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ABSTRACT
We find that the minor axes of the ultra-diffuse galaxies (UDGs) in Abell 2634 tend to be aligned with the major axis of
the central dominant galaxy, at a � 95 per cent confidence level. This alignment is produced by the bright UDGs with the
absolute magnitudes Mr < −15.3 mag, and outer-region UDGs with R > 0.5R200. The alignment signal implies that these bright,
outer-region UDGs are very likely to acquire their angular momenta from the vortices around the large-scale filament before
they were accreted into A2634, and form their extended stellar bodies outside of the cluster; in this scenario, the orientations of
their primordial angular momenta, which are roughly shown by their minor axes on the images, should tend to be parallel to the
elongation of the large-scale filament. When these UDGs fell into the unrelaxed cluster A2634 along the filament, they could
still preserve their primordial alignment signal before violent relaxation and encounters. These bright, outer-region UDGs in
A2634 are very unlikely to be the descendants of the high-surface-brightness dwarf progenitors under tidal interactions with the
central dominant galaxy in the cluster environment. Our results indicate that the primordial alignment could be a useful probe
of the origin of UDGs in large-scale structures.

Key words: galaxies: clusters: individual (A2634) – galaxies: kinematics and dynamics – galaxies: statistics – galaxies: struc-
ture.

1 IN T RO D U C T I O N

The formation of ultra-diffuse galaxies (UDGs; van Dokkum et al.
2015), with large effective radii (re > 1.5 kpc) and low surface
brightness [e.g. the r-band mean effective surface brightness of
〈μe(r)〉 > 24 mag arcsec−2], is under debate. There are four pre-
vailing formation models for UDGs. The first model proposes that
UDGs are failed L∗ galaxies originated in the massive haloes of
∼1012 M�, which is supported by the simulation of Yozin & Bekki
(2015) and high stellar velocity dispersion in DF 44 (van Dokkum
et al. 2016). The second model proposes that UDGs originated
from stellar feedback (Di Cintio et al. 2017; Jiang et al. 2019;
Martin et al. 2019). The second kind of models propose that
the UDGs are produced by a high dark matter- or stellar-specific
angular momentum, which is favoured by semi-analytical galaxy
formation models (e.g. Amorisco & Loeb 2016; Rong et al. 2017)
and observations of isolated UDGs (Mancera Piña et al. 2020). The
third model proposes that UDGs originated from stellar feedback,
which is also supported by several hydrodynamical simulations (Di
Cintio et al. 2017; Jiang et al. 2019; Martin et al. 2019) and stellar
population analysis based on spectroscopic data for a handful of
UDGs (Chilingarian et al. 2019; Martı́n-Navarro et al. 2019; Rong

� E-mail: rongyuastrophysics@gmail.com

et al. 2020). Another possibility is that UDGs are the descendants of
typical dwarf galaxies under tidal interactions with massive galaxies
in galaxy clusters (e.g. Venhola et al. 2017; Carleton et al. 2019),
which is favoured by the studies of intrinsic morphology dependence
on luminosity/environment (Rong et al. 2019a) and stellar orbits for
several UDGs in galaxy clusters/groups (Penny & Conselice 2008;
Chilingarian et al. 2019), as well as observed tidal features around
UDGs (Bennet et al. 2018; Greco et al. 2018). In some simulations,
UDGs are the products of mixture of the two or three models (e.g.
Jiang et al. 2019; Liao et al. 2019; Sales et al. 2020).

