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ABSTRACT

Halos and galaxies acquire their angular momentum during the collapse of surrounding large-scale structure.
This process imprints alignments between galaxy spins and nearby filaments and sheets. Low mass halos
grow by accretion onto filaments, aligning their spins with the filaments, whereas high mass halos grow by
mergers along filaments, generating spins perpendicular to the filament. We search for this alignment signal
using filaments identified with the “Cosmic Web Reconstruction” algorithm applied to the Sloan Digital Sky
Survey Main Galaxy Sample and galaxy spins from the MaNGA integral-field unit survey. MaNGA produces
a map of the galaxy’s rotational velocity, allowing direct measurement of the galaxy’s spin direction, or unit
angular momentum vector projected onto the sky. We find no evidence for alignment between galaxy spins and
filament directions. We do find hints of a mass-dependent alignment signal, which is in 2-3¢ tension with the
mass-dependent alignment signal in the MassiveBlack-1II and Illustris hydrodynamical simulations. However,
the tension vanishes when galaxy spin is measured using the Ha emission line velocity rather than stellar
velocity. Finally, in simulations we find that the mass-dependent transition from aligned to anti-aligned dark
matter halo spins is not necessarily present in stellar spins: we find a stellar spin transition in Illustris but not in
MassiveBlack-II, highlighting the sensitivity of spin-filament alignments to feedback prescriptions and subgrid
physics.

Keywords: keywords: galaxies : formation — galaxies: evolution — cosmology: observations — large-scale

structure of universe

1. INTRODUCTION

Dark matter protohalos acquire their angular momentum
through tidal torquing by neighboring large scale structure
(Peebles 1969; Doroshkevich 1970; White 1984). In the
linear regime, angular momentum grows linearly with time
and is aligned along the intermediate eigenvector of the tidal
tensor (i.e. the traceless part of the Hessian of the potential
®). However, tidal torque theory is only qualitatively correct
in the nonlinear regime, as nonlinear evolution significantly
weakens the spin alignment (Porciani et al. 2002) and drives
alignments with other preferred directions. In the Zel’dovich
picture of structure formation, collapse occurs sequentially
along the eigenvectors of the tidal tensor (Zel’dovich 1970),
forming anisotropic structures such as sheets (one direction
of collapse and two of expansion) and filaments (two direc-
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tions of collapse and one of expansion). Halos in filaments
therefore acquire spin parallel to the filament, as matter col-
lapses and rotates in the plane perpendicular to the filament
(Pichon et al. 2011; Codis et al. 2012). N-body and hydrody-
namic simulations have confirmed this result for low-mass
halos (M < 10'2 Mg,), while finding that mergers align
high-mass halo spins perpendicular to filaments by convert-
ing motion along the filament into spin (Bailin & Steinmetz
2005; Aragén-Calvo et al. 2007; Hahn et al. 2007; Codis et al.
2012; Trowland et al. 2013; Aragon-Calvo & Yang 2014;
Dubois et al. 2014; Codis et al. 2015; Ganeshaiah Veena et al.
2018; Wang & Kang 2018; Wang et al. 2018).

Observations probe the spin of baryons within the galaxy
rather than the spin of dark matter in the host halo. Initially,
the baryons and dark matter share the same angular momen-
tum distribution and the baryons conserve angular momen-
tum as they collapse, creating a rotation-supported disk (Fall
& Efstathiou 1980; Blumenthal et al. 1986; Mo et al. 1998).
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The size and profile of the baryonic disk, as computed from
the angular momentum profile and dimensionless spin A of
halos in N-body simulations, are roughly consistent with ob-
servations (Fall 1983; Bullock et al. 2001). This simple pic-
ture cannot be correct in detail, however, since the baryons
are subject to different physical processes than the dark mat-
ter, including dissipation, disk instabilities, and feedback-
driven outflows (Danovich et al. 2015). These processes lead
to misalignments between the spins of the dark matter and
the baryons (van den Bosch et al. 2002; Bett 2012). As a re-
sult, the mass-dependent alignment transition found in simu-
lations, which typically use gravity-only N-body codes (but
see Dubois et al. 2014; Codis et al. 2015; Wang et al. 2018 for
spin-filament alignments in hydrodynamic simulations), may
not be present in observations or hydrodynamic simulations
of galaxy alignments.

Alignments between galaxy spins and large-scale structure
have been measured using imaging to infer the galaxy’s incli-
nation and spin axis from its the axis ratio and position angle.
At z ~ 0, studies have found suggestive but ultimately not
significant evidence for correlations between the chirality of
neighboring galaxy spins (Slosar et al. 2009; Lee 2011; An-
drae & Jahnke 2011). Studies of alignments between galaxy
spins and large-scale structure have reached conflicting con-
clusions. Early studies from small galaxy samples in pho-
tographic plate surveys yielded weak and conflicting results
(Gregory et al. 1981; Dekel 1985; Cabanela & Aldering 1998
and references therein). More recent results from larger sam-
ples suggested that spiral galaxies are aligned along the in-
termediate axis of the tidal tensor, in accord with predictions
from tidal torque theory (Lee & Pen 2002; Lee & Erdogdu
2007), and are therefore aligned perpendicular to filaments
(Jones et al. 2010; Zhang et al. 2015). However, a number
of studies within the past few years have found little support
for tidal torque theory predictions and instead suggest that
low-mass spiral spins are parallel to filaments while higher
mass elliptical or lenticular spins are perpendicular to fila-
ments (Tempel et al. 2013; Tempel & Libeskind 2013; Pahwa
et al. 2016).

Alignments between galaxy spins are of particular interest
as they are a major source of systematic error for weak lens-
ing shear measurements, particularly for upcoming missions
such as LSST (LSST Science Collaboration et al. 2009),
WFIRST (Spergel et al. 2015) and EUCLID (Laureijs et al.
2011) that aim to measure the dark energy equation of state
(Bridle & King 2007; Kirk et al. 2012). For disk galaxies,
galaxy ellipticities arise from galaxy spins and are quadratic
in the tidal field under tidal torque theory (Lee & Pen 2000;
Catelan et al. 2001), while for elliptical galaxies, ellipticity
arises directly from stretching by tidal fields and is linearly
related to the tidal field (Hirata & Seljak 2004). As a re-
sult, measurements of alignments between galaxy spins and
the surrounding tidal field or large-scale structures (clusters,
filaments, sheets and voids) can inform physical models of
intrinsic alignments, particularly for disk galaxies, whose in-
trinsic alignment remains poorly constrained (Hirata et al.
2007; Mandelbaum et al. 2011).

We measure spin-filament alignments using galaxy spins

determined from integral-field kinematics rather than from
galaxy imaging. Our method is complementary to imaging-
based spin measurements, as it has very different sources
of systematic error. Galaxies often have low-surface bright-
ness features such as spiral arms or tidal tails, and therefore
the galaxy shape may depend strongly on the measurement
method, e.g. which isophote is used (see Fig. 1 in Kirk et al.
2015). Similarly, galactic bulges can bias shape measure-
ments even for very late-type galaxies (Andrae & Jahnke
2011). While careful modelling including bulge/disk decom-
position can alleviate this bias (e.g. Tempel et al. 2013; Tem-
pel & Libeskind 2013), using kinematics to measure galaxy
spin eliminates the need for complex models of galaxy mor-
phology and their associated uncertainty.

