quality flag (Le Fèvre et al. 2015; Lemaux et al. 2022). Both spectroscopic objects that fail to meet the quality flag cut and objects with no spectroscopic information have a new redshift assigned in each iteration that is sourced from sampling their photometric redshift PDFs in each trial. The voxel values used in final VMC maps are thus the median value of that voxel from these 100 iterations (Hung et al. 2020, 2021; Lemaux et al. 2022). This technique has been employed for a variety of structures across a wide redshift range (0.6 < z < 4.6; Darvish et al. 2015; Shen et al. 2017, 2019; Rumbaugh et al. 2017; Pelliccia et al. 2019; Hung et al. 2020), and is found to be strongly concordant with other density metrics and to trace known structures (Tomczak et al. 2017, 2019; Lemaux et al. 2019; Hung et al. 2025).
3.2.2. Structure definition
Due to the extended nature of high-redshift protoclusters, the possibility exists that the entire field considered in this work may be overdense or underdense in a particular redshift slice, which could bias our overdensity calculations. As such, using the existing VMC maps, we fit a Gaussian to the distribution of overdensity values in each redshift slice, and, based on this fit, calculate the number of standard deviations of a galaxy’s overdensity value above or below the fit mean (σδ; see Forrest et al. 2023, 2024; Shah et al. 2024a for additional information on this calculation). This σδ encodes the 3D statistical significance in overdensity of each particular voxel within our VMC maps and galaxies are assigned overdensity values (and a σδ) based on the nearest Voronoi cell to the galaxy’s coordinates (see Section 3.3.2). Using the σδ values from our VMC maps, we define an overdense structure in a manner analogous to Cucciati et al. (2018), Shen et al. (2021), Shah et al. (2024a), Forrest et al. (2024) by finding all contiguous voxels in our 3D maps with σδ > 2.5 that include extremely overdense peak (σδ > 4, see Sikorski et al. (2025) for the motivation behind these thresholds).
For this study, Hyperion is defined as the most massive overdense structure in our 3D VMC maps from 2 < z < 3 that fits the aforementioned σδ criteria and has a mass of log(M/M⊙)∼15.4 and spans roughly 2.4 < z < 2.7. This structure is similar to the most massive structure first characterized in Cucciati et al. (2018) and the definition of Hyperion used in this work is consistent with Sikorski et al. (2025) There exists other overdense structure from 2.4 < z < 2.7 in our sample and VMC maps, but such structure is associated with separate overdensity peaks and are either unconnected to the structure defined as Hyperion in this work or are connected at low densities (i.e., σδ < 2.5, see Figure 4 and Sikorski et al. 2025 for further discussion). In contrast to our adopted definition of Hyperion and other overdense structure, the coeval field sample used in this work is primarily galaxies at similar redshifts (2 < z < 3) that are not associated with any overdense structure (see Section 3.3.2 and Figure 4).
	[image: thumbnail]	Fig. 4. Example of the distribution of galaxies in redshift and overdensity (σδ) space for one MC iteration used in this work (MC #82). Included are only those galaxies in the relevant redshift range for our fraction calculations (i.e., 2 < z < 3). Galaxies associated with Hyperion for this iteration are marked in red and field galaxies for this iteration are marked in blue. Unused galaxies for this iteration are marked in gray (which includes galaxies in the redshift range of Hyperion that are not associated with overdensity and galaxies in the field sample redshift range that are associated with other large structure, see Section 3.3.2).



3.3. Companion fraction
In order to assess potential merger and interaction activity in Hyperion and the coeval field, we developed a MC methodology to measure the fraction of galaxies with close kinematic companions (fckc). In this methodology, we varied the redshifts of all galaxies in our final sample to find potential companion systems (i.e., galaxies with one or more close kinematic companions) and determined the local environment of such systems. We performed 100 MC iterations based on the following prescription:

	
Vary the redshifts for all sources in our final sample (Section 3.3.1).



	
Determine the environment of all galaxies in the relevant redshift range (Section 3.3.2).



	
Identify galaxies with close kinematic companions (Section 3.3.3).



	
Calculate the fraction of galaxies with close kinematic companions (fckc) for Hyperion and for the coeval field (Section 3.3.4).




Following these steps, we applied a correction factor to obtain our final fckc values (see Section 3.4.2). The choice of this methodology was the result of extensive reliability testing on the feasibility of using photometric redshifts to identify galaxy pairs and galaxies with potential companions. We chose 100 MC iterations to strike a reasonable balance between obtaining a representative sampling of the redshift probability distributions (zPDFs) for our photometric sources and not over-weighing spectroscopic sources. We verified that our 100 MC iterations capture the uncertainty and secondary redshift peaks for a variety of zPDFs (see Appendix A and Figure A.1). The final fckc values reported in this study are the medians of the 100 MC iterations.
3.3.1. Redshift Monte Carlo
We utilized the following procedure to MC the redshifts of our sample for 100 iterations with only galaxies that fall between 2 < z < 3 for that MC iteration being used for further calculations. For each iteration, the redshift variation decision hinged on the type of redshift(s) available and, for sources with a spectroscopic redshift (spec-z) and/or grism redshift (grism-z), the quality flags associated with those redshifts. The 100 MC iterations of the redshifts of our final sample that are detailed in this study are drawn from those presented in Sikorski et al. (2025), and are organized as follows:

	
Galaxies with a spec-z: We either used the available measured spectroscopic redshift or drew from the associated zPDF for that object from COSMOS2020 (v2.0 LePhare fit) for each iteration. To determine whether or not to keep the spec-z or draw from the zPDF, we used the corresponding spectroscopic redshift quality flags. Since we employ the VUDS/DEEP2 quality flag scheme, objects with the highest-quality redshifts (qflag = X3, X4) have their spec-z kept ∼99.3% of the time and sources with other reliable spectroscopic redshifts (qflag = X2, X9) have their spec-z kept in ∼70% of the iterations. Galaxies with low-quality spec-zs (qflag = X0, X1) have their redshifts drawn from the corresponding COSMOS2020 source zPDF each iteration.



	
Galaxies with a grism-z: We used a similar method to that of spec-z sources, where we either drew from a tight Gaussian centered at the grism-z (with a width of 46/14100 × (1 + zgrism), see Forrest et al. 2025), or draw from the source’s COSMOS2020 zPDF for each iteration. For sources with reliable grism redshifts, we sampled from the tight grism-z Gaussian for 93.2% (qfgrism = 5), 80.6% (qfgrism = 4) and 67.4% (qfgrism = 3) of our MC iterations, and draw from the COSMOS2020 zPDF for other iterations. Galaxies with low-quality grism-zs have their redshifts drawn from their COSMOS2020 zPDF each iteration.



	
Galaxies with multiple reliable redshifts: (i.e., a reliable grism-z and a reliable spec-z) We used a hierarchy that prioritizes the most reliable redshifts first. As such, we preferentially used highest-quality spec-zs (99.3% reliable), then the highest-quality grism-zs (93.2% and 80.6% reliable, respectively), then other reliable spec-zs (70% reliable) and finally other reliable grism-zs (67.4% reliable). With this, we employed a similar scheme as already described where, for these sources, we first attempted to take the existing most reliable spec-z or sample from the tight grism-z Gaussian based on the reliability. However, for these sources, if the most reliable spec-z or grism-z was not selected for that iteration, we then utilized the other reliable redshift at a rate that corresponds with its reliability. If neither redshift is chosen, we drew from the corresponding COSMOS2020 zPDF.



	
Galaxies with only a photometric redshift: (photo-z) We drew from the COSMOS2020 zPDF for each iteration.




Once we determined all redshifts for each iteration, we used LePhare to fit the available COSMOS2020 photometry for all galaxies that land in the relevant redshift range (i.e., 2 < z < 3) for that iteration with the redshift fixed to the assigned redshift for that iteration. We used these fits to obtain the stellar masses for each relevant galaxy for each iteration (see Sikorski et al. 2025 for the methodology and substantial discussion).
3.3.2. Environmental determination
Once our redshifts and stellar masses had been determined for each iteration, we also needed to assign the relevant environment for that MC iteration. Thus, for each MC, we identified for each galaxy the σδ corresponding to the nearest voxel based on the galaxy’s astrometric coordinates (COSMOS2020 RA/Dec) and redshift (from that iteration) from the 3D VMC maps that have been created for the COSMOS field (Section 3.2). From these overdensity values, we assigned either “Hyperion”, “field”, or “unused” for each galaxy in redshift range of 2 < z < 3 for that iteration. Galaxies are assigned to Hyperion based on the definition stated in Section 3.2.2 ([image: equation] galaxies per iteration). All galaxies in the redshift range 2.4 < z < 2.7 that are not assigned to Hyperion are designated “unused” to mitigate the effects of galaxies potentially infalling into the Hyperion structure (see Staab et al. 2024) or galaxies that are associated with other nearby overdense peaks (Cucciati et al. 2018). Field galaxies are thus all sources outside the redshift range of Hyperion (2 < z < 2.4 or 2.7 < z < 3) that are not a part of any significantly massive overdense structure (i.e., do not belong to any σδ > 2.5 voxel that is contiguously connected to a σδ > 4 voxel with an overall structure mass of log(M*/M⊙) > 13). This excludes from our field sample galaxies that belong to other known structures in the COSMOS field at relevant redshifts and astrometric coordinates (Diener et al. 2013; Cucciati et al. 2014; Lemaux et al. 2014; Yuan et al. 2014; Casey et al. 2015; Chiang et al. 2015; Franck & McGaugh 2016; Lee et al. 2016; Wang et al. 2016; Cucciati et al. 2018; Lemaux et al. 2018; Darvish et al. 2020; Koyama et al. 2021; Polletta et al. 2021; Ata et al. 2022; Newman et al. 2022; Hung et al. 2025). This removal of galaxies in known structures from the field sample is done to help isolate the effect of the overdense Hyperion structure in comparison to field galaxies that are not associated with overdense environments. Unused sources for each MC iteration also include galaxies outside the redshift range considered in this work (i.e., 2 < z < 3). In total, unused sources are galaxies outside the relevant z-range, galaxies within the z-range of Hyperion that are not associated with the massive overdense peak, or galaxies that are associated with other large structures in redshift ranges of our field sample. An example of the a full MC of galaxies from this work can be seen in Figure 4.
3.3.3. Companion identification
For each MC iteration, we identified all galaxies with potential companions based on their physical location for that iteration. For this, we followed the typical procedure within the literature and select potential companion galaxies based on on two primary factors: projected spatial separation and velocity difference of the member galaxies (see Lambas et al. 2003, 2012; Robotham et al. 2014; Ferreras et al. 2017; Nottale & Chamaraux 2018). Similar to Shah et al. (2020, 2022), we define companion galaxies as galaxies that are within dproj < 150 kpc and ΔvLoS < 1000 km s−1 of another galaxy. While other studies only consider maximum projected separations of companion galaxies to be in the range of 80–100 kpc (Patton et al. 2011; Scudder et al. 2012; Ellison et al. 2013b), we opt for a larger value of 150 kpc as there are studies that show that interacting galaxies begin to impact one another at such distances (Patton et al. 2013; Shah et al. 2020, 2022), and, as we are interested in future merger and interaction activity in this work, galaxies in our redshift range of 2 < z < 3 at distances of ∼150 kpc have ample time to merge by z ∼ 0 (see Section 4.2). Additionally, we found that our results are invariant with respect to the choice of a lower projected separation criteria, and that a ≳2σ difference in measured fckc between the field and Hyperion persists at smaller rproj (see Section 4, as well as Section 4.2 and Table 4).
Projected separations for companion galaxies were calculated by multiplying the angular separation between the two galaxies by the angular diameter distance of the average redshift of the two galaxies (dproj ≡ θsep * DA). Line-of-sight (LoS) velocities are calculated based on the redshift of each galaxy for that MC iteration. At the redshift range of Hyperion, a ΔvLoS < 1000 km s−1 corresponds to a Δz ≲ 0.01 between two galaxies and a dproj < 150 kpc corresponds to Θsep ≲ 18″. An example of a galaxy with an identified companion based on our selection criteria can be seen in Figure 5. We chose to plot both a 2D and 3D representation of the same galaxy to highlight the importance of our LoS velocity criteria, as that cut is the most crucial in identifying projected companions versus potential true companions – particularly in sky regions of higher galaxy number density.
	[image: thumbnail]	Fig. 5. On-sky 2D view and 3D reconstruction of a potential galaxy companion for COSMOS2020 (C20) object #1006523 found during our MC process (MC iteration #87). The central galaxy (C20#1006523) is marked in gold with our 150 kpc search radius centered on that galaxy shown in green. The companion galaxy that meets both the projected separation and LoS velocity difference criteria is denoted in blue. Other nearby galaxies are shown in gray. While multiple galaxies fall within the projected separation criteria for this galaxy, the 3D LoS velocity difference cut helps isolate the single companion from other projected companions.