Galaxy alignments provide clues to the formation and evolution
of galaxies. The studies of their primordial (direct) alignment, i.e.
the orientations of elliptical galaxies or spin axes of spiral galaxies
exhibit a tendency of alignment with the elongation of the host/closest
galaxy cluster/large-scale filament, contribute to the understanding of
the previous merger processes of galaxies, and particularly, the origin
of angular momenta of galaxies (e.g. Codis et al. 2012; Libeskind
et al. 2013; Tempel et al. 2015; Rong, Zhang & Liao 2015b; Zhang
et al. 2015; Pahwa et al. 2016; Rong, Liu & Zhang 2016). Radial
alignment, i.e. the major axes of satellite galaxies are preferentially
oriented towards the centre of the parent cluster, however, is crucial to
study the tidal interaction between the satellites and central dominant
galaxy/parent cluster after galaxies falling into a cluster knot along
the large-scale filaments, as well as mass distribution and dynamical
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Alignment probes the origin of cluster UDGs L73

Figure 1. The illustrations of the three angles θ , φ, and ξ , which are used
to test for the primordial alignment, radial alignment, and distributions of the
satellite galaxies, respectively.

state of the parent cluster (e.g. Pereira, Bryan & Gill 2008; Schneider
et al. 2013; Rong et al. 2015a, 2019b).

The UDGs in the Coma and Abell 1314 clusters show the radial
alignment signals (Yagi et al. 2016; Mancera Piña et al. 2019),
suggesting that the member UDGs in clusters may be the products
of strong tidal stripping or remarkably affected by tides. However,
UDGs in the other galaxy clusters, including Fornax (Venhola et al.
2017; Rong et al. 2019b), 15 nearby clusters studied in Mancera Piña
et al. (2019) and van der Burg, Muzzin & Hoekstra (2016), as well
as two intermediate-redshift clusters A2744 and AS1063 (z ∼ 0.3;
Lee et al. 2017), show no radial alignment signals, implying that the
orientations of most UDGs in clusters are not strongly affected by the
environment. Yet the possible primordial alignment of cluster UDGs,
which may reveal their origin and evolution, has never been studied
to the present. In this letter, we report the serendipitously discovered
primordial alignment signal of UDGs in Abell 2634 galaxy cluster,
i.e. the minor axes of UDGs tend to be aligned with the major axis
of the central dominant galaxy of Abell 2634, which provides an
important clue to the origin of the cluster UDGs.

2 PR I M O R D I A L A L I G N M E N T O F U D G S IN
A 2 6 3 4

We use the UDG sample of Mancera Piña et al. (2019) without
performing any background subtraction, located in eight nearby
clusters; the selection of UDGs is described in Mancera Piña et al.
(2019). In this work, we only study the member UDGs with axis
ratios of b/a < 0.9, since the position angle uncertainties of the
round UDGs with b/a ≥ 0.9 are large.

We investigate the distribution of position angles (PADs) of UDGs
in each cluster; the position angle θ (in a range of 0–90◦), as shown
in Fig. 1, is defined as the intersection angle between the major
axes of a satellite UDG and the central dominant (cD) galaxy.
The Kolmogorov–Smirnov (K–S) tests (i.e. comparing a PAD and
uniform distribution) indicate that only the UDGs in A2634 (for
A2634, there are 120 UDGs in the original sample, among which
112 UDGs have b/a < 0.9, as shown in Fig. 2) present a significant
alignment signal (P ∼ 0.02), as shown in Fig. 3(a) (the error bars in
the histogram are obtained with the bootstrap method).

We find that the major axes of the UDGs in A2634 tend to be
perpendicular to the major axis of the cD galaxy, i.e. θ are more
likely to be θ > 45◦ rather than θ < 45◦. Analogous to the work
of Yagi et al. (2016), we utilize a ratio α between the numbers of
galaxies with θ > 45◦ and θ < 45◦, i.e. α ≡ N1/N2 (where N1 and
N2 are the UDG numbers of θ > 45◦ and θ < 45◦, respectively), to

Figure 2. The spatial distribution of UDGs in A2634. The dotted circles show
the virial radius R200 and 0.5R200. The cD galaxy NGC 7720 is highlighted
with the red ellipse; the ellipses with the dark green to light green colours
(the different colours reveal the different magnitudes as shown by the colour
bar) denote the UDGs (we only plot the ones with the projected axis ratios
b/a < 0.9). The blue solid and dashed lines show the major axes of the UDGs
and NGC 7720, respectively; the orange dashed line shows the orientation of
the elongation of X-ray emission.

