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ABSTRACT
We study 379 central and 159 satellite early-type galaxies with two-dimensional kinematics from the integral-

field survey Mapping Nearby Galaxies at APO (MaNGA) to determine how their angular momentum content
depends on stellar and halo mass. Using the Yang et al. (2007) group catalog, we identify central and satellite
galaxies in groups with halo masses in the range 1012.5 h−1 M� <M200b < 1015 h−1 M�. As in previous work, we
see a sharp dependence on stellar mass, in the sense that ∼ 70% of galaxies with stellar mass M∗ > 1011 h−2 M�
tend to have very little rotation, while nearly all galaxies at lower mass show some net rotation. The ∼ 30% of
high-mass galaxies that have significant rotation do not stand out in other galaxy properties except for a higher
incidence of ionized gas emission. Our data are consistent with recent simulation results suggesting that major
merging and gas accretion have more impact on the rotational support of lower-mass galaxies. When carefully
matching the stellar mass distributions, we find no residual differences in angular momentum content between
satellite and central galaxies at the 20% level. Similarly, at fixed mass, galaxies have consistent rotation properties
across a wide range of halo mass. However, we find that errors in classification of centrals and satellites with
group finders systematically lowers differences between satellite and central galaxies at a level that is comparable
to current measurement uncertainties. To improve constraints, the impact of group finding methods will have to
be forward modeled via mock catalogs.

1. INTRODUCTION

Integral field spectroscopic (IFS) surveys have provided an
exciting new window into the formation histories of massive
galaxies (e.g., Cappellari 2016). We have long understood that
rotational support V/σ (with V the maximum radial velocity,
and σ the stellar velocity dispersion) is a function of internal
galaxy properties, with lower-mass ellipticals and S0s (early-
type galaxies) having more rotation than the most massive el-
liptical galaxies (e.g., Binney 1978; Davies et al. 1983; Franx
& Illingworth 1990; Bender et al. 1989; Kormendy & Bender

1996, 2009). IFS studies have definitively shown that ∼ L∗
early-type galaxies typically have some net rotation (Emsellem
et al. 2007), while the most massive elliptical galaxies tend
to have little to no net rotation (e.g., Emsellem et al. 2011;
Houghton et al. 2013; Scott et al. 2014; Raskutti et al. 2014;
van de Sande et al. 2017; Veale et al. 2017b,a; Oliva-Altamirano
et al. 2017; Brough et al. 2017).

In the era of IFS surveys, the classic ratio of V/σ that quan-
tifies the level of rotation in galaxies has been replaced by a
light-weighted two-dimensional analog, λ. We adopt the defi-
nition of λR from Emsellem et al. (2007), inspired by the two-
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dimensional modeling of V/σ from first principles as described
in Binney (2005), with V and σ the locally measured values, R
the projected galactocentric distance, and brackets representing
flux weighting:

λR = 〈R|V |〉/〈R
√

V 2 +σ2〉. (1)

Note that λR is a cumulative measurement out to radius R,
which has been shown to be a robust proxy for the spin parame-
ter (see Emsellem et al. 2007; Jesseit et al. 2009). Early surveys
did not cover sufficient volume to study the importance of ex-
trinsic factors (such as local galaxy density) on the galaxy angu-
lar momentum content. The ATLAS3D survey (Cappellari et al.
2011), volume-limited to 42 Mpc, includes few slowly rotating
galaxies and contains only one dense environment (the Virgo
Cluster). In principle, there are many reasons to believe that
the location of a galaxy within its halo may impact its angular
momentum. For instance, if a series of minor mergers can lead
to loss of net angular momentum (e.g., Naab et al. 2014) then
central galaxies, that likely experience enhanced minor merg-
ing due to their location at the center of the potential, may be
expected to preferentially lack rotation. The halo mass could
also matter, since galaxies in more massive halos may have ex-
perienced more merging, even at fixed M∗.

