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Abstract

The Perseus cluster (Abell 426) is a nearby massive galaxy cluster that spans several degrees. We combined SRG/eROSITA, XMM-Newton, and Chandra data to get a complete coverage of this cluster in X-rays up to R200c and beyond, although at the largest radii, spatial nonuniformities of the X-ray sky background and foreground dominate. While the Perseus central part represents a canonical cool-core structure with clear signs of active galactic nucleus (AGN) feedback, the outskirts, in turn, serve as a convincing example of a merger-perturbed system. X-ray data suggest that IC310 is the main galaxy of a subcluster that merged with Perseus over the past ∼4 Gyr. Overall, this configuration resembles the merger between the Coma cluster and the NGC 4839 group. It is statistically more likely to find a merging group near the apocenter of its orbit. Therefore, it is not surprising that IC310 in Perseus has a small velocity relative to the main cluster, similarly to NGC 4839 in Coma. Perseus also hosts a high-velocity radio galaxy, NGC 1265, whose line-of-sight (LOS) velocity is almost twice the virial velocity of the main cluster. It is known for its spectacular radio tail. Unless NGC 1265 has been accelerated by a time-variable potential associated with the merger, it has to move almost along the line of sight through the entire cluster, which would be a rare, but not a truly exceptional, configuration. Both galaxies, IC310 and NGC 1265, have remarkable radio tails with sharp bends that are reminiscent of a “snake biting its tail”. We speculate that these curious shapes are natural consequences of their different orbits in Perseus. For IC310, the proximity to the apocenter and the reversal of its radial velocity might play a role. For NGC 1265, the nearly LOS motion coupled with the gas motions in the merging system might be important.
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1. Introduction
The Perseus cluster (Abell 426) is the X-ray brightest and one of the best-studied clusters. Its core properties were used to develop the concept of active galactic nucleus “(AGN) feedback” (e.g., Boehringer et al. 1993; Churazov et al. 2000; Fabian et al. 2003; Zhuravleva et al. 2015). In the core and at larger scales, X-ray images show signs of perturbations, including a sequence of sloshing patterns located at different distances from the center (e.g., Branduardi-Raymont et al. 1981; Schwarz et al. 1992; Ettori et al. 1998; Churazov et al. 2003; Fabian et al. 2011; Simionescu et al. 2012; Tamura et al. 2014; Zhang et al. 2020; Sanders et al. 2020; Walker et al. 2022; Zhu et al. 2021), (see also, Markevitch & Vikhlinin 2007; Zuhone & Roediger 2016, for reviews on merger-induced perturbations).
The complications associated with the X-ray analysis of the Perseus cluster are caused by the proximity to the Galactic plane (hence, significant photoelectric absorption) and the large angular size, which complicates mapping the entire cluster with telescopes having a relatively small field of view. The latter problem can be overcome with all-sky surveys. In this study, we report SRG/eROSITA observations (Sunyaev et al. 2021; Predehl et al. 2021) of the Perseus cluster up to its virial radius. We combine eROSITA data with the publicly available Chandra and XMM-Newton data to achieve high angular resolution in the core of the cluster and uniform coverage in the outskirts.
In this study, we adopt the following basic properties of the Perseus cluster: zcl = 0.01767 (Hitomi Collaboration 2016). For h = 0.7, this redshift translates to an angular diameter distance of 74.1 Mpc; 1′ = 21.5 kpc. We adopt1R200c = 1.79 Mpc and M200c = 6.65 × 1014 M⊙ (Simionescu et al. 2011) and the corresponding circular velocity V200c = (GM/r)1/2 = 1263 km s−1. We also assume that R200c can be used in place of the virial radius (a parameter that enters the mass model).
2. X-ray data
For X-ray analysis, we used the data accumulated by the eROSITA (Predehl et al. 2021) telescope on the SRG X-ray observatory (Sunyaev et al. 2021) in the course of its all-sky survey. The initial reduction and processing of the data were performed using standard routines of eSASS software (Brunner et al. 2018; Predehl et al. 2021), while imaging analysis was carried out with the detector background models, vignetting, point spread function (PSF), and spectral response function calibrations built upon the standard ones via slight modifications motivated by the results of the calibration and performance verification observations (e.g., Churazov et al. 2021a; Khabibullin et al. 2023). These modifications are intended to reproduce best the effective (i.e., averaged over multiple source transits of the telescope’s field of view during scanning mode observations) characteristics, including the averaged energy-dependent effective area and extended wings of the PSF (see Appendix A for details). Given the very bright central core of the Perseus cluster, the effect of the stray light scattering, included in the extended PSF model, might be particularly relevant for the radial profile measurement beyond R200 of the cluster. At these radii, the emission of the cluster becomes comparable or smaller than the sum of the astrophysical and instrumental background. The eROSITA’s detector background is well measured and was very stable during most of the sky survey after exclusion of periods of enhanced solar activity (see, e.g., Predehl et al. 2021; Sunyaev et al. 2021; Freyberg et al. 2021). For XMM-Newton and Chandra, we used a subset of observations accumulated over the lifetime of these missions. The lists of observations are given in Appendix A.
2.1. Large-scale image
A 10 × 10 degrees patch of the sky centered on the Perseus cluster is shown in Fig. 1. The eROSITA 0.4–2.3 keV image illustrates the location of the Perseus cluster with respect to the large-scale structure traced by massive halos. In particular, two bright clusters AWM7/2A0251+413 (z ∼ 0.0172) and CIZAJ0300.7+4427 (z ∼ 0.030) are clearly visible. AWM7 together with Perseus belongs to the Perseus-Pisces supercluster (e.g., Böhringer et al. 2021) and is well aligned with a major filament going through Perseus in the east-west direction. CIZAJ0300.7+4427 has a higher recession velocity and the direct connection to Perseus is less certain. The same clusters are also visible on the PLANCK y-parameter map (Fig. 1, middle panel), where y is proportional to the LOS integrated electron pressure and can be derived from distortions of the cosmic microwave background (see Zeldovich & Sunyaev 1969, where the formulae describing these distortions were found).
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. 10 × 10 degrees patch of the sky centered at the Perseus cluster in equatorial coordinates. The estimated turnaround radius of the Perseus cluster is ∼7°, i.e., the entire image falls within the turnaround radius. Left: eROSITA 0.4–2.3 keV X-ray image; middle: y-map from PLANCK based on PR4 maps (see Chandran et al. 2023); right: dust extinction map (based on Green et al. 2019). Two X-ray and SZ-bright objects on the right are the galaxy clusters AWM7/2A0251+413 (z ∼ 0.0172) and CIZAJ0300.7+4427 (z ∼ 0.030). These two clusters possibly trace the topology of LSS filaments, in particular, AWM7, which belongs to the Perseus-Pisces supercluster (e.g., Böhringer et al. 2021). CIZAJ0300.7+4427 belongs to another (more distant) filament, which is also seen in the distribution of galaxies (see Sect. 2.2). The correspondence between X-ray and Y maps is very good, with the visible SZ signal being less peaked at the center but, as expected, extending to large radii. The “dip” in the very core of the y-map is due to contamination by the radio galaxy NGC1275 (Perseus A) and its immediate vicinity. The right figure shows the complexity of the foreground distribution of the Milky Way gas (as traced by dust) in the direction of Perseus. The map is plotted in units of AV extinction.