In this paper, we measure the alignment between filaments
identified in the SDSS Main Galaxy Sample and galaxy spins
measured from MaNGA kinematics. We use the filament cat-
alog of Chen et al. (2016), which finds filaments as ridges
in the density field using the subspace-constrained mean-
shift algorithm (Section 2). We find no preference for spin-
filament alignments in our overall sample of ~2700 galax-
ies, and we validate our results by finding similar alignments
between galaxies and the Bisous model filaments of Tempel
et al. (2014) (Section 3). We compare our results to spin-
filament alignments in hydrodynamical simulations by mea-
suring the mass-dependence of the alignment signal, and find
2-30 tension when using spins measured from the stellar con-
tinuum, but no tension when using spins measured from the
Ha emission line (Section 4). Finally, we compare our re-
sults to previous findings and conclude in Section 5.

In this paper we use a flat ACDM cosmology with 2, =
0.3 and h = 0.7. We convert all masses to M, for inter-
comparison between observations and simulations.

2. METHODS AND DATA
2.1. Filament finder

A variety of methods have been used to find filaments in
observations and simulations, including approaches identify-
ing filaments as eigenvectors of the deformation tensor (Hahn
et al. 2007; Jasche et al. 2010), velocity shear tensor (Libe-
skind et al. 2013), or Hessian of the density field (Aragén-
Calvo et al. 2007); identification of filaments as ridges in the
density field (Sousbie et al. 2008; Chen et al. 2015); and
searches for cylindrical arrangements of galaxies (Tempel
et al. 2014). For a comprehensive overview, see Cautun et al.
(2014).

We use the publicly available Cosmic Web Reconstruction
filament algorithm' (Chen et al. 2016) to identify filaments
in the SDSS Main Galaxy Sample. This filament finder iden-
tifies filaments as curves in two-dimensional (v, ) slices of
width 6z = 0.005 ~ 20 Mpc. This yields a well-defined
orientation for every point on the filament and makes it easy
to cross-correlate with the spin of nearby galaxies. The fila-
ment finder is explained in detail in Chen et al. (2015), so we
only provide a brief description here. Our filament catalog
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differs slightly from the publicly available catalog of Chen
et al. (2015), as it extends to lower redshift and uses slightly
different thresholding to remove noisy filaments.

The filament finder operates on a smoothed density field
created from the positions of galaxies in the SDSS Main
Galaxy Sample (Blanton et al. 2005) and the LOWZ and
CMASS samples from BOSS (Alam et al. 2015), with a
redshift-dependent Gaussian smoothing kernel that ranges
between 5 and 10 Mpc (Fig. 6 in Chen et al. 2016). It identi-
fies filaments as density ridges of the smoothed density field,
or local maxima along the second eigenvector of the Hessian
of the density field.

The filament finder uses two-dimensional slices of width
0z = 0.05 (cdz = 1500 km s~ ~ 20 Mpc); in each slice, it
finds filaments in an equirectangular projection of equatorial
coordinates («, d) using only galaxies in the North Galactic
Cap (Figure 1). We find filaments between z = 0.02 and
z = 0.15, with the lower limit set by the sparsity of SDSS
galaxies at z < 0.02 and the upper limit set by the maximum
redshift of MaNGA galaxies (z = 0.15). At these redshifts
the filament finder primarily uses galaxies from the Main
Galaxy Sample. We eliminate galaxies in the 10% least dense
environments, defined using the distance to the 30th-nearest
neighbor. This eliminates noisy filaments from very low-
density regions without removing too many filaments. Vary-
ing the thresholding criteria does not qualitatively change the
results in Table 1.

We define the filament orientation at each point as the first
principal component of the covariance matrix of the positions
of the ten nearest neighbor points. We estimate the uncer-
tainty on the filament directions at each point by measuring
the local filament orientation for 100 bootstrap resamples of
the filament catalog.

Filaments are identified in 2D rather than 3D for ease of
interpretation: collapsing along the line of sight eliminates
spurious filaments created by redshift-space distortions and
allows us to better model the strong redshift dependence of
galaxy density, which requires a redshift-dependent smooth-
ing length (Chen et al. 2016). Furthermore, previous work
measuring three-dimensional spin-filament alignments has
found that line of sight biases in both galaxy spins and fil-
aments creates strong spurious alignment signals which must
be corrected (Tempel et al. 2013; Tempel & Libeskind 2013).
From simulations, we expect that using 2D rather than 3D fil-
aments reduces our signal by ~ 40% (Appendix B); thus we
believe the moderate loss in signal is worth the substantial
reduction in systematic errors.

In Figure | we plot the MaNGA galaxy sample (with
z > 0.02 and distance to filament dr < 40 Mpc) and
the Cosmic Web Reconstruction filaments in four redshift
slices: z = 0.02 — 0.025, the lowest-redshift slice, and the
slices containing the three quartiles of the redshift distribu-
tion, z = 0.025 — 0.03, 0.035 — 0.04 and 0.055 — 0.06.
In Figure 1, most galaxies are clearly closest to a single fil-
ament, indicating that confusion between filaments will not
contribute significantly to noise in the measurement.

To check our results, we measure alignments with the

Tempel et al. (2014) filament catalog”, which was also de-
rived from galaxies in the SDSS Main Galaxy Sample, with
0.009 < z < 0.155. Tempel et al. (2014) use a very different
method from Chen et al. (2015): they find filaments using the
Bisous model, a marked point process model which fits the
galaxy data to a filamentary network composed of connected
cylinders of fixed width. They find filaments in three dimen-
sions, suppressing peculiar velocities by estimating the ve-
locity dispersions for galaxy groups. We measure alignments
using galaxies within 20 h~! Mpc of filaments and with a
velocity-corrected distance from the Tempel et al. (2014) cat-
alog, yielding a sample of 3028 galaxies. For each galaxy,
we consider its alignment with the plane-of-sky projection
of the nearest Tempel et al. (2014) filament. We compare
the Tempel et al. (2014) and Chen et al. (2015) filaments in
Figure 1; Tempel et al. (2014) identify significantly smaller-
scale filaments, but on larger scales both methods recover
similar filaments. Despite the substantial methodological dif-
ferences between the two filament finders, we find largely
similar alignments (Section 3).

2.2. MaNGA galaxies

Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA ) is an integral-field survey that aims to obtain spec-
tra of 10,000 nearby galaxies (Bundy et al. 2015). It began
in July 2014 as part of SDSS-IV (Blanton et al. 2017) and
is planned to continue until 2020. MaNGA uses the 2.5-m
SDSS telescope at Apache Point Observatory in New Mex-
ico (Gunn et al. 2006) and the dual fiber-fed BOSS spectro-
graphs (Smee et al. 2013), but rather than allocating a single
fiber per galaxy like previous SDSS surveys, each plate con-
tains 17 pluggable Integral Field Units, each of which con-
sists of hexagonal bundles containing between 19 and 127
fibers with typical spatial resolution of 2.5 or 1.8 kpc at

= 0.03 (Drory et al. 2015). The dual spectrograph de-
sign enables a wavelength coverage of 3600—10000 A with a
velocity resolution of 70 km s~* (Smee et al. 2013). Typical
exposure times of 3 hours ensured S/N of 5 at the outskirts of
targeted galaxies, and much greater towards the center (Law
et al. 2015). Spectrophotometric calibration is accurate to
< 5% (Yan et al. 2016b) and the data reduction pipeline is
described in Law et al. (2016).

