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ABSTRACT

The orientations of brightest cluster galaxies (BCGs) and their host clusters tend to be aligned, but

the mechanism driving this is not clear. To probe the role of cluster mergers in this process, we quantify

alignments of 38 BCGs in 22 clusters undergoing major mergers (up to ∼ 1 Gyr after first pericenter).

We find alignments entirely consistent with those of clusters in general. This suggests that alignments

are robust against major cluster mergers. If, conversely, major cluster mergers actually help orient the

BCG, such a process is acting quickly because the orientation is in place within ∼ 1 Gyr after first

pericenter.

Keywords: galaxies: clusters: general

1. INTRODUCTION

Galaxies are not randomly oriented, and galaxy alignments are a topic of increasing interest; see Joachimi et al.

(2015) for a recent review. We focus here on the specific case of brightest cluster galaxies (BCGs) and their alignment

with the clusters in which they are embedded (Binggeli 1982). In the modern era of large surveys, Niederste-Ostholt

et al. (2010) conducted a seminal study on this topic by examining ∼10,000 clusters selected from the Sloan Digital

Sky Survey, measuring major axes of both BCGs and clusters using visible-wavelength light. They confirmed at high

significance that the major axes tend to be aligned. Second-brightest cluster galaxies were much less likely to be

aligned, and third-brightest galaxies were random, suggesting that BCGs uniquely undergo some alignment process.

This is further supported by their finding that more dominant BCGs exhibit stronger alignments. Huang et al. (2016)

updated and extended this type of study by considering alignment strength as a function of central and satellite galaxy

size, luminosity, and color, while Donahue et al. (2016) showed that the BCG-cluster alignment is preserved even when

cluster shapes are measured by X-rays, Sunyaev-Sel’dovich effect, and/or gravitational lensing.

Theoretical treatments of BCG alignments have focused on anisotropic infall along filaments, primordial alignments

in protoclusters and galaxies, and gradual alignment to the local field through gravitational torques (West 1994;

Catelan & Theuns 1996; Libeskind et al. 2013). To get a more direct handle on how and when these alignments

formed, West et al. (2017) examined a sample of higher-redshift clusters, 0.19 < z < 1.8. By examining the alignment

of BCGs with the red sequence galaxy population, they found no redshift trend: BCG-cluster alignments persist to a

lookback time of ∼ 10 Gyr, along with a lack of alignment of other cluster members.

If BCG alignments depend little on cosmic era, perhaps they depend on events in the life of each cluster, such as

mergers or the slower accretion of matter along the filaments of the cosmic web. This paper probes the role of mergers

by quantifying BCG alignments in a sample of clusters observed after undergoing first pericenter in major binary

mergers.

The paper is organized as follows: in §2, we outline our sample of BCGs within our ensemble of merging galaxy

clusters. In §3 we present the geometry and methods our of analysis. In §4 we present the results of our study, and

we discuss our findings in §5.

2. SAMPLE
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We adopt the Merging Cluster Collaboration (MCC) sample of 29 merging systems (Golovich et al. 2017b, 2018).

These systems were selected to be post-pericenter based on their radio morphology, with radio relics tracing shocks

in the cluster gas (Ensslin et al. 1998). Golovich et al. (2017b) found that most of these systems have bimodal (or

multimodal) galaxy distributions on the sky, but unimodal line-of-sight velocity distributions. This suggests that the

mergers are occurring largely in the plane of the sky. Golovich et al. (2018) found that the X-ray morphology and

three dimensional (projected and line of sight velocity) galaxy distributions are also consistent with mergers occurring

in the plane of the sky observed after first pericenter, but before second pericenter. Given that the time between

pericenters is of order 1–2 Gyr, we expect observations of these systems to be typically ∼ 1 Gyr after first pericenter.

Indeed, the dynamics of several clusters in our sample have been modeled with the MCMAC1 code (Dawson 2013)

with the time since pericenter ranging from ∼ 0.7 to 1.2 Gyr (Golovich et al. 2016, 2017a; van Weeren et al. 2017;

Benson et al. 2017).

