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ABSTRACT
We investigate the alignment of non-red early-type galaxies (ETGs) with blue or green colors within large-

scale filaments and compare this alignment pattern with that of red ETGs. Our analysis reveals a significant
alignment of the major axes of red ETGs with the orientations of their host cosmic filaments, consistent with
prior research. In contrast, non-red ETGs show no significant alignment signal. This divergence in alignment
behavior between non-red and red ETGs plausibly suggests distinct evolutionary pathways for non-red and red
ETGs.
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1. INTRODUCTION

Early-type galaxies (ETGs), encompassing primarily el-
liptical and lenticular galaxies, constitute a distinct cosmic
population defined by spheroidal morphologies, older stellar
populations, and typically low star formation activity. These
galaxies are pivotal in exploring the connections between
galaxy evolution and the larger cosmic environment. Study-
ing the alignment of ETGs within large-scale structures like
galaxy clusters, filaments, and voids provides insight into
their formation processes, merger histories, and dynamical
evolution (e.g., Hung et al. 2010; Primack 2024; O’Kane et
al. 2024; Merluzzi et al. 2015).

The spatial distribution and orientation of ETGs reveal
alignment phenomena that inform our understanding of their
assembly history and interactions with the cosmic web. No-
tably, ETG major axes often show a strong radial align-
ment within dynamically old, relaxed galaxy clusters and
groups, likely due to angular momentum exchanges in re-
peated encounters within the dense cluster environment and
tidal forces from central massive galaxies (Schneider et al.
2013; Rong et al. 2015a, 2019; Plionis et al. 2008; Lee &
Choi 2015; Coutts 1996; Pereira & Kuhn 2005; Wang &
Kang 2017, 2018). Conversely, in younger, dynamically
evolving clusters, the orientations of ETGs tend to reflect
their initial infall along filamentary structures, preserving a
memory of their accretion path (Plionis & Basilakos 2002;
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Plionis et al. 2003; Rong et al. 2015b; Wesson 1984; West
1994; Kang & Wang 2015). This radial alignment is a known
source of bias in weak lensing measurements, where it can
mimic the coherent alignments expected from gravitational
lensing (Hirata & Seljak 2004; Troxel & Ishak 2014).

In large-scale filaments, red ETGs’ major axes often align
with filament elongations, likely a result of galaxy mergers
within these structures (Rong et al. 2016; Tempel et al. 2013;
Tempel & Libeskind 2013; Tempel et al. 2015; Barsanti et al.
2022; Kraljic et al. 2021; Kitzbichler & Saurer 2003; Wang et
al. 2018). Observations show that redder and brighter ETGs
tend to exhibit stronger alignment (Zhang et al. 2013; Tempel
et al. 2013), suggesting that alignment studies can robustly
constrain galaxy formation scenarios.

Notably, previous alignment studies primarily focused on
red, quiescent ETGs. However, the blue and green ETGs,
with younger stellar populations and active star formation,
challenge conventional classifications and may offer insights
into alternative formation pathways. Their alignment with
large-scale structures remains unclear. These ETGs, classfied
as non-red ETGs (nETGs), in particular, may exhibit distinct
formation mechanisms compared to quiescent ETGs (Tojeiro
et al. 2013; Deng et al. 2009; Li et al. 2024). Examining the
alignment of nETGs within large-scale filaments could clar-
ify the differences between red and non-red ETGs, offering a
deeper understanding of galaxy evolution and cosmic struc-
ture formation.

This study investigates the alignment of nETGs in large-
scale filaments. Section 2 describes the sample selection,
Section 3 presents a statistical analysis of nETG alignments
relative to host filaments and compares the findings to red
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ETG alignments, and Section 4 provides a summary and dis-
cussion of the results.

2. SAMPLE

We select nETGs from the spectroscopic galaxy sample
compiled by Tempel et al. (2012), based on data from the
Sloan Digital Sky Survey (SDSS) (Aihara et al. 2011). This
sample is limited to a r-band Petrosian magnitude of mr =
17.77 mag, providing various properties for each galaxy, in-
cluding position, ugriz-band absolute magnitudes, morphol-
ogy (‘morf ’), group ranking (‘rank’), and more. From
the color-magnitude diagram in Fig. 1, we identify non-red
galaxies below the boundary g − i = −0.0571(Mr + 24) +
1.25 (Papastergis et al. 2013). Red-sequence galaxies are
also selected for comparison.