We did not make any cuts on the galaxy mass ratio during the companion identification process, but we did cut our final sample of companion systems used for all calculations to only consider major interactions or mergers. To be consistent with the literature, we adopted the definition of mass ratios less than 4 (4:1) to be major interactions and/or mergers and all others to be minor interactions and/or mergers (e.g., the ratio of the mass of the most massive galaxy to the mass of the least massive galaxy, see Ellison et al. 2013a and Mantha et al. 2018). The stellar masses for calculating these mass ratios are the result of the LePhare SED fitting described in Sikorski et al. (2025) and are based on the redshifts obtained in the MC process.
3.3.4. Fraction calculation
For each MC iteration, we calculated a fraction of close kinematic companions (fckc) for both Hyperion and the coeval field considering only galaxies that have companions that would result in a major iteration and/or merger (≤4:1 in mass ratio). This calculation is simply done by taking the unique number of galaxies with companions or that are companions (to mitigate galaxies with multiple potential companions; ∼14.0 ± 8.9% of Hyperion companion galaxies over our 100 MC iterations and ∼3.6 ± 0.8% of field companion galaxies) divided by the total number of galaxies in Hyperion or the field for that MC iteration (fckc = Ncompanions/Ngals). This gives us our uncorrected companion fractions for each MC iteration. Typically, Ncompanions ∼ 43 galaxies for Hyperion and ∼1141 galaxies for field. We then take the median fckc over these 100 MC iterations as the final uncorrected companion fraction: 14 ± 1.8% for Hyperion and 5 ± 0.2% for the field (with the associated error on this measurement being the 1σ spread of the 100 MC iterations, see Section 3.4.2 for full error budget).
3.4. Simulated lightcone
In order to validate and make any potential corrections to our companion methodology, we applied our MC methodology to simulated galaxy observations where the “true” fckc is known. For this, we employed the GAlaxy Evolution and Assembly (GAEA; Hirschmann et al. 2016; De Lucia et al. 2024) semi-analytic model (SAM) to generate simulated galaxy catalogs. We used the GAEA model version described in Xie et al. (2017)1, and applied it to the dark matter merger trees of the Millennium Simulation (Springel et al. 2005). We followed the procedure of Zoldan et al. (2017) to generate a lightcone from the output of the GAEA SAM. The simulated lightcone used in this work is identical to the one used in Hung et al. (2025).
More specifically, we used the 1 × 1 deg2 field denoted “Mock1” from Hung et al. (2025) cut at IRAC/ch1 < 24.8. We chose to use this portion of the simulated lightcone as there are multiple versions of this region created with at different levels of spectroscopic redshift fraction (SzF). To create these different lightcone versions at varying SzF, Hung et al. (2025) broke down that region of the lightcone into bins of magnitude and redshift, and, using statistics that compared the spectroscopic and photometric redshifts within the COSMOS field (see Lemaux et al. 2022), generated “observed” spectroscopic catalogs using different SzF selection functions as a function of the magnitude and redshift from the COSMOS field. Spectroscopic redshifts were assigned randomly to galaxies in each given magnitude and redshift bin (the former of which were chosen to roughly contain an equal number of objects in each bin) and spectroscopic quality flags were assigned to mimic the distribution of quality flags in the real data. The base SzF level for this selection function (SzF 1.0) was modeled at the underlying level of the COSMOS field spectroscopic completeness at the time of the mock catalog creation (∼7%, Hung et al. 2025). The other SzF fractions can be found in Table 2 representing the five different Mock1 simulated lightcone catalog versions.
Table 2. 
Mock lightcone and validation statistics.

All objects within each version of the Mock1 region were also assigned a photometric redshift regardless of whether or not they were assigned a spectroscopic redshift using the following formula: zphot = zobs + B(1 + zobs)+Nσpz(1 + zobs), where B is the spectroscopic to photometric redshift bias in the galaxies magnitude and redshift bin, N is a value sampled from a normalized Gaussian distribution for each object, and σpz corresponds to the σNMAD of the photometric redshift scatter within that bin. Photometric redshift uncertainties (at ±1σ) for each simulated galaxy were drawn from the PDF of the fractional photometric redshift error (i.e., (zphot, 1σ, upper − zphot)/(1 + zphot) and (zphot − zphot, 1σ, lower)/(1 + zphot)) that was calculated through the statistics of objects in each magnitude bin in the real COSMOS data (Lemaux et al. 2022). Thus, at the end of this process each simulated galaxy had a photometric redshift with an associated ±1σ uncertainty. The photometric redshifts generated via this parametrization can be seen in Figure 6 for relevant galaxies from the Mock1 region of the simulated lightcone (i.e., from 2 < zobs < 3).
	[image: thumbnail]	Fig. 6. Applied photometric redshifts (photo-zs) versus true simulation redshifts (zobs) for all galaxies in the Mock1 region of the simulated lightcone between 2 < zobs < 3. Galaxies that meet |Δz|< 0.15(1 + zobs) are marked in green (Hildebrandt et al. 2012). The statistics for these galaxies are listed in the upper right hand corner (outlier fraction, scatter, and bias, respectively). Photo-zs are applied to all galaxies in our simulated lightcone based on the observed photo-z statistics in COSMOS2020 as a function of magnitude and redshift. The scatter in photo-zs creates difficulty in recovering companion systems (see Section 3.4.1).



3.4.1. Lightcone validation
We applied our MC companion methodology to each version of the Mock1 catalog (i.e., at each different SzF) using an identical method to that detailed in Section 3.3 – aside from the determination of environment – in order to estimate how accurately our methodology can recover true galaxy companions based on our observational definition at different levels of spectroscopic completeness. For each Mock1 SzF catalog, we performed 100 MC iterations looking for galaxy companions in the redshift range 2 < z < 3 (i.e., the same redshift range we used for our real observed data). While we tracked companions of all mass ratios, we again considered only companion systems that would potentially result in a major merger or interaction (maximum mass ratio of 4:1) to be consistent with the operational definition adopted for our observed data on what types of systems are included in our fckc and other calculations.
To assess our recovery of true companion galaxies, we used the true redshifts given from the simulation, zobs, a value that incorporates peculiar velocities, and find all galaxies with major companions based on our criteria given in Section 3.3.3. From this, we obtained the true fckc of 24.3% for the simulated galaxies in the lightcone over 2 < zobs < 3 (a value consistent with the literature, see Figure 9). We then calculated the median purity and median completeness of the companion galaxies identified in our 100 MC iterations at each SzF based on the true companion galaxies in the lightcone. As expected, we find that both the median purity and median completeness of companion galaxies identified with our MC methodology increase with SzF as, at lower levels of spectroscopic completeness, larger numbers of galaxies are assigned “observed” photometric redshifts that obscure their true location (which are randomly scattered from their true redshift; see Figure 6) which in turn greatly reduces the likelihood they are identified as companions in our methodology or causes them to be identified in false companion systems. The median purity and median completeness of the companion galaxies identified in our application of the MC methodology at each SzF can be found in Table 2 and in Figure 7 (upper panel).
	[image: thumbnail]	Fig. 7. Top: Median purity and median completeness of companion galaxies identified via the application of our MC methodology on the Mock1 lightcone at different levels of SzF. Bottom: Correction factor [image: equation] as a function of SzF. The best-fit second order polynomial used in the interpolation and determination of our final correction factors is shown in black with the parameters of the fit given in the lower left (along with the fit χ2). Though the median purity and median completeness of identified companion galaxies increases with SzF, a correction factor is needed to properly assess the true underlying fckc.



3.4.2. Correction factor
With our MC companion methodology, we see an increase in both the purity and completeness of identified companion galaxies as a function of SzF. This is expected as in our methodology quality spec-zs (which are measured at zobs for the simulated lightcone data) are often kept as the measured redshift value, which in turn results in more frequent recovery with our companion criteria (even a variation of Δz = 0.05 results in no companion) and thus higher completeness and increased purity. However, the purity and completeness achieved with our MC methodology does not approach unity – even at 28% spectroscopic completeness – resulting in the derivation of a correction factor to adjust for the identification of false positives and the lack of true recovery of companion galaxies. We constructed this correction factor to be equivalent to the median purity divided by the median completeness of identified companion galaxies at a given SzF. These correction factors can be found in Table 2 and Figure 7 (bottom panel). We used these calculated correction factors to inform the choice of our final correction factors for the Hyperion and the field.
However, SzF is not constant as a function of astrometric coordinates in our final sample, as the C3VO and HST-Hyperion observations are specifically targeted at the overdense peaks in the Hyperion structure which increases the SzF non-uniformly in RA/Dec space. To explore this effect, we plot SzF as a function of RA/Dec in Figure 8 in 20 × 20 even bins of RA and Dec (approximately ∼2.8′×3.0′) for all galaxies in our final sample with a photometric redshift in the range 2 < z < 3. Plotted for reference are the σδ > 2.5 and σδ > 4 contours of the overdense structure that comprises Hyperion in this work compressed into two-dimensions (i.e., the regions used for the Hyperion fckc).
	[image: thumbnail]	Fig. 8. SzF for sources with a photo-z with 2 < z < 3 in our final sample in 20 × 20 bins of even RA and Dec (each bin is approximately ∼2.8′×3.0′). Over-plotted are the 2.5σδ and 4σδ contours of the massive structure defined as Hyperion in this work. As expected from the underlying spec-z surveys used in this study, we see increased SzF in the regions covered by the Hyperion overdensity finding a median SzF of ∼1.78 for Hyperion and a median SzF of ∼0.67 for the field. These median SzFs are used to determine the final correction factors applied to our uncorrected fckc values.