The location of the Perseus cluster close to the Galactic plane introduces some biases in the X-ray and y-maps. The AV extinction derived from the Bayestar data (Green et al. 2019) varies from 0.1 to 3.6 across the image. As a result, significant variations of photoelectric absorption modulate the X-ray image, and the dust-correlated structures are also visible in the y-map (see, e.g., the bottom-left corner of the images). Assuming that AV can be converted to equivalent hydrogen column density as NH ≈ 2.2 × 1021AV (e.g., Predehl & Schmitt 1995; Güver & Özel 2009) and considering the contribution of atomic gas (traced by HI, NH ∼ 1.3 × 1021 cm2), we can expect a modulation of the Perseus X-ray flux in the 0.4–2.3 keV up to ∼30% within a circle of 1.4 degrees. This estimate is done for the APEC spectrum with a temperature of 5 keV. The total attenuation factor of the cluster flux (relative to NH = 0) is about 0.55. We further assess the impact of this modulation in Appendix D.
2.2. 2MASS
It is useful to compare the X-ray images with the distribution of galaxies with redshifts comparable to that of the cluster. To this end, we used the 2MASS Redshift Survey (Huchra et al. 2012) and selected galaxies with LOS recession velocity in the range of vcl−3000 to vcl+3000 km s−1. The distribution of these galaxies is shown in Fig. 2. The left (20 × 20 degrees) image clearly shows the famous large-scale filaments in the vicinity of Perseus, which are part of the Perseus-Pisces supercluster. The two most prominent filaments, relevant for this study, are marked with black lines. One of them is nearly horizontal in equatorial coordinates and is dominated by galaxies with redshifts similar to the main cluster. Another one is diagonal in this plot, and its upper end is dominated by galaxies with larger recession velocities (blue colors). The right image (2 × 2 degrees) is the zoomed version of the same plot. The chain of galaxies between NGC 1275 and IC310 appears to align with the former filament, while NGC 1265 might be part of the latter.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Positions and recession velocities of 2MASS galaxies in the vicinity of NGC 1275 with velocities in the range ±3000 km s−1 relative to NGC 1275. The size of the symbols reflects the K magnitudes of a galaxy (brighter – larger), and the color characterizes the LOS velocity relative to NGC 1275 in km s−1 (see the color bar on the right side of the plot). Left: 20 × 20 degrees images showing large-scale filaments. Two of them are marked with black lines. Right: 2 × 2 degrees version of the same plot. NGC 1275, NGC 1265, and IC310 are marked with squares. A clear elongation of galaxies with small LOS velocities in the east-west direction suggests that IC310 is part of a “filament” that spans at least a few degrees. In turn, NGC 1265 might be related to another “diagonal” (bottom-left to top-right) filament that has several galaxies with larger recession velocities (blue and purple circles in the plot).



2.3. X-ray composite image
Focusing on the X-ray emission inside the Perseus virial radius, we wish to complement the eROSITA coverage of the entire field with the higher angular resolution of Chandra and XMM-Newton in the Perseus central region. We first generated separate detector-background-subtracted, exposure- and vignetting-corrected X-ray images for eROSITA (0.4–2.3 keV; 4″pixels), XMM-Newton (0.5–3.5 keV; 2″pixels), and Chandra (0.5–3.5 keV, 1″pixels). These images were combined in two steps. In the first step, the mean surface brightness in a circle centered at NGC 1275 was calculated, and the normalization of the images was adjusted to compensate for slight differences in the energy bands and effective areas. The resulting images were rebinned to 2″resolution and co-added using a position-dependent weighting factor. This factor favors the Chandra images in the core and the eROSITA image at the highest distances from NGC1275. The resulting 3 × 3 degrees IX image with 2″resolution is shown in Fig. 3. The inset shows the central 1% of the same image, where Chandra’s resolution captures familiar structures of the X-ray emission in the Perseus core.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Composite X-ray image of the Perseus cluster (3 × 3 degrees, 2″ pixels) obtained by co-adding eROSITA all-sky data and pointed observations of Chandra and XMM-Newton. The images of individual telescopes were renormalized to have the same X-ray flux within the central 3′ circle as in the eROSITA 0.4–2.3 keV band. Radial weights have been applied to ensure that the sharpest Chandra images dominate within a central 3′. The inset is a zoomed version of the same image showing the central 1% of the image (in terms of the solid angle, i.e., 0.3 × 0.3 degrees) and the canonical cool-core design with an AGN (NGC 1275) and X-ray cavities inflated by the AGN.



2.4. Departures from a symmetric model
The known elongation of the Perseus X-ray emission along the east-west direction is already visible in Fig. 3. To further emphasize the departures from spherical symmetry, we fitted the simplest beta model Imodel = I0/[1+(r/rc)2]3β − 1/2 + Bs to the radial X-ray surface brightness profile. Here, Bs is the spatially constant sky X-ray background. The brightest compact sources in the field were excised before fitting the model. The profile and the best-fitting beta model are shown in Appendix C. The dynamic range covered by the profile from the inner ∼2″ to ∼100 − 200′ approaches a factor of 105. Overall, the beta model gives, for our purposes, a reasonable approximation of the Perseus X-ray surface brightness. We note in passing that at radii in the range 1–3 degrees, a stray light can give a non-negligible or even dominant contribution to the surface brightness profile. However, to reveal asymmetric features in the outskirts of the Perseus cluster, this is not required, as long as the flux from the cluster core dominates the stray light, and, therefore, the model remains symmetric, even though the amplitude of deviations can be affected.
Fig. 4 shows the X-ray image divided by the model, specifically, (IX/Imodel−1). Once again, the core shows the familiar pattern of X-ray cavities and several spiral-like structures, whereas on larger scales, the dominant features are two large regions of excess emission on both sides of the core, which are roughly aligned with the east-west direction. Many of these structures (or parts of them) have already been seen in previous X-ray observations (e.g., Branduardi-Raymont et al. 1981; Schwarz et al. 1992; Ettori et al. 1998; Churazov et al. 2003; Fabian et al. 2011; Simionescu et al. 2012; Tamura et al. 2014; Walker et al. 2022; Zhu et al. 2021), but the complete and uniform coverage of eROSITA reveals this pattern in its entirety.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Same image as in Fig. 3 after division by the best-fitting radial profile shown in Fig. C.1, specifically, (IX/Imodel−1), where the model is the sum of the best-fitting β-model and a constant sky background. In addition to the rich substructure in the core, this image shows clear signatures of an ongoing merger, including elongation in the east-west direction and sloshing. Two boxes show the positions of two prominent radio galaxies, IC310 (black) and NGC 1265 (cyan), respectively. (See also Fig. 6 for a smoothed version of the image that emphasizes large-scale structures.)



3. Discussion
3.1. Merger geometry and timing
The dynamic state of the Perseus cluster (outside the very core) is the subject of many studies over several decades (see, e.g., Branduardi-Raymont et al. 1981; Kent & Sargent 1983; Andreon 1994; Churazov et al. 2003; Fabian et al. 2011; Simionescu et al. 2012; Bellomi et al. 2024; Sanders et al. 2020; Kang et al. 2024; HyeongHan et al. 2025, among others) with an overall conclusion that the cluster is neither fully relaxed nor in a state of a major merger. The residual X-ray images (Figs. 4 and 6) show that the excess X-ray emission is well centered at IC310. IC310 is an S0 galaxy that hosts an AGN (BL Lac) that is visible from the radio to the TeV bands (e.g., Graham et al. 2019). Due to the X-ray bright AGN, the constraints on diffuse X-ray emission in the vicinity of IC310 are marginal, although the presence of excess emission (or substructure) on somewhat larger scales has been found (see Schwarz et al. 1992; Sato et al. 2005; Dunn et al. 2010; Simionescu et al. 2012). eROSITA data support the interpretation that IC310 is the center of a subcluster merging with the Perseus cluster. Further support for this statement comes from a chain of bright galaxies that apparently “connect” NGC 1275 and IC310 (see Fig. 5). Yet another piece of evidence comes from radio data, which we discuss in Sect. 3.3.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Asymmetric structures in a portion of the X-ray image (smoothed version of Fig. 4) in red and the DSS2-R image in light blue. The DSS image has been lightly processed to emphasize diffuse sources (galaxies) relative to numerous compact sources (e.g., stars). The chain of galaxies that begins with NGC 1275 extends up to IC310, which appears to be at the peak of extended X-ray emission to the west of the cluster center. Further to the west (outside of the image), there is a cluster AWM7/2A0251+413 at a redshift similar to the Perseus cluster.