The MaNGA targeting sample consists of 10,000 galax-
ies with 0.01 < z < 0.15 (median z ~ 0.03). The sam-
ple was chosen to have a flat number density distribution in
absolute i-band magnitude M; while maximizing the spatial
resolution and ensuring IFU coverage to a few times the half-
light radius R, (Yan et al. 2016a). As a result, stellar mass
is highly correlated with redshift for the MaNGA sample,
since galaxies of a given mass (and thus radius) are prefer-
entially targeted at a redshift where the IFUs cover a few R,
(Figure 2). The double-peaked redshift-mass distribution is
a result of the two-tiered MaNGA selection process, consist-
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Figure 1. Upper four panels: MaNGA galaxies (red) located within 40 Mpc of Cosmic Web Reconstruction filaments (blue) and Tempel et al.
(2014) Bisous filaments (green). Slices were chosen as the lowest redshift slice with filaments (z = 0.02) and the three quartiles of the
MaNGA galaxy redshift distribution (z = 0.027, 0.036, and 0.052). Gray circles indicate MaNGA plates released with MPL-6. Lower panel:
Comparison between galaxy spins (red lines) and Cosmic Web Reconstruction filaments (blue lines) for a section of the sky at z = 0.025—0.03.

ing of the Primary sample with coverage to 1.5R, and the
Secondary sample with coverage to 2.5R.. Galaxies are as-
signed to plates via a tiling algorithm that is unbiased with
respect to environment, and to IFUs in a way that maximizes
the number of galaxies covered to the appropriate radius (1.5
R, for Primary sample and 2.5 R, for the Secondary sam-
ple).

We use the MPL-6 data release of MaNGA with v2_3_1
of the Data Reduction Pipeline and v2.1.3 of the Data Anal-
ysis Pipeline. MPL-6 contains 4687 galaxy data cubes ob-
served between March 2014 and July 2017, of which 70
are repeat observations. We subsequently reduce our sam-
ple to 2736 galaxies via a variety of quality cuts. We re-
move 85 galaxies with the the CRITICAL DRP3QUAL
maskbit set, which indicates a variety of problems ranging
from unmasked cosmic rays to IFUs partially falling out of

the plate; 426 galaxies targeted as part of ancillary programs,
which lack well-defined selection weights; 393 galaxies with
z < 0.02; and 478 galaxies lying beyond the 40 Mpc radius
of influence for galaxy-filament alignments found in Chen
et al. (2019). Finally, we remove galaxies with poorly mea-
sured spins (see Section 2.3): 19 galaxies lacking a sufficient
number of points to fit a spin; 170 galaxies with multiple
galaxies inside the IFU (Figure 4); and 858 galaxies with po-
sition angle error > 5°, which we find by visual inspection
to generally have poorly-defined spins.

We weight each galaxy to create a volume-limited sam-
ple (Wake et al. 2017) that is appropriate to compare to sim-
ulations. Specifically, we weight each galaxy by the “esr-
weights” (Equation A12 in Wake et al. 2017), the effective
volume over which it could have been observed. The weights
are necessary because MaNGA is not a volume-limited sam-
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Figure 2. Redshift (top) and stellar mass (bottom) distributions of
the MaNGA sample of 2736 galaxies (selected according to criteria
in Section 2.3).

ple; the flat distribution in M; leads to to biases towards
higher luminosity at fixed mass, biasing galaxy colors and
inclinations (Wake et al. 2017). All results in Sections 3 and
4 use weighted mean dot products and bootstrap resampling
to compute the standard error of the weighted means.

The MaNGA sample is complete to log (M, /Mg) = 9.61
for the Secondary sample and log (M,/Mg) = 9.10 for
the Primary sample (Wake et al. 2017); thus, we require
log (M,/Mg) > 9.6 for comparison to mass-dependent
alignment in simulations (Section 4), limiting this compar-
ison to 2551 galaxies. Additionally, the Secondary sam-
ple is incomplete for highly inclined galaxies slightly above
log (M,/Mg) = 9.61 (Wake et al. 2017), although such
galaxies only constitute a small portion of the sample in the
lowest mass bin.

Gross galaxy properties such as absolute magnitude, color,
stellar mass, and photometric shape are extracted from the
MaNGA targeting catalog, v1_0_1 of the NASA-Sloan Atlas
(Blanton et al. 2011). This catalog is superior to the SDSS
catalog for photometry of bright extended galaxies. We use
magnitudes and stellar masses from elliptical Petrosian pho-
tometry, recommended as the most reliable photometry in
the catalog’. We use the Sersic photometry for axis ratios
and photometric position angles. The stellar masses and star
formation rates are calculated using the K-CORRECT code
(Blanton et al. 2003) with a Chabrier (2003) initial mass
function. In Figure 2, we show the redshift and mass dis-
tribution of the final sample of 2736 galaxies.

We use Galaxy Zoo for morphological classification (Lin-

3 See http: //wWww.sdss

selection/nsa/

.org/drl3/manga/manga-target

tott et al. 2011), matching each MaNGA galaxy to the near-
est Galaxy Zoo source within 0.5”. The Galaxy Zoo catalog
gives a probability that each galaxy is a spiral (clockwise or
counter-clockwise), elliptical, edge-on, merger or unknown
morphology. To study the morphological dependence of
spin-filament alignments, we only use galaxies with a > 50%
probability of any single classification. Edge-on galaxies are
defined as galaxies with axis ratio < 0.3 rather than using
Galaxy Zoo, since Galaxy Zoo classifies any galaxy with spi-
ral structure as a spiral even if it is nearly edge-on. Our final
sample therefore contains 1039 elliptical galaxies, 676 spiral
galaxies, and 344 edge-on galaxies, with the rest unclassified.

We use the stellar velocity maps produced by the Data
Analysis Pipeline (DAP) for MPL-6 (Westfall et al., in prep),
which uses the penalized-pixel fitting method (pPXF) (Cap-
pellari & Emsellem 2004) to determine kinematic parame-
ters. For the spectrum in each spaxel, the DAP first fits the
stellar continuum using the MILES stellar library (Sdnchez-
Blazquez et al. 2006) and masking emission lines. Emission
lines are subsequently fit, fixing the stellar continuum to the
previously-determined best-fit values.

To check the robustness of our results, we measure galaxy
spins from both the stellar continuum and the Ha emission
line velocity maps. We apply the same fitting methods (Sec-
tion 2.3) to both velocity maps. These measurements trace
different physical components of the galaxy: the stellar con-
tinuum traces the stars while the emission line traces the gas.