Using the 20 × 20 RA/Dec grid seen in Figure 8, we calculated a median SzF for pixels inside the Hyperion contours (SzF-Hyp) and a median SzF for pixels outside of the SzF contours (SzF-Field). From this, we obtain an SzF-Hyp ∼1.78 (Fspec ∼ 12.4%) and an SzF-Field ∼0.67 (Fspec ∼ 4.7%). We translate these SzF values to the proper correction factors needed to correct the “raw” Hyperion fckc and field fckc by interpolating between the calculated correction factors via the second-order polynomial fit seen in Figure 7). The correction factor estimates based on this fit and the median SzF of Hyperion and the field are ∼4.25 and ∼4.46, respectively, and are applied to our uncorrected fckc values to obtain our final fckc measurements. Due to the large difference already present in our uncorrected companion fractions (see Section 3.3), our results are immutable to our choice of correction factor over the range of SzF considered in this work.
We carefully account for the uncertainties in our median SzF estimation for Hyperion and the field and its impact on the chosen correction factor, along with the variation in correction factor from applying our MC methodology to the lightcone data (i.e, the variation in the purity and completeness of our identified companion galaxies), into the final error budget of our fckc measurements. To incorporate these uncertainties, we combined all three sources of error in quadrature: (1) the scatter in correction factor from the lightcone at a given SzF, (2) the variation in correction factor based on the σNMAD of the SzF in Hyperion and the field, and (3) the median scatter in uncorrected fckc for Hyperion and the field. The resulting error is then applied to our corrected fckc values to determine the final uncertainties reported in Section 4.
4. Results
By applying the correction factors derived in Section 3.4.2 to our uncorrected companion fractions from Section 3.3, we obtain a final fckc for Hyperion and a final fckc for the field. We find a ≳2.5× enhancement in fckc for galaxies in the overdense structure of Hyperion with over half of all Hyperion galaxies having a nearby companion, as we measure a corrected fckc = [image: equation]% for Hyperion and an fckc = [image: equation]% for the field (a ≳3σ difference). Though an overdense region similar to Hyperion naturally suggests higher fckc – due to many galaxies existing in relatively close proximity – this measurement properly validates that intuition. Additionally, protoclusters at the epoch of Hyperion are still diffuse systems that span many cMpc and sometimes wide redshift ranges (Δz ∼ 0.5 in the case of Hyperion), so satisfying our stringent companion criteria is not easy; particularly in the LoS direction where galaxies are required to be tightly correlated in redshift space (Δz ≲ 0.01).
Though there are relatively few studies in the literature that examine quantities similar to fckc at a relevant redshift range to this work (2 < z < 3), we note that the field fckc derived in this study is in good agreement with other predictions for major merger and interaction fractions, demonstrating the validity of our applied technique (see Figure 9). The dearth of other studies is often attributed to the lack of spectroscopic coverage to confirm galaxies with companions or to the lack of completeness in photometry which makes probabilistic methodologies more difficult. However, we do wish to acknowledge that the methodologies for investigating companions, interactions, and merger activity (i.e., close pair and morphological studies) in the literature are varied, and there is no consensus on the best approach, as data quality and availability varies greatly – particularly for methods that attempt to include sources with photo-zs. We do our best to compare to values in the literature with as similar companion selection criteria to those employed for our fckc methodology whenever possible.
	[image: thumbnail]	Fig. 9. Evolution of fckc and fckc-like measurements as a function of redshift. The values measured in this work are plotted in red with black borders with the star denoting our structure measurement and the circle denoting our field measurement. Other studies that examine merger and interaction rates in relation to overdensity or structure at relevant epochs have their results plotted similarly (i.e., structure or overdensity fraction as a star and field fraction as a circle, Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025) Various values from the literature that measure relevant major merger and pair fractions are also plotted for reference (Bundy et al. 2009; Conselice et al. 2009; de Ravel et al. 2009; Xu et al. 2012; López-Sanjuan et al. 2013; Tasca et al. 2014; López-Sanjuan et al. 2015; Ventou et al. 2017; Duncan et al. 2019; Romano et al. 2021; Duan et al. 2025), along with simulation predictions from Qu et al. (2017) and empirical fits from Romano et al. (2021) and Duan et al. (2025). Overall, we find that fckc evolves sharply at low redshift before peaking at z ∼ 4 with the measured fckc for Hyperion, though at lower redshift (z ∼ 2.5), existing above the peak value. Though some scatter exists, the existing measured merger and interaction rates for structures and overdensities are higher than the corresponding field rates at similar redshifts.



We also wish to highlight the only three other studies in the literature that explore merger and interaction activity in high-z (z > 2) protoclusters from Hine et al. (2016), Monson et al. (2021), and Liu et al. (2023). The most recent work, Liu et al. (2023), finds a similar enhancement in merger and interaction activity in both of their structures (BOSS1244 and BOSS1542) in comparison to their coeval field sample, but their search is limited to only high-mass (log(M*/M⊙)≥10.3) Hα emission-line (HAE) galaxies. Hine et al. (2016) and Monson et al. (2021) both employ observations from the Hubble Space Telescope (HST) to study the SSA22 protocluster at z = 3.1. However, these two studies obtain marginally discrepant results when assessing mergers within SSA22 with Hine et al. (2016) finding an ∼1.5σ enhancement in merger activity in the protocluster relative to the field and Monson et al. (2021) finding statistically equivalent rates of mergers in the field and protocluster. As discussed in Monson et al. (2021), the potential difference in the two results is likely due to small number statistics in combination with the different rest-frame wavelength ranges probed by each study for their morphological merger classification (rest-frame UV from HST/ACS F814W imaging for Hine et al. (2016) and rest-frame optical from HST/WFC3 F160W for Monson et al. 2021). Overall, these three studies offer the most relevant comparisons to this work and are statically in agreement with our results, though with large uncertainties in each case. Our study includes an order of magnitude more galaxies both in terms of overall sample and potential identified galaxies with companions resulting in much tighter uncertainty intervals. The fractions derived in Hine et al. (2016), Monson et al. (2021), and Liu et al. (2023) are included along with their field fractions in Table 3.
Table 3. 
Relevant merger rates and pair fractions in the literature.

Also included in Table 3 is the results of Shibuya et al. (2025). This study measures the major merger fraction for galaxies in regions of different galaxy overdensity ([image: equation]) in the ∼300 deg2 area of the combined HSC Strategic Survey Program (Aihara et al. 2018a,b, 2019, 2022) and CFHT Large Area U-band Survey (Sawicki et al. 2019) and thus is of interesting comparison for this work. Shibuya et al. (2025) find a roughly linear increase in the fraction of major mergers as a function of overdensity from z ∼ 2 − 5, but the relative increase in merger fraction with increased density is marginal. This overall increase in the merger fraction with increased density aligns well will the results of this study, though the fractional increase in merger and interaction activity indicated by our fckc measurements is much greater. However, a direct comparison in these terms between our work and Shibuya et al. (2025) is difficult as they report their measured merger fractions at different average levels of galaxy density ([image: equation]) rather than at a structure versus field level (a δ ≳ 0.62 roughly corresponds with the threshold we use to discern between structure and field populations based on our VMC mapping technique and definition of structure, see Section 3.2.2). Additionally, Shibuya et al. (2025) employ only photo-zs in their calculations which can create issues in separating out what galaxies belong to a field versus structure population (Hung et al. 2020, 2025).
To summarize our findings in comparison to both other environmental studies and to general merger and interaction studies in the field, we plot our measured fckc values along with various major pair and major merger rates from the literature as a function of redshift in Figure 9. For this figure, we use the studies (and selection criteria) chosen in Romano et al. (2021) along with additional relevant selections from the literature to expand the redshift range and to display the other previously discussed studies that consider environment when calculating their pair and/or merger fractions. For included studies that do consider environmental implications, the assumptions and methods for their field measurements and structure measurements are the same, but the assumptions and applied methodology across studies – regardless of environmental consideration – can vary greatly. Thus, it can be difficult to make specific comparisons between studies though some general trends can be found. From newly obtained measurements of the early Universe (z > 6; Duan et al. 2025), we see a slight evolution of the fraction of merging and interacting galaxies that eventually peaks at z ∼ 4 with a strong drop off in the local Universe after z ∼ 2. This evolution roughly maps the currently known cosmic star-formation history (Madau & Dickinson 2014; Harikane et al. 2023, 2024, 2025) and AGN history (Aird et al. 2015; Kulkarni et al. 2019) of the Universe, though offset to slightly higher redshifts. However, the corrected fckc value measured for Hyperion at z ∼ 2.5 is above the peak of merger and interaction activity at z ∼ 4, and significantly above similar values for the coeval field. In combination with the sparse other literature measurements that are also mostly enhanced compared to the field, this result suggests that merger and interaction activity is more prevalent in dense environments at higher redshifts (z > 2) when structure is still forming and developing.
Given the wide breadth of companion selection criteria currently used in the literature, and to help facilitate future comparison, we also will report corrected fckc values for Hyperion and the field cut at rproj < 50 kpc and at rproj < 100 kpc. To calculate these fckc values, we take our same MC iterations for both the observed data and lightcone data, but cut all identified companion systems at larger projected separation criteria. We then perform the same SzF fitting as seen in Figure 7 for the recovered lightcone companion galaxies at this rproj limit and interpolate to the median SzFs of Hyperion and the field given in Section 3.4.2. We apply these updated correction factors to the “raw” companion fractions from the observed data based on the smaller rproj cuts with the same total error considerations to obtain our final corrected fckc values and errors at reduced projected separations. We find that our result of enhanced merger and interaction activity in Hyperion is not sensitive to the choice of projected separation criteria, and calculate a fckc
[image: equation]% for Hyperion and a fckc
[image: equation]% for the field at rproj < 100 kpc. Similarly, we recover a fckc
[image: equation]% for Hyperion and a fckc
[image: equation] for the field at rproj < 50 kpc. While our field fckc values begin to deviate from other measurements in the literature at smaller separations, there are additional assumptions we are unable to control for between all studies (namely sample selection and any correction or weighting scheme), and our trend of a significant (≳2σ) increase in merger activity in Hyperion relative to the coeval field still holds.
We also include Figure 10 to compare the distributions of projected separation (dproj), LoS velocity (ΔvLoS), and stellar mass ratio between companion systems found in Hyperion and the coeval field. The plotted distributions are normalized for easier comparison and contain all companion systems found over each of our 100 MC iterations (i.e., companion systems identified in multiple iterations are included multiple times). Over our 100 MC iterations, we see a few trends emerging between companion systems found in Hyperion versus companion systems found in the field. Whereas the occurrence of close kinematic companions for the field monotonically increases with dproj, we find increased numbers of companion systems at dproj ∼ 40 kpc and dproj ∼ 125 kpc for Hyperion. We also find that the underlying distribution of ΔvLoS for companion systems in the field is roughly uniform while companion systems in Hyperion are more tightly correlated in redshift space with many companion systems existing at ΔvLoS < 250 km/s. Lastly, companion systems in the field see a monotonic decrease with stellar mass ratio in contrast to the buildup of companion systems at M* ratio ∼1 for Hyperion. However, since Hyperion sees an increase in spectroscopic completeness in comparison to our field sample, some of the observed trends in the companion system parameters for Hyperion are likely the result of more consistent redshifts being used in our MC process which results the preservation of the same companion systems across MC iterations. Further implications of the differences in these underlying distributions for companion systems in Hyperion and the field are discussed in the following sections (i.e., Section 4.1 and Section 4.2).
	[image: thumbnail]	Fig. 10. Normalized distributions of projected separation (dproj; left), LoS velocity (ΔvLoS; center), and stellar mass ratio (right) between companion systems found in Hyperion (red) and the coeval field (blue). The plotted distributions contain all companion systems found over each of the 100 MC iterations used to identify close kinematic companions, so companion systems identified in multiple iterations are plotted multiple times. As opposed to the uniform and monotonic distributions seen for companion systems in the field, companion systems in Hyperion exhibit more complex distributions of dproj, ΔvLoS, and stellar mass ratio.