The absence of systems that are merging along the line of sight allows us to probe the alignment between BCGs

and the subcluster separation vector, which is presumably a proxy for the direction of the filament along which the

clusters are merging, as well as the major axis of the eventual merged cluster.

Golovich et al. (2018) used a Gaussian mixture model to group galaxy positions and redshifts into subclusters in

each system, using the Bayesian information criterion to prevent oversplitting. They checked the mean redshift of

each subcluster to identify subclusters that could be physically associated. If this yielded two physically associated

subclusters, Golovich et al. (2018) checked that the radio and X-ray morphologies were consistent with a recent

pericenter passage of the two subclusters: X-rays are seen between the subclusters and extended along the subcluster

separation vector, which when extended beyond the subclusters bisects the radio relic(s). For systems with more than

two subclusters, they used this geometric model to identify the two subclusters most likely to have created the radio and

X-ray morphologies with a recent pericenter passage. This was not possible in a few systems, which we have eliminated

from our analysis in this paper. This was due to the lack of Subaru/SuprimeCam imaging (Abell 2443 and PSZ1

G108.18-1153) or an unclear merger scenario (Abell 746, Abell 2255, Abell 2345, Abell 2744, PLCK G287.0+32.9).

Eliminating these systems leaves 22 systems with subcluster pairs tied to the X-ray and radio morphologies; these are

also typically the two most massive subclusters in a system, judging by the relative sizes of their velocity dispersions.

Some of these 22 systems have additional subclusters not clearly tied to the X-ray and radio emission; those subclusters

could be infalling for the first time, or too low-mass to generate substantial X-ray and radio effects. This paper uses

the BCGs of the two subclusters most closely associated with the X-ray and radio emission in each system.

From the Subaru/SuprimeCam images (Golovich et al. 2017b) of these 22 systems, we prepare 150×150 kpc2 cutout

images of the 44 BCGs assigned to the merging subclusters. The cluster-wide BCG cutouts were presented in Golovich

et al. (2018) for each system. All analysis is completed on these cutouts as described in the following section. For

each cluster we used the deepest image listed in Table 2 of Golovich et al. (2017b) (usually R-band, with about 20%

I band). We refer readers to that paper for details regarding the observations and data reduction.

3. METHODS

We used GALFIT (Peng et al. 2010), a 2D surface brightness fitting software package, to fit a Sérsic profile to each

BCG. The Sérsic model parameters are the center of the BCG profile, its integrated magnitude, its half-light radius,

its Sérsic index, axis ratio, and major axis position angle (PA)—which is the parameter of interest here. We fit to

the entire 150×150 kpc2 cutout image of each BCG as seen in Golovich et al. (2017b). We used GALFIT without a

point-spread function (PSF) model because our BCGs are overwhelmingly larger than the PSF. We did make extensive

use of pixel masking as described in the next paragraph.

The pixel mask aimed to remove various foreground and background objects such as stars or other galaxies from

the image. We created a custom Python script to identify all pixels meeting both of two conditions: (i) intensity

greater than five percent of the peak brightness of the BCG; and (ii) having a local intensity minimum along the

vector between the pixel and the BCG peak. The red contours in Figure 1 show the masks for a typical field, Abell

523 North, and a crowded field, MACS J1149.5+2223 North. For four BCGs (Abell 2034 South, Abell 2061 North,

Abell 2061 South, and RXC J1314.4-2515 East) this algorithm masked most of the pixels in the BCG itself, so we did

not attempt to fit the data.

1 https://github.com/MCTwo/MCMAC

https://github.com/MCTwo/MCMAC


Brightest Cluster Galaxy Alignments in Merging Clusters 3

Figure 1. A BCG in a typical field (Abell 523 North, left) and in a crowded field (MACS J1149.5+2223 North, right). Arrows
denote the BCG PA found by GALFIT, and dashed lines show the merger axis (the direction to the other BCG in each system).
Red contours show the masked regions, and white contours show the surface brightness spaced by factors of 2.5.

GALFIT generally converges to a good fit regardless of the initial guess, so we used simple metrics for the initial

guesses. We initialized the profile centroid to the brightest pixel location, the half-light radius to the half width at

half-maximum (HWHM), and the axis ratio and PA based on visual inspection. We started the Sérsic index at 4.0,

and restarted at 2.0 if GALFIT did not converge starting from 4.0.