IC310 is located ∼800 kpc (in projection) to the west of NGC1275. This galaxy has a relatively low LOS velocity compared to the cluster ∼600 km s−1, which is about half the circular speed in the main cluster. In the merger scenario, the perturbing subcluster spends, on average, more time near the apocenter than near the pericenter. If this is the case, the low velocity is expected, and no strong constraints on the true 3D position of IC310 can be placed2. At the same time, the lack of obvious gradients in redshifts of galaxies along the main filament (Fig. 2) suggests that the merger direction is not far from the sky plane, in which case the 3D velocity might be higher. Although IC310 itself does not directly constrain the “age” of the merger, one can hope to use a substructure in the intracluster medium (ICM) distribution that retains some memory of past perturbations. Those include merger shocks and sloshing of the core gas.
The association of prominent asymmetric perturbations (beyond the region strongly dominated by AGN feedback) in the Perseus cluster (see, e.g., Schwarz et al. 1992; Simionescu et al. 2012) with gas sloshing and the Brunt-Vaisala frequency became clear (see Fig. 12 in Churazov et al. 2003) once the first reliable ICM temperature maps with sufficient angular resolution became available. These maps helped to differentiate between shocks, AGN-inflated bubbles, and contact discontinuities. Using numerical simulations, Roediger et al. (2024) calibrated the effective “propagation velocity” of the contact discontinuity pattern for a Perseus-like cluster. This relation predicts that RCD ∼ 0.15cst, where cs is the ICM sound speed and t is the time since the initial perturbation (see Roediger et al. 2024, for discussion of limitations of this expression). Assuming that this relation applies to the prominent excess to the east of the center (see Fig. 4), we can estimate the age of this structure. Adopting cs = 1200 km s−1 and the distance from the Perseus core (= NGC 1275) of 700 kpc, one gets t ∼ 3.8 Gyr3.
A weak shock propagating with velocity ∼cs during this time would be at a distance of ∼5 Mpc, well beyond the region studied here. The characteristic time for the subcluster motion (= IC310 in our model) is probably a multiple of the viral time t = R200c/V200c ∼ 1.4 Gyr. Therefore, it is plausible that the merger shock associated with the pericenter passage that initiated the most prominent contact discontinuity to the east of NGC1275 is long gone, while the IC310 group could be currently at its second (or third) apocenter (see, also, simulations of Bellomi et al. 2024). Further support for the “near apocenter” scenario is discussed in Sect. 3.3.
The merger scenario with the excess mass westward of NGC 1275 is also supported by recent weak lensing data (HyeongHan et al. 2025), albeit the suggested centroid (near the galaxy NGC 1264) is a factor of ∼2 closer to the cluster center than IC310. The most recent Euclid data (Kluge et al. 2025; Marleau et al. 2025) also show the excess of intracluster light and dwarf galaxy to the west of the core.
3.2. Substructure near the virial radius
At larger scales, comparable to the virial radius, some structures have been reported on the basis of the X-ray data of XMM-Newton and Suzaku. In particular, (Walker et al. 2022) suggested two X-ray surface brightness edges at 1.2 and 1.7 Mpc to the west of the core, which were interpreted as cold fronts. Zhang et al. (2020) argued that these cold fronts (i.e., contact discontinuities) at very large distances from the center might not be the sloshing structures, but rather the result of the collision between the accretion shock and a “runaway” merger shock (see also Birnboim et al. 2010). Analysis of the additional Suzaku data also revealed a discontinuity near R200c (to the north-west from the core), but from the projected temperature profile it was concluded that this structure is an M ∼ 1.9 shock (Zhu et al. 2021). The eROSITA broad-band data confirm the presence of the substructure in this direction, although the analysis of the spectral characteristics will be reported elsewhere.
The smoothed eROSITA+Chandra+XMM-Newton residual map4 is shown in Fig. 6. This image shows the excess emission westward to the core that extends to the virial radius. Some possible structures near RV are also seen in the NW direction. We defer the interpretation of these features to future studies. Here, we only argue that in the minimalists’ scenario, these features are plausibly associated with the same merger event. We also note that there is marginal evidence for other large-scale features in the residual X-ray image (Fig. 4), for example, an arc-like feature running almost vertically through NGC 1265. However, more data are needed to assess its reality.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Similar to Fig. 4, except the eROSITA image has been smoothed with a Gaussian (σ = 200″) after masking the most prominent compact sources. The image size is 200′×200′, i.e., ∼4.3 Mpc across. The excess emission has a linear size of 1–2 Mpc and extends at least to the Perseus virial radius. Two boxes show the positions of galaxies, IC310 and NGC 1264. The latter was associated with a mass concentration based on the weak lensing analysis (see HyeongHan et al. 2025).



3.3. Two prominent radio galaxies
Apart from the central Perseus galaxy, famous NGC 1275, the Perseus cluster hosts many prominent radio galaxies (see, e.g., Gendron-Marsolais et al. 2020; van Weeren et al. 2024, for recent VLA nd LOFAR maps). Here, we focus on two of them – NGC1265 and IC310. The LOFAR radio image (a combination of 7″ and 80″ resolution maps from van Weeren et al. 2024) superposed on the X-ray excess emission image is shown in Fig. 7.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. 2 × 2 degrees image showing a combination of the X-ray residuals (red, see Fig. 4) and radio emission by LOFAR from van Weeren et al. (2024). The radio image (blue-cyan colors) is itself composed from the 7″ (blue) and 80″ (green) resolution data. NGC 1275 mini-halo (and NGC 1272) dominates the center. The two most prominent off-center (tailed) galaxies are IC310 and NGC 1265 (see Gendron-Marsolais et al. 2020; van Weeren et al. 2024, for recent high-quality radio images of the Perseus cluster).



3.3.1. IC310
As mentioned above, IC310 appears to be in the center of the subcluster that merges with the main cluster. In terms of IC310 offset position (≈37′ = 0.44 R200c from the core) and low LOS velocity (Δv ≃ 600 km s−1 = 0.48V200c relative to NGC1275)5, this galaxy is reminiscent of the NGC4839 group in the Coma cluster. The low velocity might be related to the proximity of the group to the apocenter, hence low 3D and LOS velocities. While IC310 is originally classified as a narrow-tail galaxy, which would be more consistent with a high relative velocity of the galaxy relative to ICM (Begelman et al. 1979), it might be a special case of a radio galaxy seen nearly edge-on (Sijbring & de Bruyn 1998; Gendron-Marsolais et al. 2020)). This interpretation is supported by the blazar-like properties of the nucleus (e.g., Kadler et al. 2012; Aleksić et al. 2014, with a pc-scale jet making a relatively small angle to the line of sight6. The most recent LOFAR data revealed a much more extended radio tail of IC310 (van Weeren et al. 2024). The tail makes a sharp 135° turn towards the Perseus center (see Fig. 7). This morphology could be explained by a merger scenario, where IC310 has already gone through the pericenter and the apocenter and is now moving back towards the core. In this case, the “reversal” in the far tail direction is explained by the so-called slingshot effect (Lyskova et al. 2019; Sheardown et al. 2019; Zhang et al. 2019), when the ICM, shifted backward by the ram pressure, swings to the opposite side when the motion of the halo slows down and then reverses near the apocenter. This configuration leads to a loop-like geometry of the tail that we dubbed “radio-Uroboros”. Overall, the optical, radio, and X-ray data support the IC310-related merger scenario, occurring along the direction of the major east-west filament crossing the Perseus cluster.
3.3.2. NGC 1265
Unlike IC310, NGC 1265 has a very high velocity relative to NGC 1275 (Δv ≃ 2450 km s−1 = 1.94V200c) and it lacks obvious large-scale X-ray emission around the X-ray bright core. While there are even higher velocity galaxies in the same region (plausibly associated with another large-scale filament, see Fig. 2), the radio tail suggests interaction with the Perseus ICM. The tail identified in Ryle & Windram (1968), Miley et al. (1975), led to the classification of NGC 1265 as a narrow-angle tail galaxy, although at higher resolution the core looks rather like a wide-angle tail galaxy (see a discussion of tags and boxes in Rudnick 2021). The extent of its long and bent tail (projected length ∼800 kpc) was revealed with WSRT observations (Sijbring & de Bruyn 1998) and more recently imaged in great detail (Gendron-Marsolais et al. 2020; van Weeren et al. 2024).
Remarkably, despite being very different from IC310, the radio tail of NGC 1265 also qualifies for the “radio-Uroboros” tag (see Fig. 7). The statistics of radio tails’ direction suggest that for a bare galaxy, especially moving with a very high velocity, the gas feeding the central AGN can be stripped during the first infall (e.g., Roberts & Parker 2020; Lal et al. 2022), and NGC1265 appears to be a newcomer to the Perseus cluster. However, it has a very extended tail (probably a factor of a few longer than its apparent projected size). In Pfrommer & Jones (2011), the curious properties of the NGC 1265 tail are explained as due to the galaxy crossing an accretion shock near the virial radius, with the galaxy located on the near side of the cluster. While this is a plausible scenario, we note that the ICM in the Perseus can be significantly perturbed by the ongoing merger, and for a galaxy on a nearly straight trajectory, dictated by its high velocity, the ICM motions can perturb the radio tail left by NGC 1265. We, therefore, consider below a simple model with NGC 1265 at the far side (along the line of sight) of the main cluster. This model broadly corresponds to scenarios (c) and (d) in Sijbring & de Bruyn (1998).
3.3.3. Test particle (NGC1265) in a static potential
As a starting point, we consider a test particle moving in a static potential well that has a Navarro-Frenk-White (NFW) mass distribution (Navarro et al. 1997). We further assume a zero total energy for this particle, i.e., v2/2+ϕ(r). We chose a coordinate system with X and Y in the sky plane, and Z along the line of sight. We aim to reproduce the LOS velocity and the projected distance of NGC 1265. The requirement of having zero total energy implies that the 3D distance of the particle from the cluster center is less than rmax = 0.98RV, while the lower limit is set by the observed projected distance from the cluster center, i.e., rmin = Rp (see Fig. 8). If the marginally bound particle is close to rmax, it has to move exactly along the line of sight. In the opposite case, the angle to the line of sight is set by the relation between the local 3D velocity (set by the 3D radius) and vlos. For the limiting case of r ≈ rmin = Rp, this angle is about 38 degrees. For any realistic 3D position (further away than Rp), this angle will be smaller. If the overall shift of the tail eastward from the current position of NGC 1265 reflects the large-scale trajectory of the galaxy, it should be crossing the main cluster on a slightly curved trajectory. Given the high velocity of NGC1265, the curved trajectory requires the galaxy to cross the core of the cluster. A sample of such trajectories is shown in Fig. 9. They all correspond to the same current projected distance, LOS velocity, and the velocity direction in the sky plane, and differ in the magnitude of the 3D velocity. This is, of course, a small subsample of possible trajectories (given direct observational constraints and our assumption that the galaxy is currently on the far side of the cluster). In this model, we assume that gas motions in the region between NGC 1275 and IC310 further disturb the tail trajectory to give it the observed shape. No attempt was made to obtain constraints on the detailed properties of the tail, given that the density and pressure of the ICM change significantly along the galaxy trajectory, and the power of the NGC 1265 jets can vary too.
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Velocity of a marginally bound point mass (zero total energy, i.e., nearly parabolic orbit) in a static Navarro-Frenk-White (NFW) halo with the concentration parameter c = 5 and virial velocity Vvir = 1263 km s−1 as a function of radius (black curve). The red points show the LOS velocities (vlos) and projected distances rp of the radio galaxies IC310 and NGC 1265. The green line shows the circular velocity at a given radius. The pair of blue curves shows the expected LOS velocity of a point mass on a radial trajectory as a function of 3D radial distance from the center for the known projected radii of these two galaxies. For IC310, its small LOS velocity is fully consistent with being almost in the picture plane, i.e., the projected distance can be almost equal to the true 3D distance from the cluster core. For NGC 1265, the two vertical cyan lines show the allowed range of 3D distance, set by the requirement that the observed LOS velocity is smaller than the 3D velocity of a marginally bound point mass.



