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ABSTRACT

We investigate the 3D spin alignment of galaxies with respect to the large-scale filaments using the MaNGA survey. The cosmic
web is reconstructed from the Sloan Digital Sky Survey using DISPERSE and the 3D spins of MaNGA galaxies are estimated
using the thin disc approximation with integral field spectroscopy kinematics. Late-type spiral galaxies are found to have their
spins parallel to the closest filament’s axis. The alignment signal is found to be dominated by low-mass spirals. Spins of
SO-type galaxies tend to be oriented preferentially in perpendicular direction with respect to the filament’s axis. This orthogonal
orientation is found to be dominated by SOs that show a notable misalignment between their kinematic components of stellar
and ionized gas velocity fields and/or by low-mass SOs with lower rotation support compared to their high-mass counterparts.
Qualitatively similar results are obtained when splitting galaxies based on the degree of ordered stellar rotation, such that galaxies
with high spin magnitude have their spin aligned, and those with low spin magnitude in perpendicular direction to the filaments.
In the context of conditional tidal torque theory, these findings suggest that galaxies’ spins retain memory of their larger scale
environment. In agreement with measurements from hydrodynamical cosmological simulations, the measured signal at low
redshift is weak, yet statistically significant. The dependence of the spin-filament orientation of galaxies on their stellar mass,
morphology, and kinematics highlights the importance of sample selection to detect the signal.

Key words: galaxies: evolution — galaxies: formation — galaxies: kinematics and dynamics —large-scale structure of Universe.

Aragén-Calvo et al. 2007; Hahn et al. 2007; Codis et al. 2012;
Trowland, Lewis & Bland-Hawthorn 2013; Wang & Kang 2017;
Ganeshaiah Veena et al. 2018). Recently, it was found that this

1 INTRODUCTION

Angular momentum of galaxies is one of the key ingredients to under-

stand their morphological diversity. As galaxies are on large scales
organized within the network of filaments and walls, it is expected
that this large-scale anisotropic environment is, at least partially,
driving their morphology. Indeed, revisiting the tidal torque theory
(TTT; Hoyle 1949; Peebles 1969; Doroshkevich 1970; White 1984;
Catelan & Theuns 1996; Lee & Pen 2000, 2001, see also Schéfer
2009, for a review) in the context of such anisotropic environment,
Codis, Pichon & Pogosyan (2015) explained the relative angular
momentum distribution of haloes with respect to the filaments and
walls of the cosmic web. The misalignment between the tidal and
the inertia tensors constrained to the vicinity of filament-type saddle
points implies a spin aligned with filaments for low-mass haloes,
and a perpendicular spin orientation for more massive haloes, in
agreement with findings from cosmological N-body simulations (e.g.

* E-mail: katarina.kraljic @lam.fr

transition mass (the critical mass at which the transition of the
halo spin orientation occurs) is sensitive to the total neutrino mass
(Lee, Libeskind & Ryu 2020) and to the dark energy model (Lee
& Libeskind 2020). The intrinsic spin-shear alignment is therefore
potentially powerful complementary probe of massive neutrinos and
dark energy.