4.1. Tidal strength
In order to quantify the impact of any potential interaction activity for companion galaxies found in this study, we utilize the tidal strength Q that companion galaxies produces on a central (more massive) galaxy (Dahari 1984; Verley et al. 2007a,b; Sabater et al. 2013; Argudo-Fernández et al. 2013, 2014). This tidal strength parameter attempts to quantify the relationship between the tidal forces exerted on the galaxy,
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and the internal binding force of galaxy,
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making the tidal strength, Q, equivalent to the ratio of these forces,
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where Mi and MP are the stellar masses of the companion and primary galaxy, respectively. DP is the apparent diameter of the primary galaxy, and RiP is the projected physical distance between companion and primary galaxy (Ri, p ≡ rproj). The total tidal strength is thus the summed tidal strength exerted by all companions and is defined as
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This logarithm of the sum of the tidal strength created by all nearby companions is thus a dimensionless estimate of the gravitational interaction strength (Verley et al. 2007a), and generally varies between −5 and +2 depending on the mass ratio and projected distance to companion galaxies. Based on this definition of Q, the tidal forces exerted by the companion galaxy on the primary galaxy is equivalent to the binding forces only when Q ≥ 0. However, based on the results of numerical simulations (Athanassoula 1984; Byrd & Howard 1992), as well as observational results (Varela et al. 2004), perturbations may be induced by external tidal forces from companion galaxies when those tidal forces amount to at least 1% of the internal binding force (i.e., Q ≥ −2).
For each of our 100 MC iterations, we calculated the median tidal strength ([image: equation]) for all galaxies with companions in the field and in Hyperion. If there are multiple companions in nearby proximity, we find the tidal strength on the most massive galaxy in every system of companions. For this calculation, we used the masses derived in Section 3.3.1 and the projected distances calculated in Section 3.3.3. For the apparent diameter of the primary galaxy (DP), we use 2 × r80 with r80 being estimated from Equation (2) of Mowla et al. (2019) using their best fit parameters from 2 < z < 2.5 or 2.5 < z < 3. From the individual [image: equation] values from each of the 100 MC iterations, we calculated the median [image: equation] over all 100 MC iterations ([image: equation]) for both companion systems in Hyperion and companion systems in the field. We find a [image: equation] for Hyperion companion systems and a [image: equation] for the field companion systems. Thus, the tidal strength exerted by companion galaxies in Hyperion (via [image: equation]) is on average enhanced by ∼0.4 dex (∼2.5×) in comparison to the tidal strength exerted by companion galaxies in the field. This comports with the higher average fraction of galaxies with multiple companions in Hyperion (∼14.0 ± 8.9% relative to ∼3.6 ± 0.8% for the field) along with the higher average fraction of companion galaxies within closer proximity in Hyperion (dproj < 50 kpc; ∼28.0 ± 6.5% for Hyperion and ∼17.6 ± 1.4% for the field; also see Figure 10), as those are the key factors in determining the exerted tidal strength.
In Figure 11, we plot the dependence of the tidal strength (Q) on the projected physical distance between companion and primary galaxy (Ri, p) for a variety of mass ratios considered in this work along with the [image: equation] values for Hyperion and the field. Though we consider a wide range of projected physical distances when selecting companions, the exerted tidal forces only outweigh the binding forces when Ri, p ≲ 10 kpc. The [image: equation] exerted by companion galaxies in Hyperion over our 100 MC iterations is indeed stronger than the [image: equation] exerted by companion galaxies in our field sample over 100 MC iterations, but neither value indicates a population of companion systems dominated by those which are necessarily inducing extreme tidal forces (i.e., Q ≥ 0). Rather both the companion systems within Hyperion and within the field are primarily well below this threshold and typically have larger physical separations ([image: equation] kpc). Therefore, we calculated the median fraction of companion systems where Q ≥ −2 (i.e., the minimum threshold to induce perturbations) over our 100 MC iterations for Hyperion and for the field ([image: equation]) finding a [image: equation]% for Hyperion and a [image: equation]% for the field. This suggests that the companions within Hyperion are on average inducing more instabilities than their counterpart companion galaxies in the field.
	[image: thumbnail]	Fig. 11. Dependence of the Q (tidal strength) on Ri, p (the projected physical distance between companion and primary galaxy) for range of companion mass ratios considered in this work. The Q value contours are estimated using the typical size of a star-forming galaxy at z ∼ 2.5 from Ribeiro et al. (2016). Also included for reference are the [image: equation] value for Hyperion companion systems and the [image: equation] value for field companion systems. The tidal forces induced by the companion galaxy do not dominate over the binding forces of the primary galaxy until Ri, p ≲ 10 kpc, but we do find increased tidal strengths in Hyperion companion systems due to increased percentages of multi-companion systems and systems at smaller projected separations.



4.2. Potential merger timescales
As we select galaxies with close kinematic companions in our sample to estimate future merger activity – rather than selecting galaxies currently undergoing mergers through morphology – it is important that we attempt to quantify the potential timescales associated with any future mergers. We primarily focus on major mergers within this work, so this timescale gives an indication of the timescales by which these galaxies will grow significantly in stellar mass (either through induced star formation or upon coalescence). However, since we consider a wide range of projected physical distances and LoS velocity differences for our companion criteria, calculating a single merger timescale for all close kinematic companions found in our sample is too simplistic and does not accurately capture the full distribution of potential merger timescales.
To calculate the associated merger timescales of the close kinematic companions identified within the 100 MC iterations of our sample, we used the formalism described in Kitzbichler & White (2008)
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For this equation, Kitzbichler & White (2008) (hereafter KW+08) performed a two-dimensional linear regression fit on simulated galaxy pair catalogs from the Millennium Simulation to obtain ⟨Tmerge⟩ as a function of stellar mass threshold (for both galaxies) and redshift for major merger systems and provide six discrete sets of coefficients that vary based on the applied companion identification criteria (i.e., projected separation, rproj, and LoS velocity difference, ΔvLoS). The selected rproj and ΔvLoS values that create these fitting coefficients are intended to capture a representative range of projected physical distances used in companion studies (i.e., maximal values of 30, 50 or 100 kpc h−1) and for application to both spectroscopic redshift samples (ΔvLoS < 300 km s−1) and photometric redshift samples (ΔvLoS < 3000 km s−1). The employed companion criteria, and thus the fitting coefficients, have a notable impact on the measured values of ⟨Tmerge⟩ (see Figure 12).
	[image: thumbnail]	Fig. 12. ⟨Tmerge⟩ as a function of stellar mass. Contours represent the six different companion selection criteria and corresponding fitting coefficients from Kitzbichler & White (2008). These contours are all plotted at the median redshift of all pairs over all MC iterations (z ∼ 2.48). We also include the calculated ⟨Tmerge⟩ values for Hyperion (red) and the field (blue) at each of projected separation criteria employed (i.e., rproj ≤ 30 kpc (squares), 30 < rproj ≤ 50 kpc (diamonds), and 50 < rproj ≤ 150 kpc (crosses)). The ⟨Tmerge⟩ values calculated for Hyperion are shorter in each bin due to the larger stellar masses of galaxies in Hyperion companion systems.