	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Sample trajectories of a marginally bound point mass (NGC 1265) in a static NFW potential. Three projections are shown. Here, X and Y are the coordinates in the sky plane, and Z is along the line of sight. The distances and velocities are in A426 virial units, 1.79 Mpc and 1263 km s−1, respectively. The blue and red dots mark the positions of the cluster center and the galaxy (current location), respectively. Brown circles mark the galaxy position n×Gyr ago (n = 1, 2, ...). The current projected distance and the LOS velocities are fixed at the observed values. Also fixed is the current direction of the projected velocity, which is guessed from the morphology of the radio emission near the core. Therefore, all trajectories shown have the same sky-plane velocity direction but different 3D distances from the core (r0) and 3D velocities (v0). For the largest 3D distance shown, r0 = 0.98, the galaxy is currently moving almost along the lines of sight (v0 ≃ v1.o.s.), and its trajectory goes through the very core (in projection). No attempt to further fine-tune the orbital parameters was made. If the observed radio tail global shift (to the east of the galaxy) reflects the overall geometry of the orbit, the location of NGC1265, further away from us than NGC1275, is more promising. The green arrows show the LOS velocities, while the magenta arrows show the projections of the full 3D velocity on the corresponding planes.



The above model does not consider constraints coming from the uncertainties associated with the Faraday Rotation measurement in the direction of NGC1265 (see, e.g., de Bruyn & Brentjens 2005; Brentjens 2011), that might predominantly come from the Milky Way rather than from the cluster (see Pfrommer & Jones 2011, for a scenario with NGC1265 on the near side of the cluster).
Another limitation comes from the assumption of a static potential of the main cluster. In reality, peculiar initial velocities and time variations of the potential can play a role. For a merging cluster such as Perseus, the latter effect might be important (e.g., Sales et al. 2007; Carucci et al. 2014). In this case, the trajectory of the galaxy might be more complicated. We do not discuss this scenario further. Overall, we see several attractive features of the model described above, but we cannot exclude other scenarios.
3.3.4. Line-of-sight velocities in simulations
While the NGC 1265 trajectories discussed in Sect. 3.3.3 were derived assuming zero binding energy of the galaxy in a static NFW potential, one can pose a question about how often we expect to find a galaxy given its projected distance and the LOS velocity (with both quantities expressed in terms of virial properties of the main halo). Since the answer depends on the mass accretion rate of the main halo and on the importance of other effects such as dynamic friction (for massive subhalos), it can be best addressed by looking at the results of numerical simulations. Here, we use a publicly available catalog of halos in the Magneticum7 simulations set (Hirschmann et al. 2014; Dolag et al. 2016, 2025), see also Aung et al. (2023).
These simulations were performed with the TreePM/SPH code GADGET-3 (Springel 2005; Beck et al. 2016; Groth et al. 2023). They take into account many complex nongravitational physical processes (cooling, merging of galaxies and galaxy clusters, shock waves, and detailed galaxy formation physics, including the treatment of black holes), which determine the evolution of large-scale systems and affect their observational properties. More details of the physics provided in the simulation can be found in Section 2 of Biffi et al. (2022) and references therein. We take advantage of the halo catalog extracted from Box2/hr simulation box at its terminal redshift. Its comoving volume is equal to (352Mpc/h)3, where h = H0/(100 kms−1 Mpc−1) is the Hubble constant. This volume contains 2 ⋅ 15843 mass resolution elements (particles). The masses of dark matter and gas particles are equal to mDM = 6.9 ⋅ 108 M⊙/h and mgas = 1.4 ⋅ 108 M⊙/h, respectively, and the following cosmological parameters are adopted: the total matter density ΩM = 0.272 (16.8% baryons), the cosmological constant ΩΛ = 0.728, the Hubble constant H0 = 70.4 km/s/Mpc (i.e., h = 0.704), the index of the primordial power spectrum n = 0.963, the overall normalization of the power spectrum σ8 = 0.809 (Komatsu et al. 2011).
For each halo more massive than 7 × 1013 M⊙, we identified all subhalos. The distances (from the halo to subhalos) and velocities were rescaled to R500c and V500c of the main halo8. This information was used to construct the probability density function of the LOS velocity as a function of projected distance. Namely, each subhalo, located at a distance of r from the main halo, was accounted for when considering all possible viewing angles corresponding to projected distances from R = 0 to R = r and the corresponding solid angles. We also set the sign of the LOS velocity based on the sign of the radial component of the velocity. Negative values correspond to subhalos currently moving towards the main halo9. The resulting probability density function (PDF) is shown in Fig. 10 for three values of projected distances. As expected, at large projected distances, the PDF is asymmetric due to the “first-infall” region of the phase space, while at smaller distances this difference becomes less pronounced. The two vertical dashed lines show the LOS velocity of NGC1265, which is ∼1.94VV. The projected distance of NGC1265 from the Perseus core is R ∼ 0.5R500c (the black curve in Fig. 10). The probability of finding a galaxy at this projected distance with LOS velocity larger than ∼2V200c is less than 1% (actually close to 0.1%). This makes NGC1265 a very rare object, but not truly exceptional.
	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Probability of having LOS velocity ∼2500 km s−1 of a galaxy in the vicinity of a massive cluster for different projected distances Rp (based on Magneticum simulations, see Sect. 3.3.4). The velocity is normalized by the circular speed of the cluster V500c ≈ V200c. The sign of the velocity is set by the sign of the radial velocity component (negative – infalling). The observed position of NGC 1265 corresponds to the black curve (Rp ∼ 0.5R500c). At this projected distance, the PDF(V) is rather similar for galaxies moving towards the cluster center or away from it. The dashed green vertical lines show the observed NGC 1265 velocity in units of V500c. The probability of finding such a high velocity is ∼0.1% – low but not prohibitively low. The Hubble expansion is not added to galaxies’ velocities.