Galaxies classified as ‘morf = 2’ (as defined in Tempel
et al. 2012) are categorized as ETGs, enabling the isolation
of both nETGs and red ETGs (rETGs). Stellar masses M⋆

are estimated from the r-band absolute magnitudes and g− r
colors using the mass-to-light ratio equation log(M⋆/Lr) =
1.097(g − r) − 0.306 (Bell et al. 2003). Considering the
stronger alignment signal in more massive ETGs (Tempel et
al. 2013, 2015), only ETGs with M⋆ > 109.5 M⊙ are in-
cluded.

Focusing on the alignment of central ETGs within large-
scale filaments, we exclude satellite galaxies and retain those
with ‘rank = 1’. Position angles are determined using the
SDSS “photoObj.deVPhi r” parameter, which is a reliable
metric for elliptical galaxies with de Vaucouleurs R1/4 sur-
face brightness profile (de Vaucouleurs et al. 1948). Galaxies
with an axis ratio of “photoObj.deVAB r> 0.8” are removed
for accuracy.

The associated filament of each ETG is identified from the
filament catalog by Tempel et al. (2014) based on its three-
dimensional distance (dgf ) to the filament spine. The align-
ment analysis is limited to ETGs within dgf ≤ 1.0 Mpc/h,
approximately marking a filament boundary (Wang et al.
2024). This final sample consists of 968 nETGs and 4,976
rETGs located in their respective host filaments. Their distri-
butions of M⋆ and dgf are compared in the upper panels of
Fig. 2.

3. ALIGNMENT OF NON-RED ETGS

The catalog compiled by Tempel et al. (2014) includes in-
formation on filament points and filament spine orientation
at each point. In our study, we calculate the angle θ between
the major axis of each ETG and the orientation of the nearest
filament spine in the plane of the sky, following the method-
ology described by Wang et al. (2020). Here, θ is constrained
to the range [0, 90◦]. An alignment signal is considered sta-
tistically significant if the distribution of θ deviates notice-
ably from uniformity.

Previous research has shown that the galactic stellar mass,
the distance to the filament, and redshift have a significant
impact on the strength of the alignment signal of ETGs
(Wang et al. 2020; Chen et al. 2019; Li et al. 2013; Donoso
et al. 2006; Faltenbacher et al. 2009). As shown in the upper

Figure 1. The color-magnitude diagram, showing g − i optical
colors versus r-band absolute magnitudes Mr , for SDSS galaxies
(black dots) and ETGs (cyan dots). The red boundary line separat-
ing rETGs and nETGs is defined by g− i = −0.0571(Mr +24)+

1.25 (Papastergis et al. 2013).

panels of Fig. 2, while the distributions of dgf and redshifts
(corrected to the CMB rest frame; Tempel et al. 2012) for the
rETG and nETG samples are similar, their stellar mass dis-
tributions differ. Therefore, it is essential to ensure that the
stellar mass distributions of the two samples are comparable
to accurately compare their alignment signals. To achieve
this, we implement a mass-weighting control method.

Initially, we establish the stellar mass distribution of the
nETG sample as the reference. Subsequently, we assign
weights to the rETG sample using the equation:

wrETG,i = fnETG,i/frETG,i, (1)

where fnETG,i and frETG,i represent the fractions of galaxies
in the nETG and rETG samples within the i-th stellar mass
bin, respectively. wrETG,i denotes the weight of the rETG
sample in the i-th stellar mass bin. We then randomly select
n′
rETG,i galaxies from the rETG sample within the i-th stellar

mass bin, using

n′
rETG,i = wrETG,i/max(wrETG,i) ∗ nrETG,i, (2)

where nrETG,i represents the original number of galax-
ies in the rETG sample within the i-th stellar mass bin.
max(wrETG,i) is the maximum value of wrETG,i across
different bins. The stellar mass distribution of the rETG
sample post weighting is compared with that of the nETG
sample in panel d of Fig. 2. The comparable medians and
high p-values from two-sample Kolmogorov–Smirnov (K-S)
tests indicate no significant differences of the stellar masses,
dgf , and redshifts between the two samples after weighting
method applied. Subsequently, we utilize the weighted rETG
sample (with 3,225 member galaxies) and nETG sample to
examine the relationship between their major axes’ orienta-
tions and filaments’ orientations.
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Figure 2. Comparison of the stellar mass distributions (left), dgf distributions (middle), and (CMB-corrected) redshift distributions (right)
between the nETGs (blue histograms) and rETGs (red histograms). The upper, middle, and lower panels correspond to the results obtained
from the original rETG sample, mass-weighted rETG sample, and mass-weighted sample matched in size to the nETG sample, respectively.
Each panel displays the median value and standard deviation of the distribution, along with the respective sample sizes in brackets. Additionally,
p-values from two-sample K-S tests comparing nETGs and rETGs are presented.
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(c)Mass-weighted & same size
nETGs: = 1.07 ± 0.08, p=0.13 (968)
rETGs: = 1.30 ± 0.06, p=10 6 (968)
p(two-sample)=0.003