quantitatively1 assess the significance of the excess of θ > 45◦ (i.e.
more likely to be perpendicular rather than parallel to the major axis
of the cD galaxy) in the PAD (a uniform distribution corresponding
to α � 1, while a perpendicular alignment corresponding to α �
1). We find α = 1.70 ± 0.34 for the PAD of the member UDGs in
A2634, suggesting that there is an θ > 45◦ excess of the PAD at ∼2σ

confidence level.2

The alignment signal in the PAD of UDGs in A2634 is primarily
produced by the brighter/higher mass UDGs with Mr < −15.3 mag
(−15.3 mag is the median absolute magnitude of the UDGs in
A2634), as shown in Fig. 3(a). The bright UDGs present a K–S
test P ∼ 0.004 and α � 2.47 ± 0.83. In contrast, the faint/low-mass
UDGs with Mr > −15.3 mag exhibit no alignment signal with P ∼
0.84 and α � 1.30 ± 0.36.

The major axis of a cD galaxy of a galaxy cluster is found to
strongly coincide with the orientation of its parent cluster and elon-
gation of the host/closest large-scale filamentary structure (Struble
1990; Fuller, West & Bridges 1999; Niederste-Ostholt et al. 2010;
West et al. 2017). In A2634, the major axis of the cD galaxy,
NGC 7720, shows a position angle of ∼28◦ (Alam et al. 2015),
and is also aligned to the elongation of X-ray emission and galaxy
spatial distribution of A2634 (Pinkney et al. 1993; Scodeggio et al.
1995). Therefore, the results also suggest that the major axes of the
bright UDGs in A2634 tend to be perpendicular to the elongation of
the host cluster/large-scale filament, or that the minor axes, which
coarsely show the (projected) spin axes of UDGs (Mo, Mao & White
1998; Zhang et al. 2009; Debattista et al. 2015) since these cluster
UDGs are very likely to have a thick-disc intrinsic morphology
(Rong et al. 2019a), are preferentially aligned with the elongation
of the host cluster/large-scale filament. This preferential alignment

1The uncertainties of α are estimated with the bootstrap method.
2The significance of the excess is estimated by (α − 1)/errα , where errα is
the uncertainty of α.
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L74 Y. Rong et al.

Figure 3. Left-hand panels: the PADs of the A2634 UDGs; middle panels: the RADs of the A2634 UDGs; right-hand panels: the distributions of ξ of the
A2634 UDGs. The upper panels always show the distributions of the bright UDGs with Mr < −15.3 mag (dashed) and faint UDGs with Mr > −15.3 mag
(dotted); the lower panels always show the distributions of the outer-region R > 0.5R200 (dashed) and inner-region R < 0.5R200 (dotted) UDGs. In panel (a),
the PAD for all of the UDGs in A2634 is also shown by the solid histogram. In each panel, the P value from the K–S test of comparing each distribution with a
uniform distribution, as well as α value denoting significance of the excess of >45◦, is also shown.

resembles the spin alignment of spiral galaxies in dynamically
young clusters and large-scale filaments (Tempel & Libeskind 2013;
Tempel, Stoica & Saar 2013).

The preferential alignment of the bright UDGs in A2634 could
be naturally explained as a spin alignment. Analogous to the
spin acquisition of the low-mass spiral galaxies with halo masses
<5 × 1012 M�, the angular momentum of a UDG might be the
result of the vorticity of the cosmic flow field on a scale greater
than the virial radius, and thus be parallel to the elongation of the
host/closest large-scale filament (e.g. Codis et al. 2012; Libeskind
et al. 2013; Laigle et al. 2015; Ganeshaiah Veena et al. 2019).
When these UDGs fell into the gravitational potential of the cluster
along the large-scale filament, they can, to a certain extent, still
preserve their primordial spin alignment before the violent relaxation
and (impulsive) encounters with the cD galaxy (Porciani, Dekel &
Hoffman 2002; Zhang et al. 2015). We note that A2634 is an
unrelaxed cluster (Pinkney et al. 1993; Scodeggio et al. 1995);
particularly, its member spiral galaxies exhibit both a multimodal
velocity distribution and a much larger velocity dispersion than
the member ellipticals, representing a dynamically young cluster
population (Scodeggio et al. 1995).