Galaxies seem to retain a memory of their spin orientation with
respect to the cosmic web filaments and walls, as suggested by the
results from large-scale cosmological hydrodynamical simulations
(Dubois et al. 2014; Codis et al. 2018; Wang et al. 2018; Ganeshaiah
Veena et al. 2019; Kraljic, Davé & Pichon 2020b). The mass
dependence of the spin alignment signal is however debated. While
some works confirmed the existence of a galaxy spin transition from
parallel to perpendicular with respect to the filament’s direction
(Dubois et al. 2014; Codis et al. 2018; Kraljic et al. 2020b), and
analogously with respect to walls (Codis et al. 2018; Kraljic et al.
2020b), others (Ganeshaiah Veena et al. 2019; Krolewski et al.
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2019) found preferential perpendicular orientation with respect to
filaments at all masses with no sign of a spin transition. A possible
interpretation of this lack of detection of a clear transition is the
nature of the filaments, with galaxies in thinner filaments having
their spins more likely perpendicular to the filament’s axis, compared
to galaxies of similar mass in thicker filaments (Ganeshaiah Veena
et al. 2019). This can be in turn understood recalling the multiscale
nature of the problem and the conditional TTT (Codis et al. 2015)
predicting larger transition mass for denser, thus thicker, filaments.
Further support for this interpretation was provided by the findings
of stronger impact of large-scale tides on the galaxy spin orientation
in denser filaments (Kraljic et al. 2020b, using filament density as a
proxy for the thickness of filaments). In addition to the stellar mass,
the spin-filament alignment was shown to depend on other internal
properties of galaxies. Blue or rotation-supported galaxies were
found to dominate the alignment signal at low stellar mass, while
red or dispersion-dominated galaxies tend to show a preferential
perpendicular alignment (Codis et al. 2018; Wang et al. 2018; Kraljic
et al. 2020b).

The orientation of the galaxies’ spin with respect to their large-
scale environment has been quite extensively studied also on the
observational side. When focusing on disc galaxies, some groups find
preferentially parallel orientation for spirals (Tempel & Libeskind
2013; Tempel, Stoica & Saar 2013), Scd types (Hirv et al. 2017),
or both red and blue galaxies (Zhang et al. 2013). Others report a
tendency for a perpendicular orientation for spirals (Lee & Erdogdu
2007; Jones, van de Weygaert & Aragén-Calvo 2010; Zhang et al.
2015) and Sab galaxies (Hirv et al. 2017), or no evidence for
a clear signal (Pahwa et al. 2016; Krolewski et al. 2019). A
much better agreement seems to exist for elliptical/SO galaxies, for
which a preferential orthogonal orientation of their spin (or minor
axis) with respect to their host filaments is found (Tempel et al.
2013; Pahwa et al. 2016), in agreement with with results of shape
measurements (e.g. Okumura & Jing 2009; Joachimi et al. 2011;
Singh, Mandelbaum & More 2015; Chen et al. 2019; Johnston et al.
2019).

More recently, Welker et al. (2020) studied the alignment of
galactic spin in projection with respect to the filaments of the cosmic
web using the integral field spectroscopic (IFS) survey SAMI. They
found a mass-dependence of the signal with low-mass galaxies
aligning their spin with their nearest filament, while their higher
mass counterparts were found to more likely display an orthogonal
orientation. Similarly, Blue Bird et al. (2020) found a preferential
alignment of projected galaxy spins (using the photometric major
axis of the stellar disc) with the cosmic filaments when analysing a
sample of H1biased late-type low-mass galaxies in the COSMOS H1
Large Extragalactic Survey (CHILES) sample. On the other hand,
Krolewski et al. (2019) found no evidence for alignment in projection
between galaxy spins, measured from Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA) kinematics and filaments from
the SDSS Main Galaxy Sample. There is currently no clear consensus
on these various observations. However, these differences are not
surprising, given that the signal is expected to be weak and various
selection criteria need to be carefully examined.

In this work, we measure the alignment between filaments iden-
tified in the SDSS Main Galaxy Sample and galaxy spins measured
from MaNGA kinematics in 3D. This is the first measurement of the
spin alignment in 3D with the use of IFU spectroscopy kinematics.
The outline of this paper is as follows. In Section 2, we briefly
describe the data and methods used in this work. Section 3 presents
the results on the alignment of spiral and SO-type galaxies. In
Section 4, we summarize and discuss our findings.

Spin alignment 4627

2 DATA AND METHODS

2.1 The MaNGA survey

The MaNGA survey (Mapping Galaxies at Apache Point; Bundy
et al. 2015; Wake et al. 2017), one of three programs in the fourth
generation of the Sloan Digital Sky Survey (SDSS-IV; Blanton et al.
2017), is designed to investigate the internal structure of ~10000
galaxies in the nearby Universe (0 < z < 0.15). Detailed kinematics
are enabled by integral field unit (IFU) spectroscopy, which uses the
2.5-m telescope at the Apache Point Observatory (Gunn et al. 2006)
along with the two channel BOSS spectrographs (Smee et al. 2013)
and the MaNGA IFUs (Drory et al. 2015). MaNGA provides spatial
resolution on kpc scales (2 arcsec diameter fibres) while covering
3600-10 3004 in wavelength with a spectral resolution of R ~ 2000.