2.3. Galaxy spins

We determine the spin vector for each galaxy by measuring
the kinematic position angle using integral-field data from the
MaNGA survey. Specifically, the plane-of-sky projection of
the spin vector is perpendicular to the kinematic position an-
gle (Figure 3). For each galaxy we determine a single global
position angle (and thus spin direction) from the full dat-
acube. We apply the FIT_KINEMATIC_PA routine (Kra-

Jnovic et al. 2006) to determine the kinematic position angle

for each galaxy from the stellar velocity maps, using veloc-
ities from the unbinned spaxels (see Appendix A for further
details). Our method is necessarily two-dimensional, consis-
tent with our two-dimensional filament finder. In accordance
with the two-dimensional nature of our measurement, here-
after we refer to the plane-of-sky projection of the spin as the
galaxy spin vector. While the three-dimensional spin could
be estimated using the galaxy’s axis ratio to find the incli-
nation (Haynes & Giovanelli 1984), this method requires an
estimate of the galaxy’s intrinsic thickness; assumes that the
galaxy’s shape can be approximated by an oblate spheroid,
which may not be valid for elliptical galaxies; and could be
biased by the isophote used or the presence of a galactic bulge
(Andrae & Jahnke 2011; Kirk et al. 2015). Moreover, esti-
mating the three-dimensional spin from the galaxy’s shape
necessarily leads to anisotropic errors between the plane of
sky and the line of sight and potentially an inhomogeneous
distribution of inclinations (e.g. Tempel et al. 2013; Tempel
& Libeskind 2013).

We show 6 randomly selected fits in Figure 3. The
output of FIT_KINEMATIC_PA agrees well with the
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Figure 3. 6 randomly selected galaxies with stellar velocity maps
and FIT_KINEMATIC_PA fits. The best-fit kinematic position an-
gle is the thick green line and the spin vector is the dashed black
line. The thin green lines (often obscured by the thick green line)
show the 1-o uncertainty on the position angle. The title gives the
plate and IFU ID uniquely identifying each observation and the er-
ror on the PA in degrees.

position angle one would identify by eye. However,
FIT_KINEMATIC_PA fails in cases where there are multi-
ple kinematically-distinct galaxies in the IFU. In these cases,
FIT_KINEMATIC_PA spuriously identifies the line con-
necting the galaxies as the position angle (Figure 4). We
identify these cases by searching for galaxies with multiple
SDSS r < 20 sources located within the IFU and visually
inspect each image to distinguish contaminants from fore-
ground stars, background galaxies, and errors in SDSS pho-
tometry. We find and exclude 171 galaxies with spurious fits
due to multiple kinematically-distinct galaxies in the IFU.

Visual inspection shows that the velocity maps become in-
creasingly noisy, with poorly defined rotation, when opy >
5°. As a result, we remove these 858 galaxies from our mea-
surement. Using a stricter cut of opy < 3° changes the results
presented in Table | by < 1o.

In the bottom panel of Figure 1, we plot galaxy spin vectors
and filaments for a small region of the sky at z = 0.025—0.03
to illustrate the alignment measurement. We are searching
for a weak alignment identifiable statistically but not visually.

In Figure 5, we show that the measurement errors on the
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Figure 4. 3 randomly selected cases with multiple galaxies inside
the IFU. Panels on the left show the stellar velocity maps and
FIT_KINEMATIC_PA fits. Panels on the right show the SDSS im-
age with the MaNGA IFU overlaid. Although the fitting errors on
these galaxies are formally smaller than the cutoff for poorly mea-
sured spins (error > 5°), it is clear from comparison to the SDSS
images that the fit is spurious due to multiple galaxies in the IFU.

filaments (blue) dominate the errors on the galaxy position
angles (red). We also plot the distribution of stellar mi-
nus emission line position angle; since this dispersion is the
quadrature sum of the measurement error on the position an-
gle and the true dispersion between the stellar and emission
line spins, it provides an upper bound on the position angle
error. This dispersion is still smaller than the filament error,
showing that the filament error must be greater than the posi-
tion angle error.

2.4. Mock spins and filament catalogs from hydrodynamical
simulations

We compare our results to galaxy alignments measured in
two publicly available cosmological hydrodynamical simula-
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Figure 5. Comparison between the error on the filament angle near-
est to each galaxy (blue), the error on the stellar position angle (red),
and the dispersion between the stellar position angle and the emis-
sion line position angle (black).

tions, MassiveBlack-II* (KKhandai et al. 2015) and Ilustris-1°
(Vogelsberger et al. 2014; Nelson et al. 2015). Since the spin-
filament alignment signal is quite subtle, we require large box
hydrodynamical simulations (L = 100 Mpc).
MassiveBlack-1II is a cosmological simulation run using
the smoothed particle hydrodynamics code GADGET in a
100 A~ Mpc box with €, = 0.275, h = 0.704, and

os = 0.816 (Khandai et al. 2015). The simulation con-
tains 2 x 17923 particles, with dark matter particle mass of
1.1 x 107"h~t M, and gas particle mass 2.2 x 105h~1 M.
MassiveBlack-1I includes subgrid models for star formation
and black hole feedback. Star formation occurs according to
the multiphase model of Springel & Hernquist (2003), and
young stars and supernovae provide feedback by heating the
Gas is accreted onto black holes following Bondi accretion,
limited to twice the Eddington accretion rate, and 5% of the
energy radiated by the accreting black hole is deposited as
feedback. Halos are identified using a friends-of-friends al-
gorithm with linking length b = 0.2, and subhalos are iden-
tified using SUBFIND. Halos and subhalos are required to
have at least 40 dark matter and gas particles; therefore, the
stellar mass limit of the simulation is 1.26 x 108 M.

In MassiveBlack-II, the spin for each galaxy is defined as
the unit stellar angular momentum vector. Galaxy spins are
only computed for subhalos with at least 1000 dark matter
and star particles. This corresponds to a stellar mass limit
of log (M, /Mg) = 9.5 for the sample with measured spins;
thus, the spin subsample is complete for the mass range of the
MaNGA sample (log (M, /Mg) > 9.6), confirming the va-
lidity of comparing data to simulations over this mass range.
We also consider alignments between filaments and gas spins
in MassiveBlack-II, where gas spins are computed for subha-
los with at least 1000 gas particles.

Mlustris-1 is run using the moving-mesh code AREPO in
a 75 h~! Mpc box with 18203 gas and dark matter parti-
cles each for a dark matter particle mass of 6.3 x 106M,
and a gas particle mass of 1.3 x 10°M,. Subhalos are re-
quired to have at least 20 particles(‘; therefore, the stellar
mass limit is 2.6 x 10" M. The cosmological parameters
are (), = 0.2726, h = 0.704, and og = 0.809. The sub-
grid physics is described extensively in Vogelsberger et al.
(2013) and is similar to the subgrid physics in MassiveBlack-
II, but somewhat more elaborate: Illustris-1 uses variable
wind speeds and mass loading in the Springel & Hernquist
(2003) galactic wind model, and Illustris-1 includes radio-
mode AGN feedback as well as quasar-mode feedback.