Based on this model, we should expect the UDGs in the outer
region of cluster to show more significant preferential alignment
signal, compared with those in the inner region, since the inner-
region UDGs might be more easily affected by the tidal interactions
with the cD galaxy, whereas the outer-region ones are less affected
by tides and thus more likely to preserve their primordial alignment
signal. As shown in Fig. 3(b), indeed, we find that the preferential

alignment signal of the A2634 UDGs is primarily produced by the
projected-outer-region (i.e. the cluster-centric distances R > 0.5R200,
where R200 is the virial radius ∼1.31 ± 0.13 Mpc) UDGs (P ∼
0.02, α = 1.94 ± 0.56), while the projected-inner-region UDGs (R
< 0.5R200) exhibit no primordial alignment signal (P ∼ 0.40, α =
1.53 ± 0.48).

In summary, the minor-axis alignment signal indicates that a
large fraction of the member UDGs in A2634, particularly those
with Mr < −15.3 mag and R > 0.5R200, are very likely to acquire
their angular momenta from the vortices in the cosmic web; these
UDGs then fell into the cluster along the large-scale filament, being
weakly affected by the tides from the cD galaxy of the cluster, and
thus could still preserve their primordial spin alignment (i.e. minor-
axis alignment) signal before the violent relaxation and encounters.
It also suggests that these bright, outer-region UDGs might form
their extended stellar components outside of the cluster, since their
morphologies/sizes should have not been much changed by the tides
from the cD galaxy, i.e. they might be born as UDGs.

We also note that the tidal interaction models (e.g. Carleton et al.
2019) cannot reproduce such a minor-axis alignment of UDGs in a
cluster environment.

3 D ISCUSSION

3.1 Why the PAD excess does not peak at θ = 90◦?

It is also worth noting that the PAD excess in Fig. 3 does not peak
at θ = 90◦, but at θ ∼ 50–70◦. We sketch a toy model that may be
compatible with the biased PAD peak. First, it may be due to the
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Figure 4. (a) The sketch of a satellite UDG motion in A2634. The big dotted ellipse denotes the A2634 cluster, and the red and blue ellipsoids show the
cD galaxy and satellite UDG, respectively; the primordial spin l of the satellite UDG is also shown by the blue arrows. We explore the two possible motion
trajectories (A and B) of the satellite UDG in the cluster. (b) By assuming a motion trajectory A, the angular momentum of the interacting system (UDG and the
cD galaxy) L ∼ R × v tends to be perpendicular to the primordial spin l of the satellite UDG and major axis j (orange dashed line) of the cD galaxy. (c) Affected
by the angular momentum of the interacting system, the new spin of the satellite UDG, l

′
, has an intersection angle, β, with the major axis (dashed line) of the

cD galaxy.

interactions between UDGs and cD galaxy. As shown in Fig. 4, since
the satellite UDGs (blue ellipsoids) with primordial spins l (parallel
to the major axis j of the cD galaxy) should fall into A2634 along
the elongation of the parent cluster/large-scale filament (i.e. l//j), a
satellite UDG is more likely to orbit the cD galaxy by following
the trajectory A shown in Fig. 4(a), rather than trajectory B, i.e.
the normal vector of the orbital plane n⊥j. Therefore, if viewed in
a comoving reference frame with origin in the cD galaxy, during
a fly-by, the angular momentum vector L ∼ R × v (and L//n) of
the interaction system, made up of the UDG and cD galaxy, should
be perpendicular to l, i.e. L⊥l, as shown in Fig. 4(b). As indicated
in Fig. 4(c), the primordial UDG angular momentum l would be
twisted by L during the fly-by, and thus the new spin l