MaNGA observations are covered plate by plate, employing a
dithered pattern for each galaxy corresponding to one of the 17
fibre-bundles of five distinct sizes. Any incomplete data release of
MaNGA should therefore be unbiased with respect to IFU sizes and
hence a reasonable representation of the final sample scheduled to be
complete in 2020. The sizes of the IFU are matched to each galaxy
in the Primary sample to give a minimum coverage of 1.5 effective
radii (R.) (Law et al. 2015). The Secondary sample covers up to a
minimum of 2.5R, and the Colour-Enhanced supplement up to 1.5R..
All together these three subsamples produce a galaxy population that
is unbiased towards morphology, inclination, and colour and provides
a near flat distribution in stellar mass, M,. A full description of the
MaNGA observing strategy is given in Law et al. (2015) and Yan
et al. (2016b).

The raw data cubes are calibrated (Yan et al. 2016a) and reduced
by the Data Reduction Pipeline (DRP; Law et al. 2016). The fibre
flux and inverse variance is extracted from each exposure, which are
then wavelength calibrated, flat-fielded, and sky subtracted. In this
work we use 4633 unique galaxies from the seventh data release of
MaNGA (known internally as MaNGA Product Launch 7), which
corresponds to data released as part of SDSS-IV data release 15
(Aguado et al. 2019).

2.2 Stellar kinematics

For a complete description of the estimation of stellar kinematics,
we direct the reader to the MaNGA Data Analysis Pipeline (DAP;
Westfall et al. 2019) from which our data are taken. We summarize the
key points here. Stellar kinematics are extracted using the Penalized
Pixel-Fitting method (Cappellari & Emsellem 2004; Cappellari
2017), which fits the stellar continuum on a spaxel (spectral pixel)
by spaxel basis. The line of sight of velocity dispersion is extracted
and then absorption-line spectra are fitted using a set of 49 clusters
of stellar spectra from the MILES stellar library (Sanchez-Blazquez
et al. 2006; Falcon-Barroso et al. 2011). We use spectra that are
spatially Voronoi binned to g-band S/N ~ 10 while excluding any
individual spectrum with a g-band S/N < 1 (Cappellari & Copin
2003).

We estimate the global position angle (PA) of the stellar velocity
fields using the fit_kinematic_pa routine (see Appendix C
of Krajnovi¢ et al. 2006). We remove background galaxies within
the IFU and define PAs in the interval 0—180° (east of north). To
select a clean sample only galaxies with well-defined global PAs
are considered (see Duckworth et al. 2019; Duckworth, Tojeiro
& Kraljic 2020, for more details). Note that such a requirement
naturally excludes gas-poor and slowly rotating elliptical galaxies
(the majority of removed galaxies have largely incomplete velocity

MNRAS 504, 4626-4633 (2021)
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fields, see Duckworth et al. 2019, for more details). However, as the
focus of this work is on late-type and lenticular galaxies (as described
below), this does not impact our results.

2.3 NSA catalogue

The MaNGA survey is targeted from an adapted version of the
NASA Sloan Atlas (NSA v1_0_1") which is based on SDSS imaging
(Blanton et al. 2011). For each galaxy selected from DR15, we take
the stellar mass found using a K-correction (Blanton & Roweis 2007),
the axial ratio (b/a) and photometric position angle from the parent
NSA catalogue. These parameters are derived using a set of elliptical
annuli (based on the Petrosian radius), which maintain the stability
of circularized fits to photometry but without the systematic biases
of two-component Sérsic fits (Wake et al. 2017).