Table 1. Cosmic Web Reconstruction alignments for different subsamples

Sample N  (cos@) SE  Shuffle mean o from shuffle
All 2736  0.6452 0.0075 0.6406 0.61
Dr < 0.6 Mpc 684 0.6474 0.0144 0.6438 0.25
0.6 <Dp <14Mpc 684 0.6532 0.0148 0.6427 0.71
14 < Dr <3.0Mpc 684 0.6497 0.0146 0.6370 0.87
Dr > 3.0 Mpc 684 0.6257 0.0154 0.6365 -0.70
M, < 10.02 684 0.6601 0.013 0.6406 1.50
10.02 < M, < 10.47 684 0.6288 0.0120 0.6425 -1.14
10.47 < M, < 10.87 684 0.6350 0.0125 0.6407 -0.46
Table 1 continued
41'ip: mbii.phys.cmu.edu 5http://wwwl;;;ustrlsfproject.Drg/dais/

6 http://www.illustris
~at3
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Table 1 (continued)

Sample N  (cos®) SE  Shuffle mean o from shuffle
M, > 10.87 684  0.6500 0.0147 0.6358 0.97
u—7r <170 684 0.6562 0.0139 0.6417 1.04
1.70 < u—7r<2.09 684 0.6381 0.0149 0.6409 -0.19
209 <u—7r<235 684 0.6630 0.0130 0.6354 2.12
u—1r>2.35 684 0.6072 0.0168 0.6373 -1.79
elliptical 1039 0.6408 0.0130 0.6392 0.12
spiral 676  0.6423 0.0147 0.6399 0.16
edge-on 344 0.6239 0.0186 0.6392 -0.82

NOTE—MaNGA spin-Cosmic Web Reconstruction filament alignments for the entire sam-
ple and sub-samples split by distance to filament (D), stellar mass (in units of log M),
u— 1 color, and morphology. (cos ) is the mean dot product between the unit spin vector
and the unit filament vector. SE is the standard error of the mean, calculated using 50000
bootstrap resamples of the data. We measure the expectation for random alignments us-
ing 50000 shuffles of the data, and compute o, the deviation between the data and the

randoms in units of the standard error.

Halos in Illustris-1 are identified using a friends-of-friends
algorithm with linking length b = 0.2 on the dark mat-
ter particles, and subhalos are subsequently identified us-
ing SUBFIND. For both MassiveBlack-II and Illustris, the
masses quoted in this paper (both dark matter and stellar) are
defined as the total mass of all particles bound to a given
SUBFIND halo. As in MassiveBlack-II, subhalo spin is de-
fined as the unit stellar angular momentum vector (Zjupa &
Springel 2017), summing over all star particles within twice
the stellar half-mass radius.

Angular momenta are only calculated for subhalos with
more than 300 dark matter particles, yielding a stellar mass
limit of 3.8 x 108 M, for halos with the cosmic baryon frac-
tion. Therefore, as for MassiveBlack-I, it is valid to compare
simulation and data alignments for MaNGA galaxies with
log (M, /Mg) > 9.6.

Since we measure filaments using Cosmic Web Recon-
struction in two dimensions, some filaments in our cata-
logs may just be cuts through sheets lying perpendicular to
the plane of the sky. Since halo alignments with sheets
may be different from halo alignments with filaments (e.g.
Aragon-Calvo et al. 2007 find a mass-dependent transition
from alignment to anti-alignment with filaments, but mass-
independent alignment between halos and sheets), our align-
ment measurements are not directly comparable to three-
dimensional filament alignment measurements in simula-
tions. Therefore, we compare our measurement to mock ob-
servations in MassiveBlack-II and Illustris-1 reproducing the
two-dimensional filaments used in the observational work.

For both Illustris-I and MassiveBlack-II, we create a mock
filament catalog for each of the 26 Cosmic Web Reconstruc-
tion Az = 0.005 slices between z = 0.02 and z = 0.15.
These 26 filament catalogs allow us to create a mock galaxy-
filament alignment measurement by matching the redshift
distribution of the MaNGA galaxies. For each redshift slice,
we select subhalos in descending order of mass to match the

number density of SDSS galaxies in that redshift slice. We
define filaments using subhalos rather than halos or dark mat-
ter particles because subhalos are generally taken as proxies
for galaxies in e.g. comparisons to the galaxy stellar mass
function (Khandai et al. 2015; Vogelsberger et al. 2014).
Since the completeness of the SDSS Main Galaxy Sample
is > 90% (Strauss et al. 2002), this procedure yields a mock
sample representative of MGS. We move the subhalos into
redshift space and divide the box into 7 slices along the z
axis (width 14k~ Mpc = 20 Mpc), finding filaments in two
dimensions in each slice following the same method as in the
data. We generate the smoothed density field from subha-
los in the 90% densest environments, match the smoothing
bandwidth at each redshift to the bandwidth used in the data,
and identify the filament direction using local PCA. We ig-
nore the periodic boundary conditions of the box when find-
ing filaments. With these 26 filament catalogs we can then
make a mock observation of galaxy-filament alignment by
randomly assigning each galaxy in the simulation to one of
the 26 catalogs following the redshift distribution of the data
(see Section 4 for further details).

3. GALAXY-FILAMENT ALIGNMENTS OF ENTIRE
SAMPLE

After the quality cuts described above and the redshift cut
(0.02 < z < 0.15), we measure alignments with a sample
of 2736 galaxies. We measure alignment using the mean dot
product between the unit filament vectors and the unit galaxy
spin vectors. A dot product of 1 indicates perfect alignment,
0 indicates perfect anti-alignment, and 2/7 = 0.6366 (i.e.
the average value of cosf over the range O to 7) indicates
random alignment. All mean dot products are defined as
weighted means using the MaNGA weights defined to re-
cover a volume-limited sample (Wake et al. 2017). Error
bars are defined for the weighted means using 50000 boot-
strap resamples of each galaxy subsample. We compare
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the measured alignment to a random signal generated from
50000 shuffles of the galaxy and filament catalogs; if there
are anisotropies in the galaxy and filament catalogs, the ex-
pectation for random alignments will deviate from 2/7. In
fact, deviations from 2/ are modest for all subsamples.

We find no evidence for alignments between galaxy spins
and filaments, with a mean dot product of 0.6452 £ 0.0075,
an 0.61¢ deviation from the shuffled dot product of 0.6406.

In Table 1, we split the sample in several ways: four equal-
sized groups in each of distance to nearest filament D, stel-
lar mass, and u — r color; and spiral, elliptical, and edge-on
galaxies. We do not find significant alignments for any of the
groups, nor do we find significant linear trends with any of
these properties.

We also measure alignments with the Bisous model fila-
ments of Tempel et al. (2014), and find similar results (Ta-
ble 2). While the overall alignments are stronger for the
Bisous filaments (1.160 versus 0.61¢), in neither case are
they statistically significant, and we do not find statistically
significant alignments with any subsample in mass, color,
distance to filament, or morphological type for the Tempel
et al. (2014) filaments. The similar alignment results with
the two filament finders, despite the drastic methodologi-
cal differences between the Bisous model and the Cosmic

Web Reconstruction filaments, bolster our conclusion that the
MaNGA galaxies lack significant alignments with filaments.