Figure 3. Comparison of the θ distributions of rETGs (red his-
tograms) and nETGs (blue histograms). The upper, middle, and
lower panels display the results from the original rETG sample,
mass-weighted sample, and mass-weighted sample with the same
size as the nETG sample, respectively. The 1σ uncertainties, de-
rived from bootstrap resampling while maintaining the sample size
(the standard deviation of the distribution functions from 100 rep-
etitions is taken as the uncertainty), are denoted by the colored re-
gions. The uniformly distributed reference is indicated by the gray
dashed line. For each sample, the I(θ) value with its associated un-
certainty, K-S test p-values compared to a uniform distribution, and
sample size (in brackets) are provided. The two-sample K-S test
p-values for comparing the θ distributions of rETGs and nETGs are
also presented in black in the respective panels.

The red histogram in panel b of Fig. 3 depicts the aver-
age distribution of θ of rETGs after mass-weighting, with
100 times repeats (the error bars show the standard devi-
ations of the 100 distribution functions). The major axes
of rETGs show clear alignment with the parent filaments.
To quantify alignment strength, following the method out-
lined in Rong et al. (2024) and Rong et al. (2019), we define
I(θ) = N0−45/N45−90, where N0−45 and N45−90 represent
the numbers of ETGs with θ in the ranges [0, 45◦] and [45◦,
90◦], respectively. A uniform distribution yields I(θ) ≃ 1.

The uncertainty of I(θ), σI , is estimated from the 100
times repeats: for each mass-weighting selection of rETGs,
we estimate a I(θ) = N0−45/N45−90. The standard devia-
tion of these values is taken as the uncertainty.

The average distribution of θ for rETGs after mass-
weighting reveals a significant alignment signal with I(θ) =
1.30 ± 0.05 (equivalent to a confidence level of approxi-
mately 6σ based on (I(θ)−1)/σI) and a K-S test p-value of
p ∼ 10−8 (compared to a uniform distribution). This align-
ment finding for rETGs is consistent with previous studies
(e.g., Tempel et al. 2013). In contrast, nETGs exhibit no
or weak alignment (I(θ) = 1.07 ± 0.081), with a K-S test
p-value of p = 0.13 compared to a uniform distribution,
indicating no significant alignment. The K-S test compar-
ison between the rETGs and nETGs yields a small p-value
(p ∼ 0.003), confirming a statistically significant difference
in their alignment distributions. Therefore, the distinct align-
ment signals of rETGs and nETGs cannot be attributed to the
differences in stellar mass or dgf between rETGs and nETGs,
as these properties are comparable.

To investigate whether the alignment strength difference
between the two samples is influenced by their different sam-
ple sizes, we apply the mass-weighting method described
earlier and randomly select rETGs by setting n′

rETG,i =
nnETG,i, where nnETG,i represents the number of nETGs in
the i-th stellar mass bin. The distributions of M⋆, dgf , and
redshifts of nETGs and the selected rETGs are compared in
the lower panels of Fig. 2, with large p-values indicating no
significant differences. However, the alignment distributions
of the rETGs and selected nETGs with equal sample sizes
still exhibit a notable difference. Only the major axes of
the rETGs show a significant alignment with filament spines
(I(θ) = 1.30 ± 0.06 indicating an alignment signal at ap-
proximately 5σ confidence level; K-S test p = 10−6 when
compared to a uniform distribution). Although the relatively
small sample size of nETGs prevents us from entirely rul-
ing out the possibility of a weak alignment between nETGs
and their parent filaments, it is evident that the alignment
signal strength in nETGs is markedly weaker than that in
rETGs. Furthermore, the disparity in alignment signals be-

1 The uncertainty of nETGs is estimated using bootstrap resampling.
From the original sample with N members, we randomly select N galaxies
with replacement, repeating this 100 times to obtain 100 values of I(θ), and
the standard deviation of these values is taken as the uncertainty.
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tween nETGs and rETGs is not attributable to differences in
sample sizes.