2.4 Morphology

Owing to the method used to compute the 3D angular momentum
of galaxies, we focus in this work on galaxies possessing a disc
component, namely late-type (LTGs) and lenticular (SOs) galaxies.

To classify galaxies into LTGs, we use morphological classi-
fications taken from the second iteration of the citizen science
project; GalaxyZoo (GZ; Willett et al. 2013). GZ relies on visual
inspection from volunteers of the general public, who answer a series
of questions to characterize morphological type and identify finer
features of each galaxy (see fig. 1 in Willett et al. 2013, for specific
questions). The final catalogue provides a set of weighted responses
from all volunteers which are averaged to provide a probability for
each classification (e.g. ‘Is the galaxy smooth and rounded with
no sign of a disc?’). Classifications in MaNGA are taken from a
combination of GZ2 and GZ4 data releases.”

Identification of SOs relies on morphological classifications based
on the the Deep Learning (DL) scheme introduced in Dominguez
Sanchez et al. (2018); here we give a quick outline. The algorithm
is trained on two visually based morphological catalogues: citizen
science project GZ2 and expert classifications of Nair & Abraham
(2010). Morphology is defined for each MaNGA galaxy using SDSS
photometry. The DL algorithm estimates a morphological T-type
(e.g. see; Nair & Abraham 2010, for more information) which is
first used to separate each galaxy into ETGs and LTGs. To select
lenticulars, all ETGs are assigned a probability of being SO (Pgp)
based on the presence of disc structure and dominance of the
bulge. All DL classifications are finally eye-balled to check for
reliability.

The choice of the DL classification for the construction of the
sample of lenticulars instead of GZ is motivated by a need of a clean
sample of SOs. GZ classification allows for classification of galaxies
into a SO-Sa type (from an empirical formula transforming vote
fractions; equation 19 in Willett et al. 2013), which is not optimal
for the purposes of this study. Visual inspection of galaxies falling in
this category confirmed the presence of a large fraction of galaxies
with prominent spiral arms that are absent from the sample of SOs
based on the DL scheme.

On the other hand, GZ classification allows for a selection of
highly probable LTGs. Such a clean sample of LTGs is crucial for a
detection of a spin-filament alignment signal that is expected to be
weak.

' www.sdss.org/dr15/manga
2manga-morphologies-from-galaxy-zoo.
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2.5 The cosmic web

The filaments of the cosmic web are extracted using the publicly
available code DISPERSE (Sousbie 2011; Sousbie, Pichon & Kawa-
hara2011),? which identifies cosmic web structures with a parameter-
and scale-free topologically motivated algorithm. For the purposes
of this work, DISPERSE was run with a 3o persistence threshold on
the Tempel et al. (2014) SDSS galaxy catalogue (for more details,
see e.g. Duckworth et al. 2019; Kraljic et al. 2020a).

2.6 Angular momentum

To compute the spin of galaxies, we adopt the thin-disc approxima-
tion following Lee & Erdogdu (2007). Here, we summarize the main
steps.

The spin axis of a galaxy in the local spherical coordinate system
can be written as
I:, = cosi,
ﬁg =(1- cos? i)'/2 sin PA,
f,¢ = (1 —cos?i)"?cosPA, (@))]

where PA is the position angle and i is the inclination angle of a
galaxy. If not stated differently, the position angle PA used throughout
this work refers to the kinematic PA as described in Section 2.2. The
inclination angle i can be computed, following Haynes & Giovanelli
(1984), as

(b/a)* — p?
1— p?

cos’i =

; @)
where b/a is the axial ratio and p the intrinsic flatness parameter that
varies with galaxy morphology (Haynes & Giovanelli 1984). This
parameter accounts for the fact that in practice, the disc of galaxies
has finite thickness and the presence of a bulge would have an impact
on the b/a. The proposed values for p span range from 0.23 for SO
to 0.1 for Scd-Sdm types. We adopted the mean value of 0.158, but
choosing extreme values does not change our results. The value of i
issetto w/2 if bla < p.