Figure 6 shows that the distribution of cos 8 is fully con-
sistent with random alignments. The scatter in cos # is dom-
inated by intrinsic scatter in the alignments between galaxy
spins and filaments, rather than measurement error from ei-
ther the galaxy spins or the filament directions. By measuring
the total scatter in the galaxy-filament alignments and sub-
tracting the contribution from measurement error in quadra-
ture, we can estimate the intrinsic scatter in alignments be-
tween galaxy spins and filaments. We estimate the contribu-
tion from measurement error by creating 50,000 realizations
of the alignment dataset in which each filament or position
angle is drawn from a Gaussian with standard deviation given
by the reported measurement error. We find that the standard
deviation of the resulting mean dot product (i.e. the scatter
from measurement error) is 0.0044. The total standard error
of 0.0075 is slightly higher than the standard error expected
if the galaxies and filaments were entirely randomly aligned,
0.0074. Since the standard error cannot extend higher than
~ 0.0074, at this point the quadrature sum of the intrinsic
scatter and measurement error may exceed the total scatter,
and thus we can only place a lower bound on the intrinsic
scatter, o; > 0.0061.

Table 2. Bisous filament alignments for different subsamples

Sample N  (cos®) SE  Shuffle mean o from shuffle
All 2546 0.6462 0.0079 0.6370 1.16
Dr < 0.3 Mpc 635 0.6265 0.0178 0.6357 -0.57
0.3<Drp <1.0Mpc 637 0.6360 0.0151 0.6375 -0.04
1.0< Dr <1.8Mpc 636 0.6493 0.0152 0.6402 0.83
Dr > 1.8 Mpc 638 0.6716 0.0150 0.6363 2.32
M, <9.89 636 0.6377 0.0137 0.6369 0.08
9.89 < M, < 10.38 637 0.6619 0.0123 0.6371 2.05
10.38 < M, < 10.82 636 0.6487 0.0130 0.6388 0.94
M, > 10.82 637  0.6259 0.0160 0.6363 -0.67
u—1r < 1.65 636  0.6369 0.0151 0.6367 0.02
1.65<u—1r<206 637 0.6679 0.0146 0.6370 2.15
206 <u—7r<233 636 0.6343 0.0142 0.6393 -0.16
u—7r> 233 637 0.6498 0.0159 0.6343 0.83
elliptical 1030 0.6489 0.0122 0.6368 1.01
spiral 667 0.6558 0.0147 0.6361 1.30
edge-on 338 0.6262 0.0211 0.6396 -0.50

NOTE—MaNGA spin-Bisous filament alignments for the entire sample and sub-samples
split by distance to filament (D), stellar mass (in units of log M), u — r color, and
morphology. (cos#) is the mean dot product between the unit spin vector and the unit
filament vector. SE is the standard error of the mean, calculated using 50000 bootstrap
resamples of the data. We measure the expectation for random alignments using 50000
shuffles of the data, and compute o, the deviation between the data and the randoms in

units of the standard error.

4. MASS-DEPENDENCE OF SPIN-FILAMENT
ALIGNMENTS

Previous work has found that galaxy spin-filament align-
ments in N-body and hydrodynamical simulations are mass
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Figure 6. Distribution of cos 6 (angle between galaxy spin and Cos-
mic Web Reconstruction filament direction; red for stellar spins and
blue for emission line spins) compared to random alignments. Each
histogram is divided by the expectation for random alignments in
that bin. Error bars are computed from Poisson statistics and the
gas-filament alignment histogram is offset for clarity.

dependent, with lower mass galaxies showing alignment
and higher mass galaxies showing anti-alignment (Bailin &
Steinmetz 2005; Aragén-Calvo et al. 2007; Hahn et al. 2007;
Codis et al. 2012; Trowland et al. 2013; Aragon-Calvo &
Yang 2014; Dubois et al. 2014; Codis et al. 2015). As a re-
sult of this mass dependence, it is possible that a significant
alignment signal could be concealed by opposing contribu-
tions from high and low mass galaxies. Therefore, we study
the mass dependence of the alignment signal and compare
it to mass-dependent alignments in the MassiveBlack-II and
Mlustris-1 simulations. We attempt to mimic the construc-
tion of the spin and filament catalogs as closely as possible
to present a fair and quantitative comparison between data
and simulations.

We separate galaxies in the data and simulations into five
bins of Alog M, = 0.5, with the lower limits of each
bin ranging from 10°%Mg to 10'* M (the lowest bin has
Alog M, = 0.4). We ignore galaxies less massive than
1096 M, because MaNGA is incomplete below this mass,
yielding a sample of 2551 MaNGA galaxies. While the
individual stellar masses have relatively large uncertainties
(0.2 — 0.3 decades; Blanton & Roweis 2007; Conroy 2013),
each bin in stellar mass has > 100 galaxies and thus the mass
uncertainties are much smaller than the bin sizes.

The redshift distribution of each stellar mass bin is quite
different due to the strong correlation between redshift and
stellar mass in the MaNGA sample (Figure 2). Furthermore,
the number density of galaxies in the SDSS Main Galaxy
Sample is a strong function of redshift, and thus the fidelity of

recovery of the filaments will be better at low redshift than at
high redshift. These effects may introduce a spurious mass-
dependence into the alignment signal. The hydrodynamical
simulation boxes are only 100 ht Mpc, so we cannot create
a lightcone mocking the SDSS Main Galaxy Sample. In-
stead, we create 26 different realizations of the filament cat-
alogs with filaments found using different subhalo densities
(i.e. representing different galaxy densities), corresponding
to the redshift slices of the filament catalog, as described in
Section 2.4. In each realization, we find filaments in two di-
mensions as in the data. We assign each galaxy to one of
the 26 different filament catalogs by drawing from the red-
shift distribution of the MaNGA galaxies at a given mass,
weighted by the MaNGA volume weights. In this way, we
assign each galaxy in the simulation to a unique filament,
and measure the two-dimensional spin-filament alignment in
the same manner as in the data. We estimate error bars us-
ing the standard error of the mean of each bin, and average
over 100 random draws from the mass-redshift distribution.
We assess the discrepancy between data and simulation using
x?2, with errors given by the quadrature sum of the errorbars
on the data and errorbars on the simulation.

This methodology yields different spin-filament align-
ments from the standard picture, with weak anti-alignments
seen at all masses, rather than a transition from alignments at
low mass to anti-alignments at high mass. This discrepancy
arises from the enforced degeneracy between mass and red-
shift: at high mass the sample is dominated by high redshift
galaxies, which are associated with more poorly measured
filaments due to the lower number density in the Main Galaxy
Sample at higher redshift. While high mass galaxies show
stronger anti-alignments than low mass galaxies at fixed red-
shift, the strong anti-alignment at high masses is weakened
by the degeneracy between mass and redshift. The difference
between the simulation curves in Figure 7 and the standard
picture highlights the importance of constructing a simula-
tion sample that closely mimics the methodology of the data.

For the fiducial case, we find modest tension between the
mass-dependence of alignments in the MaNGA sample of
2551 galaxies and the mass-dependence in the hydrodynam-
ical simulations, with x? = 14.26 over 4 degrees of freedom
(p = 0.0065, equivalent to 2.70) for MassiveBlack-II and
x? = 11.09/4 dof (p = 0.026, equivalent to 2.2¢) for Illus-
tris. We find similar 2-3¢ tensions when using different bins,
and in fact find a higher x> = 15.52 when using a stricter
cut of opy < 3°, indicating that the tension is not an artifact
of the binning scheme and cuts used. However, this tension
is clearly absent in the mass-dependence of alignments for
Ha emission line spins, for which we find x? = 2.59 over 4
degrees of freedom between the data and MassiveBlack-II.