4. SUMMARY AND DISCUSSION

Using SDSS data, we investigate the alignment of central
ETGs with large-scale filaments. We categorize ETGs into
red (rETGs) and non-red (nETGs) based on their optical col-
ors. Our statistical analysis confirms a robust alignment of
the major axes of red ETGs with filament orientation, consis-
tent with previous studies. In contrast, nETGs exhibit either
no alignment or very weak alignment. This suggests that the
alignment signal observed in ETGs within large-scale fila-
ments, as reported in prior research (e.g., Tempel et al. 2013),
is predominantly driven by red ETGs, while blue ETGs do
not contribute significantly to the alignment signal.

We establish that the difference in alignment between
rETGs and nETGs is not influenced by disparities in the dis-
tributions of stellar masses or distances to filament spines be-
tween the two samples, nor by variations in sample sizes.
Our results remain consistent regardless of changes in ellip-
ticity or stellar mass thresholds for sample selection. For in-
stance, when selecting ETGs based on criteria such as “pho-
toObj.deVAB r>0.7” or “photoObj.deVAB r>0.6” or M⋆ >
1010 M⊙ or M⋆ > 1010.5 M⊙, the alignment patterns remain
unchanged.

The absence of alignment in nETGs may indicate a distinct
formation pathway. While the alignment of rETGs likely
arises from mergers along filament orientations (Tempel &
Libeskind 2013), our findings plausibly suggest that nETGs
may not predominantly form through mergers. Alternatively,
nETGs may arise from processes such as the instability of
spiral galaxies (Kormendy 2013; van den Bosch 1998), lead-
ing to more randomly distributed orientations. Notably, the
star formation histories of nETGs and blue spiral galaxies
exhibit similarities (Tojeiro et al. 2013).

Furthermore, recent galaxy mergers may have substan-
tially modified the original morphology of nETGs. Stud-
ies by Maller & Dekel (2002) indicate that the spin vectors
and orientations of galaxies are primarily influenced by their
most recent merging events. Therefore, an alternative hy-
pothesis posits that the latest mergers involving nETGs may
not align with the filament spine but instead follow more ran-
dom directions relative to the spine, potentially even perpen-
dicular to it. For example, gas-rich galaxy pairs accreted by
large-scale filaments may merge in a manner that positions
them on either side of the filament spine, leading to a con-
necting line between the merging galaxies that is perpendic-
ular to the spine direction. In contrast, mergers giving rise

to rETGs are more likely to occur along the spine direction,
potentially after undergoing pre-processing within a galaxy
group and possessing lower gas content, resulting in a red,
quiescent descendant. Therefore, the absence of alignment in
nETGs may be attributed to their formation through recently
accreted gas-rich galaxy pairs by large-scale filaments, with
the merging systems exhibiting more random angular mo-
mentum directions.

Alternatively, the most recent mergers of nETGs, which
are predominantly found in lower-density environments
(Bamford et al. 2009), may have occurred more distantly
in time compared to rETGs. This scenario may also eluci-
date the absence or weakness of alignment signals in nETGs,
as subsequent gas accretion and star formation may have sig-
nificantly altered their primordial morphology, resulting in
diminished alignment with their parent filaments.

Indeed, establishing the absence of alignment between
nETGs and their parent filaments, coupled with probing the
underlying causes through cosmological hydrodynamic sim-
ulations, constitutes a vital research endeavor. This initia-
tive holds profound implications for advancing our compre-
hension of the formation and evolution of nETGs. We in-
tend to ameliorate statistical constraints by leveraging immi-
nent large-scale surveys such as the Wide Area VISTA Extra-
galactic Survey (WAVES; Driver et al. 2019) and the 4MOST
Hemisphere Survey (4HS; Taylor et al. 2023), thereby miti-
gating uncertainties intrinsic to small sample sizes. This ap-
proach will enable a more nuanced investigation into the po-
tential alignment, or lack thereof, between nETGs and large-
scale filaments from an observational standpoint. Should an
absence of alignment be corroborated in expanded nETG co-
horts, it would fundamentally challenge prevailing models of
nETG genesis and development. We envisage employing so-
phisticated cosmological hydrodynamic simulations, such as
Illustris-TNG (Nelson et al. 2019), to delve deeper into the
intricate formation processes of nETGs.
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