The equatorial Cartesian coordinates of the unit spin vector can
then be written as

L, =L,sinacosB+ Lycosacosp — f,¢ sin

L,= L,sina sin 8 + Ly cos o sin B + I:¢, cos 8
L.=1L,cosa — Lgsina, (3)

where @ = /2 — Dec. and f = RA, with Dec. and RA corresponding
to declination and right ascension, respectively. We apply positive
sign to L, to all galaxies. Note that this sign ambiguity is expected to
decrease the strength of the alignment signal. Alternatively, one can
take into account the twofold ambiguity statistically by considering
both the clockwise and counterclockwise rotations (Lee 2011).
Such an approach does not alter the conclusions of this paper (see
Appendix A).

3 SPIN ALIGNMENT

To measure the spin alignment, each galaxy is assigned its closest
filament’s segment, defined by a pair of points providing the local
direction of the filament for a given galaxy. The absolute value of

3http://www2.iap.fr/users/sousbie/web/html/indexd41d.html

220z 1snBny z| uo 1senB Aq 91 Z4729/929%/€/70S/I0E/SEIUL/WOd dNO"0IWepED.//:SdYY WOy PapEOjUMOQ


http://www.sdss.org/dr15/manga
http://www2.iap.fr/users/sousbie/web/html/indexd41d.html

cosine of the angle between the spin of the galaxy and its closest
filament, |cosy|, is used to assess the alignment with respect to
the filamentary network of the cosmic web. Values of |cos y| close
to 1 indicate that galaxy tends to have its spin aligned with the
neighbouring filament, while values close to 0 mean that the spin is in
the orthogonal direction to the filament’s axis. In order to increase the
statistics of the measured signal, each galaxy is assigned two closest
filaments’ segments. In addition, we consider only galaxies that are
not too faraway from the filaments (< 13 Mpc) and not too close to
the nodes of the cosmic web (> 0.5 Mpc).* To quantify the likelihood
whether the measured alignments are consistent with being derived
from a random distribution, a Kolmogorov—Smirnov (KS) test
was performed on each distribution. To account for any possible
observational bias, instead of comparing to a uniform distribution,
we construct 2000 realizations of random samples by shuffling galaxy
positions, i.e. by randomizing the association between galaxies
and their closest filaments. For indicative purposes, we show also
statistical errors computed by bootstrapping considering 100 random
samples drawn from the parent sample with replacement.

3.1 Spirals

To construct the sample of spiral or late-type galaxies (LTGs), we
consider only galaxies with a fraction of debiased classification
votes of 0.9, somewhat more conservatively than in Duckworth et al.
(2020). This choice is motivated by our desire to construct a clean
sample of LTGs while keeping a reasonable number of galaxies.
Fig. 1 shows the probability distribution function (PDF) of the
cosine of the angle between the spin of galaxies and the direction
of their closest filament |cos y| for the entire sample of LTGs (fop)
and for low-mass (M, < 10'°My) LTGs (bottom). Spiral galaxies
tend to have their spin aligned with the neighbouring filaments.
The alignment signal is found to be dominated by low-mass spirals.
We measure the spin of the galaxies from the stellar component
(solid lines), however similar results are obtained when considering
galaxies with a low offset between the global position angles of
stellar and H « velocity fields, APA < 10° (dotted line). As shown
in Duckworth et al. (2019, 2020), only a small fraction of LTGs in
the MaNGA sample show a significant misalignment. Interestingly,
when using the photometric position angle from the NSA catalogue to
compute the spin of galaxies, the measured signal is still statistically
significant (pgs < 0.05), but much weaker (see Table 1).°

3.2 S0 galaxies

To select SO galaxies we consider all ETGs (T-type < 0) with Pgy >
0.5, in-keeping with Dominguez Sdnchez et al. (2018). The selection
criterion for SO galaxies requiring more than 50 per cent of debiased
classification votes is somewhat less conservative compared to the
selection of LTGs (and also compared to e.g. Duckworth et al. 2019),
and motivated by low number statistics of the sample.®

4The values of these distances cuts are a result of a compromise between a
clean and sufficiently large sample. As expected, including galaxies that are
at very large distances from the filamentary network or that are in the highest
density regions, typically galaxy groups and clusters, decreases the strength
of the signal.