′
of the UDG

should have an intersection angle β (β �= 0◦) with the major axis
j of the cD galaxy, i.e. the major axes of the UDG and NGC 7720
should prefer to have an intersection angle θ = 90◦ − β. The twisted
angle β depends on the interaction time and |L|. For the inner-region
UDGs, which may pass through their pericentres at least once, the
tidal interaction between the UDG and cD galaxy may be strong
enough (see e.g. Errani, Penarrubia & Tormen 2015; Carleton et al.
2019) to significantly twist the primordial spins l, and result the new
spins l

′
to be more likely to align with L and the major axes of the

inner-region UDGs to point towards the cD galaxy. Yet, for the outer-
region UDGs that may have not pass through the pericentres, their
primordial spins might be slightly affected and β is also small. In
Fig. 3(d), we also show the radial angle φ (cf. Fig. 1) distributions
(RADs) of the inner-region and outer-region UDGs, and find that the
inner-region UDGs exhibit a radial alignment signal (P = 0.02, α =
0.60 ± 0.18), probably suggesting that their primordial spins (and
orientations) have been completely twisted, while the outer-region
ones have no radial alignment (P = 0.76, α = 1.32 ± 0.38) but show
primordial alignment, plausibly suggesting the small β ∼ 20–40◦.

We also test whether the fact that the biased peak is attributed
to the misalignment between the major axis of the cD galaxy and

elongation of the host large-scale filament/X-ray emission (PA �
45◦; cf. also fig. 2 of Eilek et al. 1984). We find that the peak of
the PAD excess would not be shifted towards θ = 90◦ by using
the orientation of the X-ray emission elongation, and thus, it is not
caused by the misalignment between the two axes. The projection
effect of the large-scale filament (since the filament may have an
intersection angle with the line of sight of the observer) also cannot
explain the biased peak.

Note, however, that our results cannot exclude a possibility that
the A2634 UDGs may have two different origins: one relatively
young population of bright UDGs located at the outer region, which
acquired their spins from the vorticity of the cosmic flow field, and
were accreted into the cluster later along the large-scale filament,
as well as an old population of faint UDGs located primarily in the
inner region, which were perhaps transformed from the high-surface-
brightness typical dwarf progenitors under the tidal interactions with
the cD galaxy in the cluster environment.

3.2 General discussion

The work of Rong et al. (2015b) suggests that a fake primordial
alignment signal may be the result of a combination of the radial
alignment and anisotropic galaxy distribution (i.e. φ and ξ shown in
Fig. 1 simultaneously tend to be 0). In Fig. 3(c)–(f), we show the
RADs and distributions of ξ of the UDGs in A2634, respectively. The
bright UDGs as well as outer-region UDGs exhibit isotropic spatial
distributions, suggesting that the primordial alignment signals of the
bright and outer-region UDG samples in Fig. 3(a) and (b) are ‘real’.
We also note that the different b/a cuts of UDG sample from 0.9 to
0.85, 0.8, 0.75, and 0.7 do not change our conclusion.

We only find a 2σ confidence-level primordial alignment signal
in A2634. However, note that the non-detected primordial alignment
signals among the UDGs in the other seven clusters (Mancera Piña
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et al. 2019) may be primarily due to the fact that these clusters are
much dynamically older than A2634 (e.g. A1314), and therefore,
the primordial alignment of their member UDGs has been disrupted,
as well as that A2634 is the richest cluster in the cluster sample
of Mancera Piña et al. (2019), and the UDG numbers of the other
clusters are too low to reveal the possibly existing alignment signals.
Based on our model, we predict that researchers may find more spin
alignment signals for UDGs in more galaxy clusters, particularly
in the intermediate-redshift, dynamically young clusters, where the
member galaxies may still retain their primordial alignment signals
(Rong et al. 2015b).
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