Though we used different criteria in selecting our sample of companion galaxies across our 100 MC iterations, we attempt to mimic the selection criteria of KW+08 when calculating ⟨Tmerge⟩ values. To do this, we split our identified companion systems into three bins of projected physical distance (rproj < 30 [kpc], 30 < rproj < 50 [kpc], and 50 < rproj < 150 [kpc]) for the companion systems in Hyperion and companion systems in the field for each of our 100 MC iterations (i.e., six samples per MC iteration). We then compute the median LoS velocity difference within each of those six bins over all 100 MC iterations, and find that the typical ΔvLoS for each sample is ≲500 km s−1 (see Table 4 and Figure 10). Based on these values, we decide to utilize the coefficients based on ΔvLoS < 300 km s−1 for calculating ⟨Tmerge⟩. We believe this choice is justified as, though we employ a sample of both spectroscopic and photometric redshifts, our MC methodology mitigates the effect of large photometric redshift errors and enforces a stringent ΔvLoS criteria that is in line with studies that only employ spectroscopic redshifts across similar redshift ranges (e.g., Shah et al. 2020, 2022). We also calculate the median galaxy stellar mass ([image: equation]) and the median redshift ([image: equation]) for all companion systems in our six bins across the 100 MC iterations.
Using the appropriate rproj and ΔvLoS coefficients per the mimicked companion selection criteria (i.e., rproj ≤ 30 kpc & ΔvLoS < 300 km s−1, rproj ≤ 50 kpc & ΔvLoS < 300 km s−1, rproj ≤ 150 kpc & ΔvLoS < 300 km s−1) along with our measured [image: equation] and [image: equation] values, we calculated the ⟨Tmerge⟩ for each of our six bins (values reported in Table 4, also see Figure 12). As expected, we find that ⟨Tmerge⟩ decreases with decreasing rproj for both companion systems in Hyperion and companion systems in the field with the companion systems of projected separations of less than 30 kpc having the shortest merger timescales. However, for every bin of projected separation, the average merger timescale for companion systems in Hyperion is shorter than the average merger timescale for the corresponding companion systems in the field. Though a slight offset exists in [image: equation] between the Hyperion and field companion systems, we control for variations in the projected separation through our binning and thus the measured difference in ⟨Tmerge⟩ between our Hyperion and field companion systems is primarily due to the varying [image: equation] between companion systems in Hyperion and the field. The increased stellar masses for systems in Hyperion results in faster merger timescales in comparison to the field and comports with the increased stellar masses seen in Hyperion (Sikorski et al. 2025).
We also calculated the median fraction of companion systems within each bin ([image: equation] number of systems at that projected separation divided by the number of total companion systems). This calculation gives us insight into what fraction of companion systems in Hyperion and in the field should be associated with a given merger timescale. Through this calculation, we find similar fractions of companion systems within our smallest projected separation bin (∼8% within rproj ≤ 30 kpc), but diverging fractions of companion systems in our other projected separation bins. Most notably, in the intermediate projected separation bin (30 < rproj < 50 kpc), Hyperion companion systems that meet this criteria account for ∼20% of companion systems across all 100 MC iterations whereas field companion systems in this bin only account for ∼10% of companion systems. Due to the higher density of Hyperion, this is not necessarily surprising, but, since we do not observe a corresponding increase in companions systems within the smallest projected separation bin, this increase in companion systems at intermediate separations is likely physical and supports the increased merger and interaction activity measured by the fckc values found in this work. In fact, the lack of a corresponding increase in companions systems within the smallest projected separation bin in Hyperion could be the result of the closest companion systems having already merged, as this process could accelerated compared to the similar field systems due to increased stellar mass. This is further corroborated by the median σδ ([image: equation]) associated with our projected separation binned companion systems (see Table 4; [image: equation] for all Hyperion galaxies both with and without companions over the 100 MC iterations and [image: equation] for all field galaxies). Whereas we find a relatively flat trend in [image: equation] for companion systems in the field, there is a notable jump in [image: equation] for companion systems with intermediate projected separations in Hyperion that suggests the most dense regions are sites of increased merger and interaction activity.
In Figure 12, we plot the evolution of ⟨Tmerge⟩ as a function of stellar mass. To further demonstrate the important contribution of the selected fitting coefficients, we include contours at all six permutations of companion separation criteria from KW+08. As is evident from these contours, the rproj and ΔvLoS criteria that provide these coefficients have a significant impact on the resulting measurement of ⟨Tmerge⟩ – especially at lower companion stellar masses. We also plot the location of our calculated ⟨Tmerge⟩ values for Hyperion (red) and for the field (blue). As discussed above, the increased stellar masses seen in the galaxies that comprise the Hyperion companion systems is primarily responsible for their faster merger timescales in comparison to the field. This increase in timescale is most notable for the largest projected separation bin, but the intermediate projected separation bin sees the largest difference in median stellar mass.
The range of ⟨Tmerge⟩ values calculated in this work follows the wide range of allowed projected separations (i.e., rproj < 150 kpc) used to identify companion systems within our MC methodology. Though the merger timescales associated with companion systems at the widest projected separations are ∼10 Gyr, the age of the Universe at the redshift range of this work is ∼2.7 Gyr (at z ∼ 2.5 via Wright 2006) giving many of our companion systems time to potentially merge by z = 0. Our companion systems identified at closer projected separations have much shorter ⟨Tmerge⟩ values and many will potentially merge by z ∼ 1.
5. Discussion
5.1. Structure development
Local clusters are the sites of incredible stellar mass buildup and some of their member galaxies are the most massive galaxies in the present day – in particular brightest cluster galaxies (BCGs) that dominate cluster systems. Due to their close proximity in the local Universe, we have been able to study such systems to understand their underlying physical mechanisms that result from the high density of galaxies and the presence of the ICM. We find large velocity dispersions (≳1000 km s−1) in the densest regions of local virialized clusters, and such velocity dispersions are large enough that they tend to dissuade member galaxies from merging (Lin et al. 2010). Rather, many galaxies dynamically interact (i.e., galaxy harassment; Moore et al. 1996, 1998) with one another before they continue on along their course through the dense regions of the cluster. We do see some merger activity toward the cluster outskirts (Moran et al. 2007), but those limited mergers and the happenstance interactions in the denser regions only partially help us to understand the current state of these systems, and do not fully explain the large buildup of mass in clusters nor their overall development.
It is well established in the literature that beyond the local Universe (z ≥ 0.1) many of the galaxies that come to lie within cluster systems experience preprocessing as they move along the DM filaments or move from group environments to cluster environments (Zabludoff et al. 1996; Fujita 2004; McGee et al. 2009; De Lucia et al. 2012; Bahé et al. 2019; Kraljic et al. 2019; Salerno et al. 2019; Sarron et al. 2019; Reeves et al. 2021; Baxter et al. 2022; Werner et al. 2022; Baxter et al. 2023) and that these regions oftentimes see more activity than the clusters themselves. Here, there is evidence of more galaxies with spiral morphologies, bluer colors, higher SF, as well as increased rates of mergers in comparison to the clusters that these galaxies are infalling toward (Lemaux et al. 2012; Strazzullo et al. 2013). Therefore, this preprocessing at intermediate densities is often thought to a be dominant component in the development of the galaxies that will come to reside in the denser regions of clusters.
In this work, we offer another significant contribution to the buildup of stellar mass in structure: the direct buildup of mass via enhanced rates of interactions and mergers within the very structures that will become massive clusters (i.e., protoclusters). This contribution appears reasonable as protoclusters are still diffuse in comparison to their cluster descendants with more moderate velocity dispersions (generally ∼ a few hundred kilometers per second and ∼700 km s−1 for Hyperion Cucciati et al. 2018), though are much denser than their coeval surroundings, and thus their member galaxies exist at higher galaxy densities while no longer being subject to the large velocity dispersions that dissuade merger activity in cluster systems. Therefore, there is much less restriction on what galaxies will merge within protoclusters once they reach close enough distances to begin to gravitationally influence one another. There is also emerging evidence within protoclusters for stellar mass buildup as a result of this increased merger and interaction activity, as studied protoclusters are exhibiting increased stellar masses and more developed SMFs (Shimakawa et al. 2018a,b; Forrest et al. 2024) – including the stellar mass maturation seen in Hyperion itself (Sikorski et al. 2025). The increased stellar masses of galaxies in the overdense regions of protoclusters is consistent with a scenario where these protocluster galaxies are undergoing or have already undergone increased stellar mass buildup relative to field galaxies (Forrest et al. 2024).
The observed trend of elevated SMFs in overdense regions relative to the field continues and strengthens at later epochs (z ∼ 1; Tomczak et al. 2017) with the shape of the SMF depending strongly on local environment and increases in the relative numbers in high-mass to low-mass galaxies in denser environments. This observed increase of high-mass galaxies in dense environment implies that the local environment is destroying lower-mass galaxies via merging or stellar stripping and/or high-mass galaxies are experiencing more accelerated growth. In order to explain these potential avenues, many studies have found that star formation alone cannot be responsible and that galaxy-galaxy mergers are essential in the development of these populations and to recreate the SMFs seen in z ∼ 1 clusters (Davidzon et al. 2016; Steinhardt et al. 2017; Tomczak et al. 2017). In particular, Tomczak et al. (2017) found that to reproduce the SMFs of the highest-density regions considered in their study ≳80% of galaxies likely have undergone merger events and that a large majority of these mergers would have to occur in intermediate-density environments.
The enhanced merger and interaction activity at higher densities suggested by the fckc rates measured within this work along with other measurements of increased merger and interaction activity in denser environments at z > 2 (e.g., Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025) indicate a scenario where mergers and interactions are potentially a important component for the creation of observed z ∼ 1 cluster populations and eventually z ∼ 0 cluster populations. The timescales associated with potential mergers via the identified companion systems in this work (∼3 − 10 Gyr) roughly correlate with the timescales for a high-z structures such as Hyperion to mature into their low-z descendants (∼3 Gyr and ∼10 Gyr for z = 1 and z = 0 structure, respectively). Massive galaxies in structures, like a BCG, are predicted to have the growth of their accreted mass fractions be dominated by mergers (De Lucia & Blaizot 2007; Ascaso et al. 2014; Lidman et al. 2012; O’Leary et al. 2021; Shen et al. 2021) which again requires long timescales that are in agreement with the merging timescales found for the companion systems in Hyperion in this work. Additionally, increases in the rates of mergers and interactions are also seen in some z ≲ 2 dense environments (Lin et al. 2010; Kampczyk et al. 2013; Lotz et al. 2013; Coogan et al. 2018; Watson et al. 2019) which potentially exhibit moderate velocity dispersions that are in line with those observed for protocluster systems. Together, the high densities, lower velocity dispersions, elevated SMFs, and enhanced merger and interaction rates seen in protocluster systems, in combination with observations of lower-z cluster systems, all suggest an evolution where mergers and interactions are a crucial element within regions of high galaxy density at z ≳ 2.
5.2. Gas reservoirs in Hyperion
Though mergers and interactions may be a potential key mechanism for the transformation from protocluster populations to cluster populations, there are other modes which may be contributing to the observed mass buildup seen in high-z structures including the preferential enhancement of SFR in high-mass galaxies in overdense regions or an underlying bias for galaxies in overdense environments in comparison to those in the field (Ahad et al. 2024). However, the increased number of massive and/or quiescent galaxies found within high-z clusters and protoclusters (e.g., Scoville et al. 2007a; Muzzin et al. 2012; Nantais et al. 2016; van der Burg et al. 2018, 2020; McConachie et al. 2022) suggests that stellar mass buildup happened rapidly, with mergers or large reservoirs of molecular gas being the main candidates.
While this work is primarily concerned with the merger and interaction activity of Hyperion, recent work by Gururajan et al. (2025) has investigated the potential avenue of large molecular gas reservoirs within Hyperion for the buildup of stellar mass seen within this structure. Gururajan et al. (2025) finds decreases in molecular gas fractions with increasing density along with increases in SFR and star-formation efficiency at higher densities within Hyperion. The enhanced star formation seen at higher densities in that work is in line with the observed reversal in the SFR-density at relevant epochs (Lemaux et al. 2022), but the lack of a corresponding increases in molecular gas content at higher densities in Hyperion implies that the molecular gas alone cannot be the trigger for the increased star formation and thus the increased stellar masses within Hyperion (Sikorski et al. 2025). Instead, other mechanisms outside of additional inflowing gas could be contributing – such as the mergers and interactions signified by the fckc values measured within this work. The combination of the internal star formation from previously existing molecular gas and external merger and interaction events are likely together driving the evolution of Hyperion and its member galaxies.
6. Conclusions and future work
In this work, we seek to measure the rate of galaxy interactions and mergers within the Hyperion proto-supercluster (z ∼ 2.5) in comparison to mergers and interactions within the coeval field in order to assess the importance and effect of merger and interaction activity on the mass assembly within large-scale structure at higher redshifts (z ≳ 2). For this, we employed a combined spectroscopically and photometrically selected galaxy sample drawn from variety of sources including COSMOS2020 (Weaver et al. 2022), the C3VO Survey (Lemaux et al. 2022), and VUDS (Le Fèvre et al. 2015) among others. Our sample contains 220 356 galaxies spanning a wide redshift range (0 < z < 7) and the sky region of Hyperion within the COSMOS field (149.6° ≤α ≤ 150.52° and 1.74° ≤δ ≤ 2.73°).
From our sample, we calculated the fraction of galaxies with close kinematic companions (fckc) via the methodology developed in this work. In short, this methodology takes 100 MC realizations of our entire galaxy sample, and, for galaxies that fall in the relevant redshift range (2 < z < 3) in a given iteration, we quantify the environmental density of each galaxy based on VMC maps generated for the COSMOS field and identify potential companions for each galaxy based on projected spatial separation and LoS velocity difference criteria: dproj < 150 kpc and Δvrec < 1000 km s−1, respectively. From this combination of environmental information and identified galaxy companions, we are thus able to calculate a fckc for Hyperion and for the field.
To validate the companion methodology constructed in this study, we applied the exact same approach, without the environmental determination, to a simulated lightcone from the GAEA SAM (Hirschmann et al. 2016; De Lucia et al. 2024) at varying levels of spectroscopic completeness (SzF). We then compared the identified companion galaxies at each level of SzF to the true underlying companion galaxies based on the actual galaxy locations within the simulation. We find that a correction factor is needed to adjust our recovered fckc for all levels of SzF due varying levels of purity and completeness in identified companion galaxies, though this correction factor weakens with increased levels of spectroscopic completeness. We primarily attribute the need for this correction factor to the relatively large redshift uncertainties for photometric sources that wash out potential true galaxy companions within our MC process.
Based on our verified MC companion methodology, our main results are as follows:

	
We measure a ≳2.5× increase in the fraction of galaxies with close kinematic companions in Hyperion relative to the field, finding a corrected fckc = [image: equation]% for Hyperion and an fckc = [image: equation]% for the field (a difference of ≳3σ). This suggests galaxies in Hyperion experience increased rates of merger and interaction activity in comparison to field galaxies at similar epochs. The rate of merger and interaction activity for field galaxies (via our field fckc measurement) is well aligned with other measured and predicted fractions from the literature at comparable redshifts (Qu et al. 2017; Romano et al. 2021), and the heightened activity we find in the dense structure of Hyperion is similar to earlier works that have investigated the relation between environment and merger and interaction activity at similar epochs (Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025).



	
In measuring the tidal strengths exerted by companion galaxies identified in Hyperion and the field, we find a similar ∼2.5× increase in the median tidal strength exerted by Hyperion companion galaxies over our 100 MC iterations ([image: equation] for Hyperion companion systems and a [image: equation] for field companion systems). This increase in [image: equation] is marginal, but is likely due to the increased number of galaxies with multiple companions in Hyperion as well as the closer proximity of many of companions found within Hyperion. We also calculated the fraction of companion galaxies actively inducing perturbations (i.e., Q ≥ −2) and find an increase for Hyperion companion systems as well ([image: equation]% for Hyperion versus a [image: equation]% for the field).



	
After binning the companion systems in Hyperion and the field by projected separation, we estimate the potential merger timescales of our identified companions. As expected, the average merger timescale (⟨Tmerge⟩) decreases at smaller projected separations for companion systems in both Hyperion and the field. However, in each bin of projected separation, the ⟨Tmerge⟩ of Hyperion companion systems is shorter – primarily due to the increased masses of Hyperion galaxies in comparison to the field (Sikorski et al. 2025).



	
In addition to the differences in ⟨Tmerge⟩, we find that companion systems in Hyperion have, on average, lower LoS velocity differences and increased fractions at smaller projected separations. These effects are most pronounced in our intermediate projected separation bin (30 < rproj < 50 kpc) where Hyperion companion systems exist at the highest overdensities.



	
The ⟨Tmerge⟩ values measured for Hyperion are short enough (∼3 − 10 Gyr) to suggest that most of our identified Hyperion companion systems, if indeed merging, will merge by z ∼ 0, with companion systems at rproj < 50 kpc potentially merging by z ∼ 1. This timescale is short enough to contribute to the buildup of stellar mass already seen in z ∼ 1 galaxy clusters (Tomczak et al. 2017) and is in stark contrast the ⟨Tmerge⟩ values estimated for the field where only companion systems at the smallest projected separations (i.e., rproj < 30 kpc) are likely to have time to merge by z ∼ 1.




Overall, the confluence of increased merger and interaction activity in Hyperion (based on the measured enhancement of fckc), the increased tidal strength of these increased interactions in Hyperion, and the shorter timescales associated with future mergers for companion systems in Hyperion all suggest that interactions and mergers within Hyperion may be a dominant and influential element in the assembly and buildup of large-scale structure and their constituent galaxies at higher redshifts (i.e., the regime of the protocluster at z ≳ 2). The increase in merger and interaction activity in high-z structure measured within this work and others (Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025) is an important component we need to consider as we continue to seek to fully understand the development of protoclusters into clusters; particularly in providing important contributions to the stellar mass buildup observed in high-z cluster and protocluster systems. Therefore, we plan to build upon this work and apply our developed methodology to a large sample protoclusters – namely the 500+ protostructures identified by Hung et al. (2025) – in the near future. This effort will help to fully disentangle the relation between merger and interaction activity and environment across a wide range of redshifts, dynamical states, and system masses for large-scale structure as they are still forming and maturing. This will provide a definitive insight into whether the currently observed enhancement of mergers and and interactions seen within protostructures is ubiquitous or if the level of enhancement varies with redshift or based on the properties of the overall system. With this larger sample of protoclusters, we will also be able to flesh out the merger and interaction activity at various different density levels (rather than in at a structure versus field level) to determine if similar trends to lower-redshift structure are still prevalent (i.e., “preprocessing” at lower density levels).
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1 This version includes an enhanced treatment of the partition of cold gas in atomic and molecular hydrogen along with an update to the model used for disc sizes.




Appendix A:  Redshift PDF sampling
As a majority of sources in our final sample have only a photometric redshift available, we account for the relatively wide errors on their photo-zs by drawing from the corresponding COSMOS2020 LePhare redshift PDF for each iteration of our MC process (we also occasionally draw from the COSMOS2020 LePhare zPDF for sources with spectroscopic and/or grism redshifts, see Section 3.3.1). To demonstrate that our 100 MC iterations capture the uncertainty of wider zPDFs and secondary redshift peaks, we include here Figure A.1. In this figure, we plot the zPDF of 6 semi-randomly selected photometric (only) sources from our final sample (COSMOS2020 IDs: 1008373, 991850, 845430, 681762, 1231305, and 888775). These sources were selected to show varying levels of complexity in zPDF shape and all have a redshift peak(s) in our relevant redshift range of 2 < z < 3. Also included are histograms of the 100 redshifts sampled from the zPDF during our MC process described in Section 3.3.1 (with a number of bins = the number of redshifts selected from 2 < z < 3) to show how our process samples each PDF. We find that our 100 MCs sample secondary peaks and capture the overall shape of the zPDF.
	[image: thumbnail]	Fig. A.1. Redshift PDFs and sampled redshifts from MC process for 6 sources from 2 < z < 3 in our final sample (COSMOS2020 IDs: 1008373, 991850, 845430, 681762, 1231305, and 888775). The corresponding zPDFs from COSMOS2020 (Classic Catalog LePhare) are plotted in black while the selected redshifts from our MC process are shown in the green histograms (with the number of bins = the number of redshifts selected from 2 < z < 3 to better show each chosen redshift). Our 100 MC iterations accurately sample a variety of PDF shapes and capture secondary peaks. For C20 object #681762 (shown in the middle right panel), 6 chosen redshifts fall outside of 2 < z < 3 (which is expected as that PDF has portions outside 2 < z < 3).



Table 4. 
Companion statistics for our identified systems.

While increasing the number of MC iterations could improve our sampling the underlying zPDFs, this will not improve the recovery of true companion galaxies (i.e., it will not improve the overall recovered fraction nor improve the purity or completeness of identified companion galaxies). Satisfying the stringent line-of-sight criteria of Δv < 1000 km/s (or Δz ≲ 0.01) for companion galaxies is difficult, especially when both sources are photometric and need to simultaneously scatter to the ∼same redshift. When we examine the purity and completeness of identified companion galaxies within our 100 MC trials using the mock lightcone (see Section 3.4), we find that the average standard deviation in the purity is ∼0.9% and ∼0.3% for the completeness (these values are obtained by taking the average of the median σ of all 5 SzFs used for testing) and thus with 100 MC iterations we are well sampling the distributions of purity and completeness. With such little scatter in the recovered purity and completeness, increasing the number of MC iterations will not meaningfully change our results.
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	[image: thumbnail]	Fig. 1. Source breakdown as a function of redshift for objects in our final catalog based on the cuts detailed in Section 3.1. Sources from different methods are shown in different panels: wide field spectroscopic surveys (top left), targeted spectra (top right), and HST Hyperion (bottom left). Rather than including a histogram of photometric redshift counts, we include the photometric redshift fraction (i.e. the fraction of galaxies with only a photometric redshift measured) for reference on the bottom right. The location of Hyperion is included in each panel as a shaded gray region (2.4 < z < 2.7), and insets for this shaded region are included for the spectroscopic and grism redshift panels. Histograms with multiple survey sources are stacked.
In the text



	[image: thumbnail]	Fig. 2. Galaxies in our final sample from 2 < z < 3 plotted in stellar mass and IRAC ch1 magnitude space (lower left) along with individual normalized histograms of stellar mass (top) and IRAC ch1 magnitude (lower right). All values are drawn from COSMOS2020 aside from the redshifts where we employ the best spectroscopic or grism redshift when available. For reference, our imposed IRAC ch1 magnitude cut is plotted as the dotted black line (note: some galaxies in our final sample lie above this line as our IRAC cut is an or cut on both ch1 and ch2). As expected, our spectroscopic and grism redshift sources (spec-z and grism-z, respectively) are primarily at brighter magnitudes and higher stellar masses in comparison to the distribution of photometric redshift only sources. Our final sample has a rough stellar mass limit of log(M*/M⊙)∼9.3 from 2 < z < 3 based on our imposed IRAC cuts.
In the text



	[image: thumbnail]	Fig. 3. Spectroscopic completeness (or the fraction of sources with a spectroscopic and/or grism redshift, Fspec) as a function of IRAC ch1 magnitude for all sources from 2 < z < 3 in our final sample (purple) and a sub-sample of sources limited to the redshift range of Hyperion with tighter astrometric cuts (gold). Also included for reference are the underlying normalized IRAC ch1 magnitude distributions for each population along with the location of the imposed IRAC ch1 (or ch2) magnitude cut (vertical dashed black line). Spectroscopic completeness for both samples declines sharply as a function of magnitude. However, there is notably higher completeness for galaxies limited more closely to the bounds of Hyperion.
In the text



	[image: thumbnail]	Fig. 4. Example of the distribution of galaxies in redshift and overdensity (σδ) space for one MC iteration used in this work (MC #82). Included are only those galaxies in the relevant redshift range for our fraction calculations (i.e., 2 < z < 3). Galaxies associated with Hyperion for this iteration are marked in red and field galaxies for this iteration are marked in blue. Unused galaxies for this iteration are marked in gray (which includes galaxies in the redshift range of Hyperion that are not associated with overdensity and galaxies in the field sample redshift range that are associated with other large structure, see Section 3.3.2).
In the text