We confirm that the x? test is appropriate for this compar-
ison: the mean dot product in each stellar mass bin is nor-
mally distributed, and the covariance between neighboring
bins is small compared to the variance of each bin. Using
50,000 bootstrap resamples, we confirm that the distribution
of the mean dot product in each mass bin is normally dis-
tributed, even in cases where there are only ~ 50 galaxies in
the smallest (most-massive) bin. We estimate the covariance
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Figure 7. Mass-dependence of MaNGA spin-filament alignment,
comparing MaNGA alignments using both stellar (blue) and emis-
sion line (green) spins to alignments in the MassiveBlack-1I (red)
and Illustris (orange) simulations. In each bin, points from different
samples are offset for clarity.

by resampling the galaxies in 100 deg? blocks rather than re-
sampling galaxy by galaxy in order to preserve the source
of the covariance, correlations between neighboring galaxy
spin-filament dot products arising from galaxy spin correla-
tions, which drop rapidly over ~ 10 h~! Mpc (Pen et al.
2000; Lee 2011). We find that computing the x? with this
covariance matrix rather than assuming a diagonal covari-
ance matrix makes little difference, and that the resulting co-
variance matrices are relatively robust to changes in the size
of the resampling blocks. Given that MaNGA galaxies are
widely distributed over the sky, with the average pair separa-
tion greater than the ~ 10 h~! Mpc spin correlation length
(Figure 1), we expect the covariance matrix to be nearly di-
agonal.

The sample of MaNGA galaxies with well measured spins
is not complete: in fact, the completeness varies as a func-
tion of mass, with low and high mass galaxies having rel-
atively low completeness of well-measured stellar spins,
whereas intermediate-mass galaxies are quite complete (Ta-
ble 3). This incompleteness preferentially selects galaxies
with higher specific angular momentum j, for which it is
easier to measure a spin direction. This could possibly bias
the mass-dependence of spin-filament alignments, if high j
galaxies have different alignments than low j galaxies. We
attempt to estimate the bias introduced by this incomplete-
ness by removing low j subhalos in the mass bins in the
simulation to match the incompleteness of stellar spins in
MaNGA. This is a conservative procedure, as incompleteness

1.0 115

is likely also caused by low-S/N stellar continuum and plane-
of-sky inclinations, which are not related to galaxy-filament
alignment stength. Nevertheless, removing low-j subhalos
has an extremely modest effect on alignments in the simula-
tions, changing the y? between data and Illustris from 11.09
to 12.57.

These tests suggest that the comparison between data and
simulations presented above is not impacted by covariance
between the stellar mass bins or incompleteness in the spin
measurements. Therefore the discrepancy between the spin-
filament alignments in data and simulations remains unre-
solved.

Table 3.
Bin Stellar Emission line
completeness completeness
9.6 <logh™'Mg < 10 83.7% 91.3%
10 < logh™'Mg < 10.5 97.1% 91.3%
10.5 < logh™'My < 11 95.6% 90.0%
logh™* Mg > 11 76.2% 76.2%

NOTE—Fraction of MaNGA galaxies with well measured spins
(error < 5°) in different mass bins.

4.1. 3D alignments in simulations

While the mass-dependent alignment signal in data is quite
modest, more significant differences become apparent if we
instead use simulated filaments with no regard to observa-
tional constraints, i.e. filaments in three dimensions and fil-
aments measured using all subhalos, rather than only using
massive observable galaxies. This allows us to detect galaxy-
filament alignments at much higher significance.

Both MassiveBlack-II and Illustris show similar mass-
dependence of the alignments between dark matter spins and
filaments (Figure 8). This transition from aligned at low
masses to anti-aligned at higher masses is consistent with
previous findings, mostly from dark-matter-only simulations
(Bailin & Steinmetz 2005; Aragén-Calvo et al. 2007; Hahn
et al. 2007; Pichon et al. 2011; Codis et al. 2012; Trowland
et al. 2013; Aragon-Calvo & Yang 2014; Dubois et al. 2014;
Codis et al. 2015; Wang et al. 2018).

In contrast, Illustris and MassiveBlack-II paint oppos-
ing pictures of the mass dependence of stellar spin-filament
alignments. In Illustris the mass-dependence of the stellar
spin alignments is quite similar to the mass-dependence of
the dark matter spin alignments, while in MassiveBlack-II
the stellar spin alignments show a qualitatively different be-
havior than the dark matter spin alignments, remaining anti-
aligned even at the lowest masses (Figure 8). The z ~ 0
results in Illustris are consistent with the findings of Dubois
et al. (2014) in the Horizon-AGN hydrodynamic simulation
at z = 1.8, who measured alignments between filaments and
stellar angular momentum and found a transition from align-
ment to anti-alignment at M, ~ 10'%° M. Additionally,
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we find very similar mass-dependent alignments to Wang
et al. (2018), who also use Illustris to measure alignments
between galaxies and the third eigenvector of the deforma-
tion tensor, which defines the filament direction within the
Zel’dovich approximation.

The mass-dependent trends in gas spin alignments are
even more divergent between Illustris and MassiveBlack-II.
Gas-filament alignments in [llustris are quite similar to star-
filament and dark matter-filament alignments, but gas spins
in MassiveBlack-II remain aligned with filaments until M, ~
101 M, and the alignments are considerably stronger than
low-mass dark matter-filament alignments. While gas spins
in MassiveBlack-II are only measured for a subset of galax-
ies with > 1000 gas particles, this subset has very similar
stellar-filament and dark matter-filament alignments as the
entire sample, implying that the gas-filament alignments are
not significantly impacted by selection bias.

Taken together, these results suggest that while the “tran-
sition mass” picture presented in previous work (e.g. Codis
et al. 2012) remains valid for dark matter spins, its validity
for stellar and gas spins of galaxies is questionable and ap-
parently dependent on subgrid physics and feedback models.

In conclusion, we find modest tension between the mass
dependence of galaxy-filament alignments in MaNGA and
in the MassiveBlack-II and Illustris simulations. The tension
is present if MaNGA spins are estimated using stellar con-
tinuum velocities, although it disappears if we use MaNGA
spins measured from the Ho emission line. While we find
minimal differences in alignments between MassiveBlack-II
and Illustris using a sample of simulated galaxies and fil-
aments selected to mimic the MaNGA and SDSS galaxy
samples, an ideal measurement using filaments constructed
from all subhalos in the simulations reveals a significant dif-
ference in the behavior of spin alignments in Illustris and
MassiveBlack-II at low masses. While both simulations find
that dark matter spins are aligned with filaments at low mass,
in agreement with previous results from N-body simula-
tions, Illustris finds stellar spin-filament alignment at low
mass, while MassiveBlack-1I finds stellar spin-filament anti-
alignment.

5. DISCUSSION

We present the first measurement of alignments between
filaments and galaxy spins as measured from integral-field
kinematics. We find no significant detection of galaxy spin
alignments with filaments. We find that the mass dependence
of spin-filament alignments from MaNGA are in 2-30 ten-
sion with spin-filament alignments from the MassiveBlack-
II and Illustris simulations, although the tension disappears
if we instead use galaxy spins measured from the Ha emis-
sion line. While the predictions of MassiveBlack-II and Illus-
tris are essentially identical if we use a “mock-observational”
sample, three-dimensional filaments measured using all sub-
halos in the simulation reveal significant differences in align-
ment behavior at low masses, suggesting that the “transition-
mass” picture described in previous works is dependent on
details of feedback and subgrid physics.