SNote that the number of galaxies with the kinematic PA is lower compared
to the photometric measurement due to the additional quality cuts (see
Section 2.2). This does not alter our conclusion.

6We note however that restricting this condition to over 70 per cent yields
qualitatively similar results, albeit with reduced statistical significance.
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Figure 1. Alignment between the filaments and spin of all (fop), and low-
mass (bottom) LTGs. The alignment signal for the kinematically aligned
(i.e. APA < 10°) galaxies only is shown by the dotted line. The error bars
correspond to the bootstrap. The solid grey line and shaded area represent
the median and 95 per cent confidence limits from 2000 random samples,
respectively. The mean alignment angle together with the probability pks of
the KS test are shown in each panel with corresponding symbols. LTGs in
the probed mass range tend to have their spin parallel to their host filaments.
The alignment signal seen for the entire population of LTGs is driven by the
low-mass subsample (M, <1010 Mo).

Fig. 2 shows the PDF of the cosine of the angle between the
spin of galaxies and the direction of their closest filament |cos y|
for the entire sample of SOs (top) and for low-mass (M, < 10'°M)
SOs (bottom). The spin of SO galaxies is found to be preferentially
orthogonal to the the neighbouring filaments. As for LTGs, the
low-mass subsample of SOs seems to dominate the signal. On the
other hand, the preferential orthogonal orientation of the spin is
found to be driven by kinematically misaligned galaxies, defined as
APA > 20° (dotted line). As in the case of LTGs, when using the
photometric position angle from the NSA catalogue to compute the
spin of galaxies, the measured signal is still statistically significant
(pxs < 0.05), but much weaker (see Table 1).

4 DISCUSSION AND CONCLUSIONS

In this work, we present the first measurement of the alignment of
galaxy spins with respect to their cosmic filaments with the use of
IFS kinematics in 3D. Galaxy spin is reconstructed using the thin-
disc approximation applied to galaxies from the MaNGA survey.
The filamentary network is reconstructed in 3D from the galaxy
distribution in the SDSS survey. Our main results are as follows.

MNRAS 504, 4626-4633 (2021)
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Table 1. Number of galaxies, average |cos y|, and the KS probability pks
that the sample is drawn from a random distribution for various subsamples
of LTGs, S0s, and galaxies with A g > 0.73 and A g < 0.4. For LTGs and SOs,
we provide also the results for photometric data (shown in parenthesis).

Selection Ngal <cosy > DPKS
LTGs all 611 0.53 6.2 x 1073
(852) (0.515) (23 x 1072)
M, <101 Mg 230 0.55 46 x 107°
(377) (0.521) (1.9 x 1072)
M, >10'" Mg 381 0.517 6.4 x 107!
(475) (0.5) 4.8 x 1071
APA < 10° 556 0.53 7.5 x 1073
SOs all 269 0.465 6.5 x 1073
(363) (0.482) (4.5 x 1072)
M, <10'0 Mg 114 0.425 5.6 x 107
(170) (0.447) (29 x 1073
M, >10'" Mg 155 0.496 5.9 x 107!
(193) (0.513) (5.9 x 107
APA > 20° 117 0.446 32 x 1074
AR > 0.73 all 131 0.554 9.0 x 1073
M, <10 Mg 71 0.593 54 % 1073
M, >10'" Mg 60 0.508 7.5 x 107!
APA < 10° 130 0.557 1.0 x 1072
IR < 0.4 all 344 0.479 3.0 x 1072
M, <101 Mg 133 0.447 6.5 x 107
M, >10'0 M, 211 0.499 34 x 107!
APA > 20° 116 0.445 22 x 1073

(1) LTGs/spiral galaxies tend to have their spin aligned with the
axis of their neighbouring filament.

(ii) The alignment signal for LTGs is dominated by low-mass
galaxies, with M, <10'" M.