	[image: thumbnail]	Fig. 5. On-sky 2D view and 3D reconstruction of a potential galaxy companion for COSMOS2020 (C20) object #1006523 found during our MC process (MC iteration #87). The central galaxy (C20#1006523) is marked in gold with our 150 kpc search radius centered on that galaxy shown in green. The companion galaxy that meets both the projected separation and LoS velocity difference criteria is denoted in blue. Other nearby galaxies are shown in gray. While multiple galaxies fall within the projected separation criteria for this galaxy, the 3D LoS velocity difference cut helps isolate the single companion from other projected companions.
In the text



	[image: thumbnail]	Fig. 6. Applied photometric redshifts (photo-zs) versus true simulation redshifts (zobs) for all galaxies in the Mock1 region of the simulated lightcone between 2 < zobs < 3. Galaxies that meet |Δz|< 0.15(1 + zobs) are marked in green (Hildebrandt et al. 2012). The statistics for these galaxies are listed in the upper right hand corner (outlier fraction, scatter, and bias, respectively). Photo-zs are applied to all galaxies in our simulated lightcone based on the observed photo-z statistics in COSMOS2020 as a function of magnitude and redshift. The scatter in photo-zs creates difficulty in recovering companion systems (see Section 3.4.1).
In the text



	[image: thumbnail]	Fig. 7. Top: Median purity and median completeness of companion galaxies identified via the application of our MC methodology on the Mock1 lightcone at different levels of SzF. Bottom: Correction factor [image: equation] as a function of SzF. The best-fit second order polynomial used in the interpolation and determination of our final correction factors is shown in black with the parameters of the fit given in the lower left (along with the fit χ2). Though the median purity and median completeness of identified companion galaxies increases with SzF, a correction factor is needed to properly assess the true underlying fckc.
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	[image: thumbnail]	Fig. 8. SzF for sources with a photo-z with 2 < z < 3 in our final sample in 20 × 20 bins of even RA and Dec (each bin is approximately ∼2.8′×3.0′). Over-plotted are the 2.5σδ and 4σδ contours of the massive structure defined as Hyperion in this work. As expected from the underlying spec-z surveys used in this study, we see increased SzF in the regions covered by the Hyperion overdensity finding a median SzF of ∼1.78 for Hyperion and a median SzF of ∼0.67 for the field. These median SzFs are used to determine the final correction factors applied to our uncorrected fckc values.
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	[image: thumbnail]	Fig. 9. Evolution of fckc and fckc-like measurements as a function of redshift. The values measured in this work are plotted in red with black borders with the star denoting our structure measurement and the circle denoting our field measurement. Other studies that examine merger and interaction rates in relation to overdensity or structure at relevant epochs have their results plotted similarly (i.e., structure or overdensity fraction as a star and field fraction as a circle, Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025) Various values from the literature that measure relevant major merger and pair fractions are also plotted for reference (Bundy et al. 2009; Conselice et al. 2009; de Ravel et al. 2009; Xu et al. 2012; López-Sanjuan et al. 2013; Tasca et al. 2014; López-Sanjuan et al. 2015; Ventou et al. 2017; Duncan et al. 2019; Romano et al. 2021; Duan et al. 2025), along with simulation predictions from Qu et al. (2017) and empirical fits from Romano et al. (2021) and Duan et al. (2025). Overall, we find that fckc evolves sharply at low redshift before peaking at z ∼ 4 with the measured fckc for Hyperion, though at lower redshift (z ∼ 2.5), existing above the peak value. Though some scatter exists, the existing measured merger and interaction rates for structures and overdensities are higher than the corresponding field rates at similar redshifts.
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	[image: thumbnail]	Fig. 10. Normalized distributions of projected separation (dproj; left), LoS velocity (ΔvLoS; center), and stellar mass ratio (right) between companion systems found in Hyperion (red) and the coeval field (blue). The plotted distributions contain all companion systems found over each of the 100 MC iterations used to identify close kinematic companions, so companion systems identified in multiple iterations are plotted multiple times. As opposed to the uniform and monotonic distributions seen for companion systems in the field, companion systems in Hyperion exhibit more complex distributions of dproj, ΔvLoS, and stellar mass ratio.
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	[image: thumbnail]	Fig. 11. Dependence of the Q (tidal strength) on Ri, p (the projected physical distance between companion and primary galaxy) for range of companion mass ratios considered in this work. The Q value contours are estimated using the typical size of a star-forming galaxy at z ∼ 2.5 from Ribeiro et al. (2016). Also included for reference are the [image: equation] value for Hyperion companion systems and the [image: equation] value for field companion systems. The tidal forces induced by the companion galaxy do not dominate over the binding forces of the primary galaxy until Ri, p ≲ 10 kpc, but we do find increased tidal strengths in Hyperion companion systems due to increased percentages of multi-companion systems and systems at smaller projected separations.
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	[image: thumbnail]	Fig. 12. ⟨Tmerge⟩ as a function of stellar mass. Contours represent the six different companion selection criteria and corresponding fitting coefficients from Kitzbichler & White (2008). These contours are all plotted at the median redshift of all pairs over all MC iterations (z ∼ 2.48). We also include the calculated ⟨Tmerge⟩ values for Hyperion (red) and the field (blue) at each of projected separation criteria employed (i.e., rproj ≤ 30 kpc (squares), 30 < rproj ≤ 50 kpc (diamonds), and 50 < rproj ≤ 150 kpc (crosses)). The ⟨Tmerge⟩ values calculated for Hyperion are shorter in each bin due to the larger stellar masses of galaxies in Hyperion companion systems.
In the text



	[image: thumbnail]	Fig. A.1. Redshift PDFs and sampled redshifts from MC process for 6 sources from 2 < z < 3 in our final sample (COSMOS2020 IDs: 1008373, 991850, 845430, 681762, 1231305, and 888775). The corresponding zPDFs from COSMOS2020 (Classic Catalog LePhare) are plotted in black while the selected redshifts from our MC process are shown in the green histograms (with the number of bins = the number of redshifts selected from 2 < z < 3 to better show each chosen redshift). Our 100 MC iterations accurately sample a variety of PDF shapes and capture secondary peaks. For C20 object #681762 (shown in the middle right panel), 6 chosen redshifts fall outside of 2 < z < 3 (which is expected as that PDF has portions outside 2 < z < 3).
In the text





    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Source breakdown as a function of redshift for objects in our final catalog based on the cuts detailed in Section 3.1. Sources from different methods are shown in different panels: wide field spectroscopic surveys (top left), targeted spectra (top right), and HST Hyperion (bottom left). Rather than including a histogram of photometric redshift counts, we include the photometric redshift fraction (i.e. the fraction of galaxies with only a photometric redshift measured) for reference on the bottom right. The location of Hyperion is included in each panel as a shaded gray region (2.4 < z < 2.7), and insets for this shaded region are included for the spectroscopic and grism redshift panels. Histograms with multiple survey sources are stacked.

      

    

  
    
      Table 1. 

      Breakdown of survey sources for all objects in the final catalog.

      
        


	Survey
	ztype
	Ngals, total
	Ngals, 2 < z < 3
	Ref.





	VUDS
	spec-z
	2139
	975
	1



	zCOSMOS
	spec-z
	11 633
	1110
	2



	DEIMOS10k
	spec-z
	4373
	93
	3



	MAGAZ3NE
	spec-z
	40
	2
	4



	C3VO
	spec-z
	439
	161
	5



	HST-Hyperion
	grism-z
	4261
	571
	6



	COSMOS2020
	photo-z
	197 471
	30 592
	7



	




	Total
	
	220 356
	33 504
	





      

      
Notes. See Section 3.1 for details on our sample selection. For objects in multiple surveys (i.e., with multiple measured redshifts), we list here only the “best” available redshift (i.e., highest-quality spectroscopic or grism redshift if available, see Section 3.3.1). (1) Le Fèvre et al. (2015); (2) Lilly et al. (2007); (3) Hasinger et al. (2018); (4) Forrest et al. (2020); (5) Lemaux et al. (2022); (6) Forrest et al. (2025); (7) Weaver et al. (2022).



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Galaxies in our final sample from 2 < z < 3 plotted in stellar mass and IRAC ch1 magnitude space (lower left) along with individual normalized histograms of stellar mass (top) and IRAC ch1 magnitude (lower right). All values are drawn from COSMOS2020 aside from the redshifts where we employ the best spectroscopic or grism redshift when available. For reference, our imposed IRAC ch1 magnitude cut is plotted as the dotted black line (note: some galaxies in our final sample lie above this line as our IRAC cut is an or cut on both ch1 and ch2). As expected, our spectroscopic and grism redshift sources (spec-z and grism-z, respectively) are primarily at brighter magnitudes and higher stellar masses in comparison to the distribution of photometric redshift only sources. Our final sample has a rough stellar mass limit of log(M*/M⊙)∼9.3 from 2 < z < 3 based on our imposed IRAC cuts.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Spectroscopic completeness (or the fraction of sources with a spectroscopic and/or grism redshift, Fspec) as a function of IRAC ch1 magnitude for all sources from 2 < z < 3 in our final sample (purple) and a sub-sample of sources limited to the redshift range of Hyperion with tighter astrometric cuts (gold). Also included for reference are the underlying normalized IRAC ch1 magnitude distributions for each population along with the location of the imposed IRAC ch1 (or ch2) magnitude cut (vertical dashed black line). Spectroscopic completeness for both samples declines sharply as a function of magnitude. However, there is notably higher completeness for galaxies limited more closely to the bounds of Hyperion.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Example of the distribution of galaxies in redshift and overdensity (σδ) space for one MC iteration used in this work (MC #82). Included are only those galaxies in the relevant redshift range for our fraction calculations (i.e., 2 < z < 3). Galaxies associated with Hyperion for this iteration are marked in red and field galaxies for this iteration are marked in blue. Unused galaxies for this iteration are marked in gray (which includes galaxies in the redshift range of Hyperion that are not associated with overdensity and galaxies in the field sample redshift range that are associated with other large structure, see Section 3.3.2).

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        On-sky 2D view and 3D reconstruction of a potential galaxy companion for COSMOS2020 (C20) object #1006523 found during our MC process (MC iteration #87). The central galaxy (C20#1006523) is marked in gold with our 150 kpc search radius centered on that galaxy shown in green. The companion galaxy that meets both the projected separation and LoS velocity difference criteria is denoted in blue. Other nearby galaxies are shown in gray. While multiple galaxies fall within the projected separation criteria for this galaxy, the 3D LoS velocity difference cut helps isolate the single companion from other projected companions.

      

    

  
    
      Table 2. 

      Mock lightcone and validation statistics.

      
        


	SzF
	Fspec
	Purity
	Completeness
	Correction





	0.5
	3.5%
	24.2%
	5.4%
	4.47



	1.0
	7.0%
	25.1%
	5.6%
	4.44



	1.5
	10.5%
	26.7%
	6.2%
	4.31



	2.0
	14.0%
	28.6%
	6.8%
	4.19



	4.0
	28.0%
	38.4%
	10.8%
	3.55





      

      
Notes. SzF and corresponding spectroscopic fraction (i.e., fraction of galaxies with a quality spectroscopic redshift) are provided for each version of the Mock1 lightcone. Also given is the median purity and median completeness of identified companion galaxies at each SzF level using our MC companion methodology along with the derived correction factors (see Section 3.4.2). All fractions and values are for only objects brighter than MIRAC1 < 24.8 in the simulated lightcone to match our catalog selection.