We applied the data from the same catalogs to the IC310 case, but this time we fixed the projected distance and plotted in Fig. 11 the velocity PDF separately for low-mass galaxies and more massive objects (groups), implicitly assuming that IC310 is indeed the central galaxy of a subcluster and belongs to the “massive” subsample. This separation was based on the stellar mass because this quantity is a somewhat better-defined (and conserved) quantity than the total mass. The high-mass bin effectively contains all massive halos, i.e., clusters themselves, but they do not contribute to the plotted distribution since they have zero offset from the parent cluster. The projected distance of IC310 is ∼0.7R500c, while its velocity is ∼0.5V200c (see two vertical green lines in Fig. 11). For the low-mass sample (the black curve), the distribution is symmetric, and IC310 (if it is an individual galaxy rather than the center of the group) is in the central part of the distribution and has an equal probability of being infalling and outgoing. For the high-mass case (the red line), the observed LOS velocity is also consistent with both cases, while a factor of ∼1.5 larger observed velocity would already be in tension with the outgoing scenario. Based on these estimates, we concluded that the infalling and outgoing scenarios cannot be excluded for IC310, even if it is a group of galaxies.
	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. IC310 case – massive group at projected distance Rp = 0.7R500c. The plot is similar to Fig. 10 but now the red curve shows PDF(V) for massive subhalos with stellar mass in the range 1012 − 1013 M⊙. This distribution is now very asymmetric between infalling and outgoing halos, presumably due to dynamic friction. The IC310 has a small LOS velocity, consistent with an object not far from the pericenter. The Hubble expansion is not added to galaxies’ velocities.



4. Conclusions
We combined Chandra, XMM-Newton, and eROSITA data to make a complete image of the Perseus cluster from the very core to the virial radius. This image shows all the spectacular features that a bona fide cluster might have: clear signs of AGN feedback in the core, cold fronts (contact discontinuities) at intermediate scales, and signatures of a merger at the largest scales.
eROSITA X-ray data suggest that the IC310 galaxy (∼800 kpc west of NGC 1275) is at the center of the subcluster that perturbed Perseus some 4 Gyr ago. A clear excess of X-ray emission is seen in an ∼Mpc-size region around IC310, which implies that the subcluster was able to retain some of its gaseous atmosphere.
IC310 has a rather small recession velocity v ∼ 600 km s−1 ∼ 0.5 V200c relative to the cluster. We tentatively attribute this small velocity to the selection effects – it is more likely to find the infalling object near the apocenter than near the pericenter. This is, of course, a qualitative argument. It is supported by the shape of the IC310 radio tail, which bends sharply in the vicinity of the galaxy. Such a sharp turn could arise when the sign of the radial velocity changes near the apocenter. Alternatively, the low velocity of IC310 could reflect the merger direction in the sky plane, given that only a weak gradient in recession velocities is seen in the major large-scale filament running through Perseus.
At larger scales, excess X-ray emission can be traced westward up to the virial radius, with some tentative arc-like features in the NW direction. It is plausible that these structures are associated with the same merger. Independent of the details, the elongation of the Perseus cluster X-ray emission in the east-west direction coincides well with the orientation of the large-scale filament of the Perseus-Pisces supercluster.
While this paper was under review, two new studies of the Perseus cluster based on XRISM observations (XRISM Collaboration 2025; Zhang et al. 2026) became available. Broadly, these studies are consistent with the scenario discussed here.
Finally, we briefly discussed the case of the high-velocity radio galaxy NGC 1265, known for its curious radio tail, which also shows sharp bends. In our “minimalist” model, this galaxy is moving nearly along the line of sight with the total 3D velocity ∼2V200c and is currently on the far side of the main cluster. The gas motions induced by the IC310 merger might play a role in shaping its tail, although other explanations are possible, too.
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1 See also, Meusinger et al. (2020) for another set of parameters that imply a larger mass of the Perseus cluster.


2 A similar merger configuration is suggested for the Coma cluster, where the NGC4839 group (merging subcluster) has a small LOS velocity relative to the main cluster (e.g., Lyskova et al. 2019).


3 This is somewhat shorter than t ∼ 5.5 Gyr suggested by HyeongHan et al. (2025), where the weak lensing-based mass concentration associated with NGC 1264 (a galaxy, NGC 1262, some 400 kpc to the west of NGC 1275) was suggested as a center of the local mass concentration.


4 Only the eROSITA data are smoothed in this combined image to retain the good angular resolution in the core.


5 Quoted relative line-of-sight velocities are calculated as [image: Mathematical equation: $ \Delta v =(v_{\mathrm{Gal.}}-v_{\mathrm{NGC 1275}})/(1+z_{\mathrm{cl}}) $].


6 Another interesting detail discussed by Kadler et al. (2012) is that the orientation of the pc-scale jet is similar to that of the kpc-long tail.


7 www.magneticum.org


8 We used the “500c”-based quantities (rather than “200c”) since they are provided in the catalogs. V500c is close to V200c anyway, while the relation between R500c and R200c changes from 0.63 to 0.66 for the concentration parameter c between 3 and 5.


9 Such information is not available in observations.




Appendix A:  Chandra, XMM-Newton, and SRG/eROSITA datasets
The OBSIDs of publicly available Chandra and XMM-Newton data used in this study are listed below.
For Chandra: 11713, 11714, 11715, 11716, 12025, 12033, 12036, 12037, 13989, 13990, 13991, 13992, 3209, 4289, 4946, 4947, 4948, 4949, 4950, 4951, 4952, 4953, 6139, 6145, 6146.
Observations were processed with the standard Chandra data reduction (CIAO v. 4.17) and calibration software (CalDB v. 4.12). Data analysis steps are described in detail in Vikhlinin et al. (2009) and include high background period filtering, application of the latest calibration corrections to the detected X-ray photons, and determination of the background intensity in each observation. In practice, for the imaging analysis of the central region of the Perseus cluster, the details of the background calibration are not important.
For XMM-Newton: 0085110101, 0085590201, 0151560101, 0204720101, 0204720201, 0305690101, 0305690301, 0305690401, 0305720101, 0305720301, 0305780101, 0405410101, 0405410201, 0673020201, 0673020301, 0673020401.
The XMM-Newton data were cleaned for flares and then processed similarly to Churazov et al. (2003), utilizing recent versions of the calibration files. Only the MOS data were used. The steady component of the detector background was subtracted using data from blank field observations. The variable component of the detector background was modeled as a power law as a function of energy B(E) = AE−0.45. The data in the 11-12 keV range were used to calculate the normalization of this variable component. As with the Chandra data, only the central part of the cluster measured by XMM contributes to the combined image, and, therefore, the results are not affected by the treatment of the background.
For eROSITA: data from all four consecutive scans are combined after filtering for the periods of enhanced solar activity, which cause short periods of strongly elevated levels of the instrumental background. For the imaging analysis, the data taken with all seven telescope modules (TMs) are combined. Data reduction, filtering, vignetting-correction, and background subtraction are performed in the same way as was done in the previous studies exploring Galactic diffuse X-ray sources, including those with the surface brightness below the total (sky and detector) background level (Churazov et al. 2021b; Khabibullin et al. 2022, 2023, 2024). Specifically, the energy-dependent contribution of the instrumental background is modeled and subtracted based on the calibration data accumulated via observations with the “closed filter wheel” configuration, while corrections for exposure time and vignetting are conducted so that the data are characterized by field-of-view-averaged response matrices. Deep observations of the Coma cluster (Churazov et al. 2021a) were instrumental for eROSITA’s spectral cross-calibration via ICM temperature measurement in its core, while sets of bright point sources observed during the all-sky survey were used to construct the shape of the off-axis PSF (Churazov et al. 2023).

Appendix B:  Radially dependent weights
As described in Sect. 2.3, eROSITA, Chandra, and XMM-Newton images were rebinned to the same spatial grid (2" pixels) and re-normalized to ensure a common flux calibration. For this re-normalization, a circle (3′ radius) centered at NGC1275 was used, and all fluxes were reduced to the eROSITA values. The last step was the coadding of images with radially dependent weights
[image: Mathematical equation: $$ \begin{aligned} I(x,y) = \frac{\Sigma _i W_i(r)I_i(x,y)}{\Sigma _i W_i(r)}, \end{aligned} $$](B.1)
where i is the image’s indices (1,2,3 for Chandra, XMM-Newton, and eROSITA, respectively). The weights are defined as
[image: Mathematical equation: $$ \begin{aligned} W_i(r) = A_i e^{-r/R_i}, \end{aligned} $$](B.2)
where r is the distance from NGC1275 in arcminutes; Ri = 600, 3, 6 for eROSITA, Chandra, and XMM, respectively, and Ai = 1, 10, 1.
The main goal of this weighting scheme is to preserve Chandra’s high angular resolution in the core and suppress the noisy contributions at the edges of Chandra and XMM-Newton images. The implemented weights are shown in Fig. B.1. The individual images are shown in Fig. B.2.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Radially-dependent weights used to combine Chandra, XMM-Newton, and eROSITA images. The main goals of this weighting scheme are (i) to preserve Chandra’s high angular resolution in the core region, where S/N is very high, and (ii) to suppress the noisy edges of the areas covered by Chandra and XMM-Newton. The images were recalibrated to produce the same total flux from the core region covered by all three instruments.