GALFIT reliably found models that agreed with manual inspection (see the arrows in Figure 1). Given the compli-

cated environments, however, the uncertainties in the fit parameters are likely to be larger than computed by GALFIT’s

simple photon noise model. Therefore, we tested the robustness of the results in different ways:

• First, we tested the effect of varying the masking procedure by fitting each BCG with no mask at all. In a

few cases omitting the mask made a large difference, and the masked fit was clearly superior to the unmasked

fit. But in many more cases the masking variation changed the result by only 1–2◦, presumably due the BCG’s

dominance and the nearly isotropic distribution of neighbors. Thus, masking even fainter neighbors—whose

distribution is even more isotropic—is likely to have an even smaller effect. We conclude that the masking is

sufficient to determine the PA to ∼ 1◦.

• Second, we assessed the dependence of the GALFIT result on its initial parameters. We reran GALFIT 121

times for each BCG with a grid of 11 initial guesses for the axis ratio and for the PA, spanning ±0.1 in axis

ratio and ±5◦ in PA about the fiducial initial guess. We then computed the rms variation of PA over these 121

samples. We dropped two BCGs (ZwCl 1856.8+6616 South and ZwCl 2341+0000 North) from the sample due

to large rms variation (> 7◦). Of the remaining 38 BCGs, the median (mean) rms variation was 0.3◦ (1.3◦).

• Third, we tested the internal consistency of each BCG by refitting to 50 kpc and 100 kpc postage stamps and

tabulating the most extreme absolute value of the three PA differences PA50kpc−PA100kpc, PA100kpc−PA150kpc,

and PA50kpc−PA150kpc. The median (mean) value of this statistic across 38 BCGs was 7◦ (10◦). In many cases

there was a monotonic PA trend from 50 to 150 kpc indicating isophotal twist. BCG alignment with the merger

axis could thus in principle be a function of radius within the BCG. However, any such trend in our sample will

be subtle because the isophotal twist from 50–150 kpc is typically only ≈ 10◦. Therefore, we focus here on the

PA within a single well-defined radius, 150 kpc.
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Merger BCG