(ii1) SO-type galaxies have their spin preferentially in orthogonal
direction with respect to their closest filament.

(iv) The perpendicular orientation of SOs’ spins is dominated by
low-mass (M, <10'° M) and/or kinematically misaligned galaxies,
with APA > 20°.

(v) Qualitatively similar trends are recovered when using pho-
tometric data for the spin de-projection instead of IFS kinematics,
albeit weaker and with lower statistical significance.

Our findings of the preferential spin-filament alignment for spiral
galaxies and orthogonal orientation for SOs is in agreement with
Tempel et al. (2013) studying the alignment of these two populations
of galaxies using the SDSS Main Galaxy sample. These results are
also broadly in agreement with the trends seen in hydrodynamical
simulations (Codis et al. 2018; Kraljic et al. 2020b), showing that at
fixed stellar mass the alignment signal is dominated by galaxies with
high v/o (ratio of rotation to dispersion-dominated velocities, used
as a proxy for morphology), while the perpendicular orientation is
mostly dominated by galaxies with low values of v/o.

A decreasing strength of the alignment signal for MaNGA spirals
with increasing stellar mass is also in a good agreement with these
simulations (and reported stellar mass dependent projected spin
flip for SAMI galaxies, Welker et al. 2020). Our results for SO-
type galaxies appear to be at odds with the predicted stellar mass
dependence of the signal. One would naively expect that massive SOs
should dominate the perpendicular spin-filament orientation signal,
while the opposite is found. We note however that a direct comparison
with the simulations is not straightforward. This is because the
thin-disc approximation used in this work to de-project the spin of
galaxies cannot be applied to pure early-type galaxies that are found

MNRAS 504, 4626-4633 (2021)
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Figure 2. Alignment between the filaments and spin of all (fop) and low-
mass (bottom) SOs. The error bars correspond to the bootstrap. The solid
grey line and shaded area represent the median and 95 per cent confidence
limits from 2000 random samples, respectively. The mean alignment angle
together with the probability pxs of the KS test is shown in each panel with
corresponding symbols. SOs in the probed mass range tend to have their spin
perpendicular to their host filaments. The alignment signal seen for the entire
population of SOs is driven by the kinematically misaligned (APA > 20°; red
dotted line on the top panel) and low-mass subsample (M, <10'° Mg).

to dominate the orthogonal spin-filament orientation of massive
simulated galaxies. SO-type galaxies are not all slow rotators, they
occupy a broad range of the ellipticity (¢) -stellar angular momentum
estimator (Agr; see e.g. Emsellem et al. 2007) parameter space. In
addition, kinematically misaligned galaxies tend to reside closer
to the slow rotator regime regardless their morphology type (see
Duckworth et al. 2020, their fig. 8) and to populate lower stellar
masses compared with aligned galaxies of the same morphology
(Duckworth et al. 2019). This is consistent with our finding of low-
mass and/or misaligned SOs dominating the orthogonal spin-filament
orientation. We also find that on average, massive SOs tend to have
higher values of A (see Duckworth et al. 2020, and their equation (2)
for details on the computation of the luminosity-weighted A from the
IFU data) compared to their lower mass counterparts (0.364 &+ 0.017
and 0.323 £ 0.011, respectively) and compared to kinematically
misaligned counterparts (0.24 £ 0.01). A question that naturally
arises is whether the parallel versus orthogonal orientation of spin
of galaxies with respect to filaments of the cosmic web reflects the
degree of ordered (stellar) rotation rather than their morphology. To
this purpose, we combined all LTGs and SOs, and split the sample
based on their Ar. The strongest alignment signal was obtained for
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Figure 3. Top: Alignment between the filaments and spin of all (left) and low-mass (right) galaxies with high spin magnitude (Ar > 0.73). Bottom: Alignment
between the filaments and spin of all (left) and low-mass (right) galaxies with low spin magnitude (Ar < 0.4). The error bars correspond to the bootstrap. The
solid grey line and shaded area represent the median and 95 per cent confidence limits from 2000 random samples, respectively. The mean alignment angle
together with the probability pks of the KS test is shown in each panel with corresponding symbols. Galaxies with high spin magnitude in the probed mass
range tend to have their spin parallel to their host filaments. The alignment signal seen for the entire population is driven by the low-mass subsample (M, <10'°
Mg ). Galaxies with low spin magnitude tend to have their spin oriented in perpendicular direction with respect to the filaments. The signal seen for the entire
population is driven by the the kinematically misaligned (APA > 20°; red dotted line on the left-hand panel) and low-mass subsample (M, <10'© Mg).