	[image: Thumbnail: Fig. B.2. Refer to the following caption and surrounding text.]	Fig. B.2. X-ray images of the Perseus cluster obtained by eROSITA, Chandra, and XMM-Newton before combining them using the weights described in the text. Only the central part of the image is shown, where the contributions of all three images are important. For Chandra and XMM-Newton, only the parts of the image where the radially-dependent weight W(r) is greater than ∼2 × 10−2 are shown. The dashed circle (shown to facilitate visual comparison) has a radius of 6′.




Appendix C:  Radial X-ray surface brightness profile
A radial profile of the resulting image is shown in Fig. C.1. The observed profile was approximated with a simple combination of a β-model (the blue line in Fig. C.1) and a constant (the dashed line). The very core (∼5") was excluded when fitting the profile. This model (sum of the β-model and the constant) is used to remove a symmetric component from the X-ray image and express the residual deviations relative to the same model.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Radial X-ray surface brightness profile (red points) based on the X-ray image shown in Fig.3. The blue solid line shows a β-model with rc = 1.3′ and β = 0.514. The best-fitting constant sky background level (shown with the dashed black line) has been subtracted from the data and the model. The error bars associated with the photon counting noise are smaller than the size of the plotted symbols. The black points with error bars show the eROSITA-only radial profile for r > 2′. The ratio of errors to the Perseus surface brightness is plotted as a green line. Near the virial radius, the statistical errors are at the ∼2% level of the observed surface brightness. At large radii (∼100′), the contribution from the telescope stray light is important (see Appendix A in Churazov et al. 2023) and makes a non-negligible contribution to the observed X-ray surface brightness.




Appendix D:  Impact of photoelectric absorption in the Milky Way on the surface brightness variations
The center of the Perseus cluster is only ∼13 degrees away from the Galactic plane. This means that some of the observed variations of the X-ray surface brightness might be caused by spatially non-uniform photoelectric absorption of X-rays by neutral or molecular gas in the Galaxy. Here, we demonstrate that the amplitude of this effect is significantly smaller than the observed variations. To do so, we used the 3D dust maps from Bayestar19 (see Green et al. 2019, for detailed description). We are looking for the intervening absorption of extragalactic X-rays from the cluster itself and from the Cosmic X-ray Background (CXB) in general. The total column density (NH) was calculated from the extinction maps based on the Bayestar19 data. The column density map was converted into an "attenuation map" of the X-ray flux in the 0.4-2.3 keV band, taking into account the eROSITA response. As a final step, the attenuation map in every pixel was divided by the mean value in concentric rings, mimicking the procedure used to generate Fig. 4. A direct comparison of the expected modulation with the X-ray data (Fig. D.1) shows that the photoelectric absorption effect is subdominant. Furthermore, we have verified that in the harder 1-2.3 keV band, where photoelectric absorption is weaker, the X-ray image possesses similar large-scale structures as seen in Fig. 6.
	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Expected modulation of the X-ray flux (left panel) due to variation of the photoelectric absorption in the Galaxy in azimuthal direction (i.e., relative to the mean value at the same distance from NGC1275). The modulation was computed for the 0.4-2.3 keV energy range, taking into account the eROSITA response. For comparison, the right panel shows the observed azimuthal variations of the X-ray flux in the same color scale. Clearly, the observed variations are several times larger than expected due to absorption. The two large dashed circles correspond to 0.5 × R200c and R200c. The smaller circle to the West of the core outlines the region of the most prominent patch of the excess X-ray emission, presumably caused by merger(s) along the largest filament crossing the Perseus cluster. The contours of the elevated X-ray surface brightness are shown in both panels for comparison.





All Figures
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. 10 × 10 degrees patch of the sky centered at the Perseus cluster in equatorial coordinates. The estimated turnaround radius of the Perseus cluster is ∼7°, i.e., the entire image falls within the turnaround radius. Left: eROSITA 0.4–2.3 keV X-ray image; middle: y-map from PLANCK based on PR4 maps (see Chandran et al. 2023); right: dust extinction map (based on Green et al. 2019). Two X-ray and SZ-bright objects on the right are the galaxy clusters AWM7/2A0251+413 (z ∼ 0.0172) and CIZAJ0300.7+4427 (z ∼ 0.030). These two clusters possibly trace the topology of LSS filaments, in particular, AWM7, which belongs to the Perseus-Pisces supercluster (e.g., Böhringer et al. 2021). CIZAJ0300.7+4427 belongs to another (more distant) filament, which is also seen in the distribution of galaxies (see Sect. 2.2). The correspondence between X-ray and Y maps is very good, with the visible SZ signal being less peaked at the center but, as expected, extending to large radii. The “dip” in the very core of the y-map is due to contamination by the radio galaxy NGC1275 (Perseus A) and its immediate vicinity. The right figure shows the complexity of the foreground distribution of the Milky Way gas (as traced by dust) in the direction of Perseus. The map is plotted in units of AV extinction.
In the text



	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Positions and recession velocities of 2MASS galaxies in the vicinity of NGC 1275 with velocities in the range ±3000 km s−1 relative to NGC 1275. The size of the symbols reflects the K magnitudes of a galaxy (brighter – larger), and the color characterizes the LOS velocity relative to NGC 1275 in km s−1 (see the color bar on the right side of the plot). Left: 20 × 20 degrees images showing large-scale filaments. Two of them are marked with black lines. Right: 2 × 2 degrees version of the same plot. NGC 1275, NGC 1265, and IC310 are marked with squares. A clear elongation of galaxies with small LOS velocities in the east-west direction suggests that IC310 is part of a “filament” that spans at least a few degrees. In turn, NGC 1265 might be related to another “diagonal” (bottom-left to top-right) filament that has several galaxies with larger recession velocities (blue and purple circles in the plot).
In the text



	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Composite X-ray image of the Perseus cluster (3 × 3 degrees, 2″ pixels) obtained by co-adding eROSITA all-sky data and pointed observations of Chandra and XMM-Newton. The images of individual telescopes were renormalized to have the same X-ray flux within the central 3′ circle as in the eROSITA 0.4–2.3 keV band. Radial weights have been applied to ensure that the sharpest Chandra images dominate within a central 3′. The inset is a zoomed version of the same image showing the central 1% of the image (in terms of the solid angle, i.e., 0.3 × 0.3 degrees) and the canonical cool-core design with an AGN (NGC 1275) and X-ray cavities inflated by the AGN.
In the text



	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Same image as in Fig. 3 after division by the best-fitting radial profile shown in Fig. C.1, specifically, (IX/Imodel−1), where the model is the sum of the best-fitting β-model and a constant sky background. In addition to the rich substructure in the core, this image shows clear signatures of an ongoing merger, including elongation in the east-west direction and sloshing. Two boxes show the positions of two prominent radio galaxies, IC310 (black) and NGC 1265 (cyan), respectively. (See also Fig. 6 for a smoothed version of the image that emphasizes large-scale structures.)
In the text



	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Asymmetric structures in a portion of the X-ray image (smoothed version of Fig. 4) in red and the DSS2-R image in light blue. The DSS image has been lightly processed to emphasize diffuse sources (galaxies) relative to numerous compact sources (e.g., stars). The chain of galaxies that begins with NGC 1275 extends up to IC310, which appears to be at the peak of extended X-ray emission to the west of the cluster center. Further to the west (outside of the image), there is a cluster AWM7/2A0251+413 at a redshift similar to the Perseus cluster.
In the text



	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Similar to Fig. 4, except the eROSITA image has been smoothed with a Gaussian (σ = 200″) after masking the most prominent compact sources. The image size is 200′×200′, i.e., ∼4.3 Mpc across. The excess emission has a linear size of 1–2 Mpc and extends at least to the Perseus virial radius. Two boxes show the positions of galaxies, IC310 and NGC 1264. The latter was associated with a mass concentration based on the weak lensing analysis (see HyeongHan et al. 2025).
In the text