Name PA IDa RA Dec PA Axis ratio

1RXS J0603.3+4212 74
N 06:03:16.7 +42:14:41 138 0.88

S 06:03:24.3 +42:09:31 83 0.82

Abell 115 62
N 00:55:50.6 +26:24:37 58 0.57

S 00:56:00.3 +26:20:33 104 0.88

Abell 521 59
N 04:54:06.9 -10:13:25 46 0.77

S 04:54:15.4 -10:16:14 46 0.78

Abell 523 104
N 04:59:13.0 +08:49:42 112 0.72

S 04:59:06.6 +08:43:49 92 0.80

Abell 781 75
N 09:20:22.4 +30:32:30 90 0.72

S 09:20:25.7 +30:29:38 117 0.79

Abell 1240 85
N 11:23:35.3 +43:08:31 106 0.66

S 11:23:37.7 +43:03:28 99 0.78

Abell 1300 145
E 11:32:00.3 -19:54:41 84 0.69

W 11:31:54.2 -19:55:40 41 0.59

Abell 1612 30
N 12:47:33.3 -02:47:12 74 0.70

S 12:47:51.4 -02:49:50 42 0.72

Abell 2034 86 N 15:10:10.2 +33:34:01 5 0.82

Abell 2163 171
E 16:15:49.0 -06:08:42 1 0.71

W 16:15:33.5 -06:09:17 168 0.66

Abell 3365 164
E 05:48:43.2 -21:54:56 159 0.71

W 05:48:18.7 -21:56:31 178 0.68

Abell 3411 62
N 08:41:52.9 -17:28:05 103 0.75

S 08:42:07.1 -17:34:41 31 0.71

CIZA J2242.8+5301 98
N 22:42:52.6 +53:04:51 37 0.88

S 22:42:40.8 +52:58:54 115 0.80

MACS J1149.5+2223 47
N 11:49:35.7 +22:23:55 46 0.72

S 11:49:43.0 +22:22:07 38 0.82

MACS J1752.0+4440 151
E 17:52:11.9 +44:41:01 7 0.71

W 17:51:53.4 +44:39:14 150 0.67

RXC J1053.7+5452 31
E 10:54:11.2 +54:50:18 157 0.89

W 10:53:36.5 +54:52:04 43 0.91

RXC J1314.4-2515 172 W 13:14:22.1 -25:15:46 145 0.70

ZwCl 0008.8+5215 167
E 00:12:18.9 +52:33:47 152 0.78

W 00:11:21.8 +52:31:45 171 0.87

ZwCl 1447+2619 89
N 14:49:31.1 +26:08:37 103 0.75

S 14:49:29.7 +26:02:55 125 0.73

ZwCl 1856.8+6616 81 N 18:56:33.7 +66:25:16 16 0.82

ZwCl 2341+0000 56 S 23:43:47.5 +00:15:24 56 0.84

aIdentifier: (N)orth, (S)outh, (E)ast, (W)est

Table 1. Merger and BCG parameters. Position angle (PA) is measured in degrees from west toward north.

In summary, these robustness tests caused us to drop two more BCGs due to sensitivity to the initial fit parameters.

Four had already been dropped due to paucity of unmasked pixels, leaving 38 BGCs with a typical measurement

uncertainty of 1–2◦. While each BCG major axis PA may vary by ≈ 10◦ as a function of radius, we will consistently

quote the PA of the light within 150 kpc.
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Figure 2. Note: not to scale. Schematic representation of the geometry for a bimodal merger showing the position angles for
each BCG and for the the merger axis (the line connecting the BCGs). PAs are defined as increasing counterclockwise from
west. The BCG-merger axis angle ∆φ ≡ |φBCG−φmerger| is defined only on the interval [0◦, 90◦] to reflect invariance to rotation
by 180◦ and/or reflection across the merger axis.

Table 1 lists the fit results for each BCG. The PA is defined as the acute angle between due west and the BCG

major axis, increasing counterclockwise as shown in Figure 2. The merger axis PA is similarly defined using the line

connecting the two BCGs. Then, for each BCG we compute ∆φ ≡ |φBCG−φmerger|. Finally, recognizing that ∆φ and

180◦ −∆φ represent the same physical situation, we fold ∆φ into the range [0◦, 90◦]. For example, φBCG = 85◦ and

φmerger = −80◦ represent a PA difference of only 15◦ after folding.

4. RESULTS

Figure 3 shows the histogram of ∆φ values. For comparison, randomly oriented galaxies would yield a flat distribution

in this figure. The observed distribution is significantly biased toward small ∆φ, i.e., BCGs tend to be aligned with

the merger axis. According to a Kolmogorov-Smirnov test, this distribution is highly inconsistent with uniform

(p = 1.2× 10−5).

Next, we compare the alignments in our sample with the more typical cluster sample of West et al. (2017). Figure 4

shows the cumulative distribution function (CDF) for each sample. The two CDFs are remarkably similar to each

other: a two-sided Kolmogorov-Smirnov test indicates that the two distributions are consistent, p = 0.53. The more

sensitive Anderson-Darling test (Feigelson & Babu 2012) also finds consistency, p > 0.25. This consistency suggests

that mergers either preserve pre-existing alignments, or act to induce alignments on a timescale of . 1 Gyr.

So far we have shown that each BCG PA is correlated with the merger axis. It could be that the BCGs directly

correlate with each other and only less so with the merger axis, thus rendering the merger axis a mere confounding

variable. We tested this by tabulating, for each merger with two well-measured BCGs, the angle between the major

axes of the two BCGs. Figure 5 shows the resulting histogram, which is flatter than the histogram in Figure 3. The

relative weakness of the BCG-BCG correlation suggests that the separation vector is playing a central role in guiding

the orientation of each BCG, rather than the BCGs affecting each other directly. This does not, however, specify the

underlying physical mechanism and in particular does not shed light on whether that mechanism predates the merger.

For example, if a merger can be modeled as infall along mostly opposing filaments, each BCG could be aligned with

its host filament before the merger.