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Applied photometric redshifts (photo-zs) versus true simulation redshifts (zobs) for all galaxies in the Mock1 region of the simulated lightcone between 2 < zobs < 3. Galaxies that meet |Δz|< 0.15(1 + zobs) are marked in green (Hildebrandt et al. 2012). The statistics for these galaxies are listed in the upper right hand corner (outlier fraction, scatter, and bias, respectively). Photo-zs are applied to all galaxies in our simulated lightcone based on the observed photo-z statistics in COSMOS2020 as a function of magnitude and redshift. The scatter in photo-zs creates difficulty in recovering companion systems (see Section 3.4.1).

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Top: Median purity and median completeness of companion galaxies identified via the application of our MC methodology on the Mock1 lightcone at different levels of SzF. Bottom: Correction factor [image: equation] as a function of SzF. The best-fit second order polynomial used in the interpolation and determination of our final correction factors is shown in black with the parameters of the fit given in the lower left (along with the fit χ2). Though the median purity and median completeness of identified companion galaxies increases with SzF, a correction factor is needed to properly assess the true underlying fckc.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        SzF for sources with a photo-z with 2 < z < 3 in our final sample in 20 × 20 bins of even RA and Dec (each bin is approximately ∼2.8′×3.0′). Over-plotted are the 2.5σδ and 4σδ contours of the massive structure defined as Hyperion in this work. As expected from the underlying spec-z surveys used in this study, we see increased SzF in the regions covered by the Hyperion overdensity finding a median SzF of ∼1.78 for Hyperion and a median SzF of ∼0.67 for the field. These median SzFs are used to determine the final correction factors applied to our uncorrected fckc values.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Evolution of fckc and fckc-like measurements as a function of redshift. The values measured in this work are plotted in red with black borders with the star denoting our structure measurement and the circle denoting our field measurement. Other studies that examine merger and interaction rates in relation to overdensity or structure at relevant epochs have their results plotted similarly (i.e., structure or overdensity fraction as a star and field fraction as a circle, Hine et al. 2016; Monson et al. 2021; Liu et al. 2023; Shibuya et al. 2025) Various values from the literature that measure relevant major merger and pair fractions are also plotted for reference (Bundy et al. 2009; Conselice et al. 2009; de Ravel et al. 2009; Xu et al. 2012; López-Sanjuan et al. 2013; Tasca et al. 2014; López-Sanjuan et al. 2015; Ventou et al. 2017; Duncan et al. 2019; Romano et al. 2021; Duan et al. 2025), along with simulation predictions from Qu et al. (2017) and empirical fits from Romano et al. (2021) and Duan et al. (2025). Overall, we find that fckc evolves sharply at low redshift before peaking at z ∼ 4 with the measured fckc for Hyperion, though at lower redshift (z ∼ 2.5), existing above the peak value. Though some scatter exists, the existing measured merger and interaction rates for structures and overdensities are higher than the corresponding field rates at similar redshifts.

      

    

  
    
      Table 3. 

      Relevant merger rates and pair fractions in the literature.

      
        


	Structure
	Type
	ftype (%)
	M*/Mag Range
	Major?
	Redshift Range
	Reference





	SSA22
	Merger
	48 ± 10
	19.0 ≤RAB≤ 25.5 mag
	No
	z ≃ 3.1
	1



	Field
	Merger
	31 ± 5
	19.0 ≤RAB≤ 25.5 mag
	No
	2.5 ≤ z ≤ 3.5
	1



	SSA22
	Merger
	38[image: equation]
	RAB≤ 25.5 mag
	No
	z ≃ 3.1
	2



	Field
	Merger
	41[image: equation]
	RAB≤ 25.5 mag
	No
	2.9 ≤ z ≤ 3.3
	2



	BOSS1244
	Pair
	22 ± 5
	log(M*/M⊙) > 10.3
	Yes
	z≃ 2.24
	3



	BOSS1542
	Pair
	33 ± 6
	log(M*/M⊙) > 10.3
	Yes
	z≃ 2.24
	3



	Field
	Pair
	12 ± 2
	log(M*/M⊙) > 10.3
	Yes
	2.1 < z< 2.4
	3



	[image: equation]
	Merger
	20 ± 0.4
	mUV < 23.5
	Yes
	z ∼ 2
	4



	[image: equation]
	Merger
	20.6 ± 0.9
	mUV < 23.5
	Yes
	z ∼ 2
	4



	[image: equation]
	Merger
	20 ± 1.5
	mUV < 23.5
	Yes
	z ∼ 3
	4



	[image: equation]
	Merger
	24.6[image: equation]
	mUV < 23.5
	Yes
	z ∼ 3
	4



	[image: equation]
	Merger
	20 ± 0.5
	mUV < 23.5
	Yes
	z ∼ 4 − 5
	4



	[image: equation]
	Merger
	27.7[image: equation]
	mUV < 23.5
	Yes
	z ∼ 4 − 5
	4



	[image: equation]
	Merger
	35.9[image: equation]
	mUV < 23.5
	Yes
	z ∼ 4 − 5
	4



	Hyperion
	CKC
	[image: equation]
	9.3 ≲log(M*/M⊙)
	Yes
	2.4 < z< 2.7
	This Work



	Field
	CKC
	[image: equation]
	9.3 ≲log(M*/M⊙)
	Yes
	2 < z < 2.4 & 2.7 < z < 3
	This Work





      

      
Notes. All rates given are derived in similar fashions to our fckc metric and are for studies that measure rates for high-z structures at relevant redshift ranges to that of Hyperion (z ≳ 2). Though the assessment techniques and selection methods vary greatly for the limited studies currently available, merger and interaction activity is consistently found to be higher within more overdense regions and/or structures. For the fractions drawn from Shibuya et al. (2025), values are reported for different average levels of galaxy overdensity (δ) rather than at a field versus structure level. Based on our definition of structure (see Section 3.2.2), a δ ≳ 0.62 is the rough threshold we associate with potential structure. (1) Hine et al. (2016); (2) Monson et al. (2021); (3) Liu et al. (2023); (4) Shibuya et al. (2025).



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Normalized distributions of projected separation (dproj; left), LoS velocity (ΔvLoS; center), and stellar mass ratio (right) between companion systems found in Hyperion (red) and the coeval field (blue). The plotted distributions contain all companion systems found over each of the 100 MC iterations used to identify close kinematic companions, so companion systems identified in multiple iterations are plotted multiple times. As opposed to the uniform and monotonic distributions seen for companion systems in the field, companion systems in Hyperion exhibit more complex distributions of dproj, ΔvLoS, and stellar mass ratio.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Dependence of the Q (tidal strength) on Ri, p (the projected physical distance between companion and primary galaxy) for range of companion mass ratios considered in this work. The Q value contours are estimated using the typical size of a star-forming galaxy at z ∼ 2.5 from Ribeiro et al. (2016). Also included for reference are the [image: equation] value for Hyperion companion systems and the [image: equation] value for field companion systems. The tidal forces induced by the companion galaxy do not dominate over the binding forces of the primary galaxy until Ri, p ≲ 10 kpc, but we do find increased tidal strengths in Hyperion companion systems due to increased percentages of multi-companion systems and systems at smaller projected separations.

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        ⟨Tmerge⟩ as a function of stellar mass. Contours represent the six different companion selection criteria and corresponding fitting coefficients from Kitzbichler & White (2008). These contours are all plotted at the median redshift of all pairs over all MC iterations (z ∼ 2.48). We also include the calculated ⟨Tmerge⟩ values for Hyperion (red) and the field (blue) at each of projected separation criteria employed (i.e., rproj ≤ 30 kpc (squares), 30 < rproj ≤ 50 kpc (diamonds), and 50 < rproj ≤ 150 kpc (crosses)). The ⟨Tmerge⟩ values calculated for Hyperion are shorter in each bin due to the larger stellar masses of galaxies in Hyperion companion systems.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Redshift PDFs and sampled redshifts from MC process for 6 sources from 2 < z < 3 in our final sample (COSMOS2020 IDs: 1008373, 991850, 845430, 681762, 1231305, and 888775). The corresponding zPDFs from COSMOS2020 (Classic Catalog LePhare) are plotted in black while the selected redshifts from our MC process are shown in the green histograms (with the number of bins = the number of redshifts selected from 2 < z < 3 to better show each chosen redshift). Our 100 MC iterations accurately sample a variety of PDF shapes and capture secondary peaks. For C20 object #681762 (shown in the middle right panel), 6 chosen redshifts fall outside of 2 < z < 3 (which is expected as that PDF has portions outside 2 < z < 3).

      

    

  
    
      Table 4. 

      Companion statistics for our identified systems.

      
        


	Sample
	Value [Units]
	rproj ≤ 30 [kpc]
	30 < rproj ≤ 50 [kpc]
	50 < rproj ≤ 150 [kpc]





	
	[image: equation] [km/s]
	421
	258
	288



	
	[image: equation] [log(M*/M⊙)]
	9.83 ± 0.48
	10.14 ± 0.14
	9.84 ± 0.13



	
	[image: equation]
	2.52 ± 0.05
	2.47 ± 0.01
	2.47 ± 0.01



	Hyperion
	[image: equation]
	3.59 ± 1.04
	4.93 ± 0.59
	4.45 ± 0.74



	
	[image: equation]
	2 ± 1.3
	5 ± 1.1
	17 ± 3.7



	
	[image: equation]
	7.7 ± 5.2%
	20.3 ± 5.1%
	72.0 ± 6.5%



	
	⟨Tmerge⟩ [Gyr]
	[image: equation]
	[image: equation]
	[image: equation]



	




	
	[image: equation] [km/s]
	470
	490
	494



	
	[image: equation] [log(M*/M⊙)]
	9.60 ± 0.06
	9.61 ± 0.05
	9.54 ± 0.02



	
	[image: equation]
	2.31 ± 0.11
	2.26 ± 0.04
	2.27 ± 0.02



	Field
	[image: equation]
	0.56 ± 0.20
	0.55 ± 0.17
	0.59 ± 0.05



	
	[image: equation]
	44 ± 6.7
	58 ± 7.2
	489 ± 23



	
	[image: equation]
	7.5 ± 1.0%
	9.7 ± 1.2%
	82.4 ± 1.4%



	
	⟨Tmerge⟩ [Gyr]
	[image: equation]
	[image: equation]
	[image: equation]





      

      
Notes. Provided are the median LoS velocity differences ([image: equation]), median stellar masses ([image: equation]), and median redshifts ([image: equation]) for each bin of projected separation for companion systems in Hyperion and the field. Also included are the ⟨Tmerge⟩ values and median σδ density ([image: equation]) for each bin, as well as the median overall counts ([image: equation]) and the median fraction of companion systems ([image: equation]) at that projected separation.
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