	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. 2 × 2 degrees image showing a combination of the X-ray residuals (red, see Fig. 4) and radio emission by LOFAR from van Weeren et al. (2024). The radio image (blue-cyan colors) is itself composed from the 7″ (blue) and 80″ (green) resolution data. NGC 1275 mini-halo (and NGC 1272) dominates the center. The two most prominent off-center (tailed) galaxies are IC310 and NGC 1265 (see Gendron-Marsolais et al. 2020; van Weeren et al. 2024, for recent high-quality radio images of the Perseus cluster).
In the text



	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Velocity of a marginally bound point mass (zero total energy, i.e., nearly parabolic orbit) in a static Navarro-Frenk-White (NFW) halo with the concentration parameter c = 5 and virial velocity Vvir = 1263 km s−1 as a function of radius (black curve). The red points show the LOS velocities (vlos) and projected distances rp of the radio galaxies IC310 and NGC 1265. The green line shows the circular velocity at a given radius. The pair of blue curves shows the expected LOS velocity of a point mass on a radial trajectory as a function of 3D radial distance from the center for the known projected radii of these two galaxies. For IC310, its small LOS velocity is fully consistent with being almost in the picture plane, i.e., the projected distance can be almost equal to the true 3D distance from the cluster core. For NGC 1265, the two vertical cyan lines show the allowed range of 3D distance, set by the requirement that the observed LOS velocity is smaller than the 3D velocity of a marginally bound point mass.
In the text



	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Sample trajectories of a marginally bound point mass (NGC 1265) in a static NFW potential. Three projections are shown. Here, X and Y are the coordinates in the sky plane, and Z is along the line of sight. The distances and velocities are in A426 virial units, 1.79 Mpc and 1263 km s−1, respectively. The blue and red dots mark the positions of the cluster center and the galaxy (current location), respectively. Brown circles mark the galaxy position n×Gyr ago (n = 1, 2, ...). The current projected distance and the LOS velocities are fixed at the observed values. Also fixed is the current direction of the projected velocity, which is guessed from the morphology of the radio emission near the core. Therefore, all trajectories shown have the same sky-plane velocity direction but different 3D distances from the core (r0) and 3D velocities (v0). For the largest 3D distance shown, r0 = 0.98, the galaxy is currently moving almost along the lines of sight (v0 ≃ v1.o.s.), and its trajectory goes through the very core (in projection). No attempt to further fine-tune the orbital parameters was made. If the observed radio tail global shift (to the east of the galaxy) reflects the overall geometry of the orbit, the location of NGC1265, further away from us than NGC1275, is more promising. The green arrows show the LOS velocities, while the magenta arrows show the projections of the full 3D velocity on the corresponding planes.
In the text



	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Probability of having LOS velocity ∼2500 km s−1 of a galaxy in the vicinity of a massive cluster for different projected distances Rp (based on Magneticum simulations, see Sect. 3.3.4). The velocity is normalized by the circular speed of the cluster V500c ≈ V200c. The sign of the velocity is set by the sign of the radial velocity component (negative – infalling). The observed position of NGC 1265 corresponds to the black curve (Rp ∼ 0.5R500c). At this projected distance, the PDF(V) is rather similar for galaxies moving towards the cluster center or away from it. The dashed green vertical lines show the observed NGC 1265 velocity in units of V500c. The probability of finding such a high velocity is ∼0.1% – low but not prohibitively low. The Hubble expansion is not added to galaxies’ velocities.
In the text



	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. IC310 case – massive group at projected distance Rp = 0.7R500c. The plot is similar to Fig. 10 but now the red curve shows PDF(V) for massive subhalos with stellar mass in the range 1012 − 1013 M⊙. This distribution is now very asymmetric between infalling and outgoing halos, presumably due to dynamic friction. The IC310 has a small LOS velocity, consistent with an object not far from the pericenter. The Hubble expansion is not added to galaxies’ velocities.
In the text



	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Radially-dependent weights used to combine Chandra, XMM-Newton, and eROSITA images. The main goals of this weighting scheme are (i) to preserve Chandra’s high angular resolution in the core region, where S/N is very high, and (ii) to suppress the noisy edges of the areas covered by Chandra and XMM-Newton. The images were recalibrated to produce the same total flux from the core region covered by all three instruments.
In the text



	[image: Thumbnail: Fig. B.2. Refer to the following caption and surrounding text.]	Fig. B.2. X-ray images of the Perseus cluster obtained by eROSITA, Chandra, and XMM-Newton before combining them using the weights described in the text. Only the central part of the image is shown, where the contributions of all three images are important. For Chandra and XMM-Newton, only the parts of the image where the radially-dependent weight W(r) is greater than ∼2 × 10−2 are shown. The dashed circle (shown to facilitate visual comparison) has a radius of 6′.
In the text



	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Radial X-ray surface brightness profile (red points) based on the X-ray image shown in Fig.3. The blue solid line shows a β-model with rc = 1.3′ and β = 0.514. The best-fitting constant sky background level (shown with the dashed black line) has been subtracted from the data and the model. The error bars associated with the photon counting noise are smaller than the size of the plotted symbols. The black points with error bars show the eROSITA-only radial profile for r > 2′. The ratio of errors to the Perseus surface brightness is plotted as a green line. Near the virial radius, the statistical errors are at the ∼2% level of the observed surface brightness. At large radii (∼100′), the contribution from the telescope stray light is important (see Appendix A in Churazov et al. 2023) and makes a non-negligible contribution to the observed X-ray surface brightness.
In the text



	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Expected modulation of the X-ray flux (left panel) due to variation of the photoelectric absorption in the Galaxy in azimuthal direction (i.e., relative to the mean value at the same distance from NGC1275). The modulation was computed for the 0.4-2.3 keV energy range, taking into account the eROSITA response. For comparison, the right panel shows the observed azimuthal variations of the X-ray flux in the same color scale. Clearly, the observed variations are several times larger than expected due to absorption. The two large dashed circles correspond to 0.5 × R200c and R200c. The smaller circle to the West of the core outlines the region of the most prominent patch of the excess X-ray emission, presumably caused by merger(s) along the largest filament crossing the Perseus cluster. The contours of the elevated X-ray surface brightness are shown in both panels for comparison.
In the text





    
      Fig. 1. 

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

      
        10 × 10 degrees patch of the sky centered at the Perseus cluster in equatorial coordinates. The estimated turnaround radius of the Perseus cluster is ∼7°, i.e., the entire image falls within the turnaround radius. Left: eROSITA 0.4–2.3 keV X-ray image; middle: y-map from PLANCK based on PR4 maps (see Chandran et al. 2023); right: dust extinction map (based on Green et al. 2019). Two X-ray and SZ-bright objects on the right are the galaxy clusters AWM7/2A0251+413 (z ∼ 0.0172) and CIZAJ0300.7+4427 (z ∼ 0.030). These two clusters possibly trace the topology of LSS filaments, in particular, AWM7, which belongs to the Perseus-Pisces supercluster (e.g., Böhringer et al. 2021). CIZAJ0300.7+4427 belongs to another (more distant) filament, which is also seen in the distribution of galaxies (see Sect. 2.2). The correspondence between X-ray and Y maps is very good, with the visible SZ signal being less peaked at the center but, as expected, extending to large radii. The “dip” in the very core of the y-map is due to contamination by the radio galaxy NGC1275 (Perseus A) and its immediate vicinity. The right figure shows the complexity of the foreground distribution of the Milky Way gas (as traced by dust) in the direction of Perseus. The map is plotted in units of AV extinction.
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        Positions and recession velocities of 2MASS galaxies in the vicinity of NGC 1275 with velocities in the range ±3000 km s−1 relative to NGC 1275. The size of the symbols reflects the K magnitudes of a galaxy (brighter – larger), and the color characterizes the LOS velocity relative to NGC 1275 in km s−1 (see the color bar on the right side of the plot). Left: 20 × 20 degrees images showing large-scale filaments. Two of them are marked with black lines. Right: 2 × 2 degrees version of the same plot. NGC 1275, NGC 1265, and IC310 are marked with squares. A clear elongation of galaxies with small LOS velocities in the east-west direction suggests that IC310 is part of a “filament” that spans at least a few degrees. In turn, NGC 1265 might be related to another “diagonal” (bottom-left to top-right) filament that has several galaxies with larger recession velocities (blue and purple circles in the plot).