We also checked the ∆φ distribution of the 22 well-measured BCGs that remain after excluding systems that Golovich

et al. (2018) found to be multimodal. The distribution is consistent with that of the full sample. We found the same
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Figure 3. Histogram of ∆φ values. The excess of low ∆φ values indicates, with high significance, that BCGs tend to be
oriented along the merger axis.

result for a subset of fifteen BCGs residing in the “gold” subsample of eight bimodal systems that Golovich et al. (2018)

found to have merger axes particularly well defined by radio relics. This suggests that, even in the more complicated

systems, uncertainty in the merger axis is a subdominant source of uncertainty in this analysis. The variation seen in

Figure 3, with some BCGs oriented many tens of degrees away from the merger axis, is likely to be intrinsic.

We also looked for an alignment trend with BCG axis ratio; that is, are more elongated BCGs more likely to

be aligned with the merger axis? We would expect this trend if the observed scatter in ∆φ were mostly due to

measurement uncertainty in the BCG PA, because rounder BCGs have more uncertain PA. We performed a Spearman

rank correlation test between BCG axis ratio and ∆φ, and found a correlation coefficient of 0.15 with a p-value of

p = 0.37. This suggests that measurement uncertainties are subdominant, and that the BCG-merger axis scatter is

intrinsic. This claim is further supported by the size of the BCG-merger axis scatter (tens of degrees) compared to the

measurement uncertainty of the BCG major axis PA (1–2◦; see §3). Note, however, that we have defined the merger

axis according to the BCG separation vector. While the uncertainty on the PA of the current BCG separation vector

is negligible, it is likely that this PA changes over time as the BCGs are unlikely to follow exactly radial trajectories.

Hence, the uncertainty on the merger axis is difficult to quantify. Golovich et al. (2018) found that the scatter between

BCG position vector PA and radio relic PA is a few tens of degrees. Hence, a substantial fraction of the BCG-merger

axis scatter here may be due to difficulty in defining a merger axis with precision.

5. DISCUSSION
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Figure 4. Cumulative distribution functions for ∆φ for our merging cluster sample and for the West et al. (2017) sample of
more typical clusters. The two distributions are consistent with each other, and each is inconsistent with a uniform distribution
(dashed line). This suggests that mergers either preserve pre-existing alignments, or act to induce alignments on a timescale of
. 1 Gyr.

Our primary result is that BCG alignments in clusters undergoing major mergers are no different from those in

clusters in general. This indicates, at the least, that cluster mergers do not disrupt BCG alignments. Furthermore,

any process by which mergers actually help build BCG alignments would have to act within the first ∼ 1 Gyr after first

pericenter, because clusters in our sample are seen typically 1 Gyr after first pericenter and we see BCG alignments

at full strength.

According to Huang et al. (2016) BCG-cluster alignments in general do exhibit trends with BCG axis ratio. Studying

nearly 10,000 clusters, they found that alignment is weak to nonexistent for the roundest BCGs, strongest for moder-

ately elliptical BCGs, and weaker again for the most elliptical BCGs. However, Huang et al. (2016) argue that this is

not a physical trend. They found that their roundest BCGs had ill-defined position angles, and their most elongated

BCGs were often galaxy mergers, where the PA was defined by local happenstance; each of these cases weaken what

might be considered the baseline level of BCG-cluster alignment. We do not see the first trend because even our

roundest BCGs have a well-determined PA due to an overwhelming signal-to-noise ratio. We do not see the second

trend because of small sample size and because we discarded BCGs where the PA was ill-defined due to crowding.

In our merging systems, the projected separations are typically ∼ 1 Mpc, and the subcluster separation vector is a

proxy for the filament along which the subclusters presumably fell together. Thus, our results provide strong evidence

for a connection between the BCG scale and structures on scales of 1 Mpc or greater.
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Figure 5. Histogram of position angle differences for 17 pairs of BCGs, indicating that BCGs correlate with each other but
not as well as with the merger axis. As with Figure 3, bins are 10◦ wide, but the numbers are cut by more than half due to
missing BCG measurements in some systems.
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