galaxies with Ag > 0.73 and orthogonal signal for galaxies with Ag
< 0.4, as shown in Fig. 3. Galaxies with Ag > 0.73 tend to be more
aligned (higher <cosy >) than the morphology-based sample of
LTGs, however the statistical significance of the signal is somewhat
lower (pgs values tend to be larger, see Table 1). On the other
hand, galaxies with Ag < 0.4 show weaker orthogonal signal (higher
<cos y >) compared to the morphology-based sample of SOs. While
this suggests that morphology plays a role in determining the spin
orientation with respect to the cosmic web filaments, it is hard at
this stage to disentangle kinematics from morphology. Our analysis
shows that splitting in either property gives different, but consistent
cosmic web alignment signal, however we caution that much larger
statistical sample is needed to study the dependence of the spin
alignment at fixed stellar mass and morphology for slow and fast
rotators.

This work underlines the importance of carefully constructing
the sample of galaxies when assessing the spin-filament signal,
given how it depends on stellar mass, morphological type, and
degree to which their rotation is dominated by dispersion motion.

Together with the expectation that at low redshift the alignment is
weak (or weaker compared to high redshift, see e.g. Codis et al.
2018), it could also explain the difficulty in detecting the signal in
previous studies (e.g. Krolewski et al. 2019). It also highlights that
the IFS kinematics allows to recover a stronger signal compared to
photometric data alone. Altogether, this clearly motivates the need
for larger IFS surveys such as e.g. the IFS Hector survey (Bland-
Hawthorn et al. 2011; Bryant et al. 2016). These upcoming surveys
will be spanning not only large range of stellar masses, but also
large-scale environment, allowing to extend the existing studies on
the spin-filament alignment using MaNGA (this work and that of
Krolewski et al. 2019) and SAMI IES surveys (Welker et al. 2020).
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APPENDIX: TWO-FOLD AMBIGUITY OF
ROTATION

Figs Al and A2 show the measured alignment signal when statisti-
cally accounting for the clockwise and counterclockwise rotation, as
proposed by Lee (2011). This consists of assigning to each galaxy
a set of two unit spin vectors differing from each other by the sign
of L., i.e. in addition to the spin vector defined by equation (3), we
assign to each galaxy spin vector defined as
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LTGs (Fig. A1) tend to have their spin parallel to their host closest

filaments, while SOs (Fig. A2) tend to have their spin in the orthogonal
direction.
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Figure A1. Alignment between the filaments and spin of all (top), and, low-
mass (bottom) LTGs. The error bars correspond to the bootstrap. The solid
grey line and shaded area represent the median and 95 per cent confidence
limits from 5000 random samples, respectively. The mean alignment angle
together with the probability pks of the KS test are shown in each panel with
corresponding symbols. LTGs in the probed mass range tend to have their
spin parallel to their host filaments. The alignment signal seen for the entire
population of LTGs is driven by the low mass subsample (M, <10'° M,).
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Figure A2. Alignment between the filaments and spin of all (fop) and low-
mass (bottom) SOs. The error bars correspond to the bootstrap. The solid
grey line and shaded area represent the median and 95 per cent confidence
limits from 5000 random samples, respectively. The mean alignment angle
together with the probability pks of the KS test are shown in each panel with
corresponding symbols. SOs in the probed mass range tend to have their spin
perpendicular to their host filaments. The alignment signal seen for the entire
population of SOs is driven by the low mass subsample (M, <10'0 My).
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