      

    

  
    
      Fig. 3. 
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        Composite X-ray image of the Perseus cluster (3 × 3 degrees, 2″ pixels) obtained by co-adding eROSITA all-sky data and pointed observations of Chandra and XMM-Newton. The images of individual telescopes were renormalized to have the same X-ray flux within the central 3′ circle as in the eROSITA 0.4–2.3 keV band. Radial weights have been applied to ensure that the sharpest Chandra images dominate within a central 3′. The inset is a zoomed version of the same image showing the central 1% of the image (in terms of the solid angle, i.e., 0.3 × 0.3 degrees) and the canonical cool-core design with an AGN (NGC 1275) and X-ray cavities inflated by the AGN.
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        Same image as in Fig. 3 after division by the best-fitting radial profile shown in Fig. C.1, specifically, (IX/Imodel−1), where the model is the sum of the best-fitting β-model and a constant sky background. In addition to the rich substructure in the core, this image shows clear signatures of an ongoing merger, including elongation in the east-west direction and sloshing. Two boxes show the positions of two prominent radio galaxies, IC310 (black) and NGC 1265 (cyan), respectively. (See also Fig. 6 for a smoothed version of the image that emphasizes large-scale structures.)

      

    

  
    
      Fig. 5. 
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        Asymmetric structures in a portion of the X-ray image (smoothed version of Fig. 4) in red and the DSS2-R image in light blue. The DSS image has been lightly processed to emphasize diffuse sources (galaxies) relative to numerous compact sources (e.g., stars). The chain of galaxies that begins with NGC 1275 extends up to IC310, which appears to be at the peak of extended X-ray emission to the west of the cluster center. Further to the west (outside of the image), there is a cluster AWM7/2A0251+413 at a redshift similar to the Perseus cluster.
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        Similar to Fig. 4, except the eROSITA image has been smoothed with a Gaussian (σ = 200″) after masking the most prominent compact sources. The image size is 200′×200′, i.e., ∼4.3 Mpc across. The excess emission has a linear size of 1–2 Mpc and extends at least to the Perseus virial radius. Two boxes show the positions of galaxies, IC310 and NGC 1264. The latter was associated with a mass concentration based on the weak lensing analysis (see HyeongHan et al. 2025).

      

    

  
    
      Fig. 7. 
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        2 × 2 degrees image showing a combination of the X-ray residuals (red, see Fig. 4) and radio emission by LOFAR from van Weeren et al. (2024). The radio image (blue-cyan colors) is itself composed from the 7″ (blue) and 80″ (green) resolution data. NGC 1275 mini-halo (and NGC 1272) dominates the center. The two most prominent off-center (tailed) galaxies are IC310 and NGC 1265 (see Gendron-Marsolais et al. 2020; van Weeren et al. 2024, for recent high-quality radio images of the Perseus cluster).

      

    

  
    
      Fig. 8. 
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        Velocity of a marginally bound point mass (zero total energy, i.e., nearly parabolic orbit) in a static Navarro-Frenk-White (NFW) halo with the concentration parameter c = 5 and virial velocity Vvir = 1263 km s−1 as a function of radius (black curve). The red points show the LOS velocities (vlos) and projected distances rp of the radio galaxies IC310 and NGC 1265. The green line shows the circular velocity at a given radius. The pair of blue curves shows the expected LOS velocity of a point mass on a radial trajectory as a function of 3D radial distance from the center for the known projected radii of these two galaxies. For IC310, its small LOS velocity is fully consistent with being almost in the picture plane, i.e., the projected distance can be almost equal to the true 3D distance from the cluster core. For NGC 1265, the two vertical cyan lines show the allowed range of 3D distance, set by the requirement that the observed LOS velocity is smaller than the 3D velocity of a marginally bound point mass.

      

    

  
    
      Fig. 9. 
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        Sample trajectories of a marginally bound point mass (NGC 1265) in a static NFW potential. Three projections are shown. Here, X and Y are the coordinates in the sky plane, and Z is along the line of sight. The distances and velocities are in A426 virial units, 1.79 Mpc and 1263 km s−1, respectively. The blue and red dots mark the positions of the cluster center and the galaxy (current location), respectively. Brown circles mark the galaxy position n×Gyr ago (n = 1, 2, ...). The current projected distance and the LOS velocities are fixed at the observed values. Also fixed is the current direction of the projected velocity, which is guessed from the morphology of the radio emission near the core. Therefore, all trajectories shown have the same sky-plane velocity direction but different 3D distances from the core (r0) and 3D velocities (v0). For the largest 3D distance shown, r0 = 0.98, the galaxy is currently moving almost along the lines of sight (v0 ≃ v1.o.s.), and its trajectory goes through the very core (in projection). No attempt to further fine-tune the orbital parameters was made. If the observed radio tail global shift (to the east of the galaxy) reflects the overall geometry of the orbit, the location of NGC1265, further away from us than NGC1275, is more promising. The green arrows show the LOS velocities, while the magenta arrows show the projections of the full 3D velocity on the corresponding planes.

      

    

  
    
      Fig. 10. 
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        Probability of having LOS velocity ∼2500 km s−1 of a galaxy in the vicinity of a massive cluster for different projected distances Rp (based on Magneticum simulations, see Sect. 3.3.4). The velocity is normalized by the circular speed of the cluster V500c ≈ V200c. The sign of the velocity is set by the sign of the radial velocity component (negative – infalling). The observed position of NGC 1265 corresponds to the black curve (Rp ∼ 0.5R500c). At this projected distance, the PDF(V) is rather similar for galaxies moving towards the cluster center or away from it. The dashed green vertical lines show the observed NGC 1265 velocity in units of V500c. The probability of finding such a high velocity is ∼0.1% – low but not prohibitively low. The Hubble expansion is not added to galaxies’ velocities.

      

    

  
    
      Fig. 11. 
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        IC310 case – massive group at projected distance Rp = 0.7R500c. The plot is similar to Fig. 10 but now the red curve shows PDF(V) for massive subhalos with stellar mass in the range 1012 − 1013 M⊙. This distribution is now very asymmetric between infalling and outgoing halos, presumably due to dynamic friction. The IC310 has a small LOS velocity, consistent with an object not far from the pericenter. The Hubble expansion is not added to galaxies’ velocities.

      

    

  
    
      Fig. B.1. 
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        Radially-dependent weights used to combine Chandra, XMM-Newton, and eROSITA images. The main goals of this weighting scheme are (i) to preserve Chandra’s high angular resolution in the core region, where S/N is very high, and (ii) to suppress the noisy edges of the areas covered by Chandra and XMM-Newton. The images were recalibrated to produce the same total flux from the core region covered by all three instruments.

      

    

  
    
      Fig. B.2. 
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        X-ray images of the Perseus cluster obtained by eROSITA, Chandra, and XMM-Newton before combining them using the weights described in the text. Only the central part of the image is shown, where the contributions of all three images are important. For Chandra and XMM-Newton, only the parts of the image where the radially-dependent weight W(r) is greater than ∼2 × 10−2 are shown. The dashed circle (shown to facilitate visual comparison) has a radius of 6′.

      

    

  
    
      Fig. C.1. 
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        Radial X-ray surface brightness profile (red points) based on the X-ray image shown in Fig.3. The blue solid line shows a β-model with rc = 1.3′ and β = 0.514. The best-fitting constant sky background level (shown with the dashed black line) has been subtracted from the data and the model. The error bars associated with the photon counting noise are smaller than the size of the plotted symbols. The black points with error bars show the eROSITA-only radial profile for r > 2′. The ratio of errors to the Perseus surface brightness is plotted as a green line. Near the virial radius, the statistical errors are at the ∼2% level of the observed surface brightness. At large radii (∼100′), the contribution from the telescope stray light is important (see Appendix A in Churazov et al. 2023) and makes a non-negligible contribution to the observed X-ray surface brightness.

      

    

  
    
      Fig. D.1. 
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        Expected modulation of the X-ray flux (left panel) due to variation of the photoelectric absorption in the Galaxy in azimuthal direction (i.e., relative to the mean value at the same distance from NGC1275). The modulation was computed for the 0.4-2.3 keV energy range, taking into account the eROSITA response. For comparison, the right panel shows the observed azimuthal variations of the X-ray flux in the same color scale. Clearly, the observed variations are several times larger than expected due to absorption. The two large dashed circles correspond to 0.5 × R200c and R200c. The smaller circle to the West of the core outlines the region of the most prominent patch of the excess X-ray emission, presumably caused by merger(s) along the largest filament crossing the Perseus cluster. The contours of the elevated X-ray surface brightness are shown in both panels for comparison.
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