Previous studies have measured galaxy spin-filament

alignments using galaxy shape as a proxy for galaxy spin
(Tempel et al. 2013; Tempel & Libeskind 2013; Pahwa et al.
2016; Chenetal. 2019). These studies find a weak dichotomy
between spiral and elliptical galaxies, with spirals aligned
and ellipticals anti-aligned with filaments. We do not find ev-
idence for this dichotomy, but our error bars are larger than
in previous studies and our results are consistent with them.

The results in this work are limited by the relatively small
sample size of ~ 2600 MaNGA galaxies with well-measured
spins and sufficient proximity to “Cosmic Web Reconstruc-
tion” filaments. The error bars on this measurement are
dominated by intrinsic scatter rather than measurement er-
ror on the spins or the filaments, suggesting that acquiring
larger samples of galaxy spins is the most effective way to
achieve a more precise measurement. The full MaNGA sam-
ple will provide integral-field-unit spectroscopy for 10,000
galaxies, roughly doubling the sample with sufficient spin
measurements. This represents a significant step forward, but
even larger samples are needed to distinguish the alignment
models of different simulations at high significance. The
proposed Hector survey on the Anglo-Australian Telescope
could deliver integral-field spectroscopy for up to 100,000
galaxies over the next decade (Bryant et al. 2016), offering an
unparalleled ability to learn about the relationship between
galaxy spin and large-scale structure and the acquisition of
galaxies’ angular momentum.
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Figure 8. 3D alignments between subhalo spins and “ideal” filaments measured using the 500,000 most-massive subhalos in Illustris (z = 0)
and MassiveBlack-II (z = 0.06). In both panels, the black dotted line is the 3D dot product expected for random alignments, the red (blue;
green) points are alignments between dark matter (stellar; gas) spins and filaments. Points are offset in mass for clarity.
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APPENDIX

A. GALAXY SPIN FITTING

We use the FIT_KINEMATIC_PA routine (Krajnovic et al. 2006) to determine the kinematic position angle for each galaxy
from the stellar velocity maps, using velocities from the unbinned spaxels. We remove low quality or potentially problematic data
by masking spaxels with 7-band SNR < 5, spaxels with the DONOTUSE or UNRELIABLE bitmasks (Westfall et al., in prep),
|v] > 350 kms™1, o, > 103 km s—1, or a velocity that is more than a 5-0 outlier (i.e. [v| > 5 times the standard deviation of v).
We also mask all contiguous regions with SNR > 5 that are disconnected from the central part of the galaxy in order to eliminate
faint companion galaxies within the IFU. To avoid giving a large weight to any one spaxel, we set the minimum velocity error
to 2 km s~! (Pineda et al. 2017). From visual inspection of the fits, we find that these settings give the best performance. We
recenter each galaxy about the unweighted centroid of its unmasked region, since the center of rotation in some galaxies is offset
from the center of the IFU. Finally, we perform each fit in curved-sky coordinates (« cos d, §) and convert the resulting position
angles to an equirectangular projection for consistency with the filament catalog. We use this method as it fits the position angles
in a physical coordinate system.

FIT_KINEMATIC_PA fits a bi-antisymmetric model to a velocity map. For a specified rotation of the xy coordinates relative
to the native (« cos d,0) coordinates (i.e. position angle), the bi-antisymmetric model at (z,y) is the average of the velocity at (£,
+y), linearly interpolating between neighboring points if need be. The best-fit position angle minimizes x? computed from the
data, the bi-antisymmetric model and the MaNGA velocity errors. We initially loop over all PAs between 0° and 180° to ensure
that we are near the global minimum, then use Nelder-Mead minimization to find the global minimum 2.

To estimate the error on the position angle, we create 100 realizations of the velocity map, drawing the velocity in each
spaxel from a Gaussian centered at the measured velocity, with standard deviation equal to the velocity error, and assuming no
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covariance between neighboring spaxels. We apply the same x? minimization process to each of the 100 realizations, again using
the MaNGA velocity errors and the bi-antisymmetric model from FIT_KINEMATIC_PA. We define the position angle as the
mean of the ensuing 100 position angles 6; and the position angle error as the standard deviation of the 100 position angles. We
use the circular mean of headless (i.e. spin-2) vectors fi15¢:

L1 S sin 26;

1180 (0) = 5 arctan Z oS 291 (Al)

The standard deviation is adjusted similarly:

. 1 - -
o1s0(0) = \/N > min®(8; — pi1s0(6), 180 — 6; + pas0(6)) (A2)

While this is only an approximate estimate of the position angle error, and may in particular underestimate the error due to
nonzero covariance between neighboring spaxels, the position angle errors are not an important contributor to the total error
budget on the alignment measurements: they are dominated by the errors on the filament angles (Figure 5) and as we show in
Section 2, the measurement errors are dominated by the intrinsic scatter in galaxy-filament alignments anyway.

B. 3D VS 2D ALIGNMENT MEASUREMENTS IN SIMULATIONS

We use measurements of galaxy-filament alignments in the MassiveBlack-II simulation to determine how much signal is lost
using two-dimensional rather than three-dimensional measurements of the filaments. We generate three-dimensional filaments
using the redshift-space positions of the top 500,000 subhalos in MBII by total mass (log My /Mg > 9.74) and applying the
Cosmic Web Reconstruction algorithm with a smoothing bandwidth of 1 h~! Mpc. For the two-dimensional sample, we use the
same subhalos and bandwidth, but as in Section 2.4, we split the box into 7 slices along the z direction (Az = 0.005 = 20 Mpc
~ 14 h~! Mpc) and separately find two-dimensional filaments in each slice. In both cases, the number density of subhalos is
much greater than the number density achievable in the Main Galaxy Sample; we use these large samples in order to make a high
signal-to-noise measurement of three-dimensional and two-dimensional alignment, and assume that the reduction in signal from
three-dimensional to two-dimensional will be similar for the realistic lower number-density samples.

We find that the mean dot product between the 3D filaments and the subhalo stellar spins is 0.4882 =+ 0.00136 compared to an
expectation of 0.5 for random alignments for an alignment strength signal-to-noise of 8.68. For the two-dimensional filaments,
we find a mean dot product of 0.6293 £ 0.00145 compared to 0.6366 for random alignments, yielding an alignment strength
signal-to-noise of 5.03. We also measure alignments between subhalo spins and “ideal” two-dimensional filaments, which are
the projection of the 3D filaments onto the zy plane; here we find a mean dot product of 0.6267 + 0.00146 and signal-to-noise
6.81. This indicates that most of the reduction in the Az = 0.005 case comes from loss of filament information in the z direction
and not from the finite Az of the slices. Therefore, we estimate that using two-dimensional filaments in slices of Az = 0.005
reduces the alignment signal strength by 40%. However, it is unlikely that we could realize a 40% improvement in signal by
using three-dimensional filaments, since the line-of-sight component of the galaxy spin vector is significantly harder to measure
than the transverse component, reducing the signal gain from three-dimensional filaments (Krolewski et al. 2017).
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