Ongoing large-scale IFS surveys, including CALIFA
(Sánchez et al. 2012), SAMI (Croom et al. 2012; Bryant et al.
2015), MASSIVE (Ma et al. 2014), and MaNGA (Bundy et al.
2015) provide the larger volumes that are needed to simultane-
ously control for galaxy properties, such as stellar mass, along
with large-scale environment. They also provide a larger base-
line in halo mass, providing the leverage to examine trends in
stellar mass M∗ and halo mass M200b simultaneously, as well as
separate central and satellite galaxies. Thanks to the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000), we now have the sam-
ple size to investigate all of these important parameters in set-
ting the angular momentum content of galaxies. In this paper,
we will use spatially resolved spectroscopy from the MaNGA
survey (part of SDSS IV; Blanton et al. 2017) to address the re-
lationship between internal galaxy properties, large-scale envi-
ronment, and angular momentum, λR. We address the possible
correlation between λR and local overdensity in a companion
paper.

This paper proceeds as follows. In §2, we discuss the
MaNGA survey and our galaxy sample. We present the kine-
matic measurements in §3, and examine the results in §4. We
conclude in §5. For consistency with our group catalog from
Yang et al. (2007) (§2), we assume a flat ΛCDM cosmology
with Ωm = 0.238, ΩΛ = 0.762, H0 =100 h−1 km s−1 Mpc−1. Halo
masses are defined as M200b≡M(< r200b) = 200ρ̄ 4

3πR3
200b where

R200b is the radius at which the mean interior density is equal
to 200 times the mean matter density (ρ̄) and the ‘b’ indicates
background (rather than critical) density. Stellar mass is de-
noted M∗ and has been derived using a Chabrier (2003) Initial
Mass Function (IMF). For consistency with our adopted stellar
mass measurements, we assume h = 1.

2. DATA AND SAMPLE

2.1. The MaNGA Survey

The aim of MaNGA, one of three core SDSS IV projects, is
to obtain integral-field spectroscopy of 10,000 nearby galaxies.
Like previous SDSS surveys, MaNGA utilizes the 2.5m Sloan
Foundation Telescope (Gunn et al. 2006) and the BOSS spec-
trographs (Smee et al. 2013). Unlike previous SDSS surveys,

the MaNGA survey groups individual fibers into 17 hexago-
nal fiber bundles to perform a multi-object IFS survey (Drory
et al. 2015). Each fiber has a diameter of 2′′, while the bun-
dles range in diameter from 12 to 32′′ with a 56% filling factor.
The two dual BOSS spectrographs cover the wide wavelength
range of 3600-10,300Å while maintaining a spectral resolution
of σr ≈ 70 km s−1, appropriate for galaxy studies. Careful spec-
trophotometry yields a relative calibration accurate to a few per-
cent (Yan et al. 2016b). The survey design is described in Yan
et al. (2016a), the observing strategy in Law et al. (2015), and
the data reduction pipeline in Law et al. (2016). The MaNGA
team has also developed useful tools for data visualization and
vetting (Cherinka et al. 2017).

The MaNGA sample is selected from an enhanced
version of the NASA-Sloan Atlas (NSA; Blanton M.;
http://www.nsatlas.org) with redshifts primarily taken from the
SDSS DR7 MAIN galaxy sample (Abazajian et al. 2009) and
photometry from reprocessed SDSS imaging. The sample is
built in i-band absolute magnitude (Mi)-complete shells, with
more luminous galaxies observed in more distant Mi shells
such that the spatial resolution (in terms of Re) is roughly con-
stant across the sample (Yan et al. 2016a; Wake et al. 2017).
The MaNGA Primary sample, which forms ∼ 50% of the to-
tal sample, is selected such that 80% of the galaxies in each
Mi shell can be covered to 1.5Re by the largest MaNGA IFU.
There is also a Secondary sample, accounting for ∼ 40% of the
targets, selected such that 80% of these galaxies are covered
to 2.5Re. The remainder of the MaNGA main sample is the
Color-enhanced supplement, which fills in poorly-covered re-
gions of the color-magnitude diagram (e.g., faint red galaxies or
the most luminous blue galaxies) and, like the Primary sample,
is covered to 1.5Re.

Given this sample construction, one must re-weight the
galaxy distribution according to the volume in each shell to
construct volume-limited samples. Whenever possible, we ap-
ply these weights before drawing conclusions. In this work
we take a conservative approach and consider the Primary and
Secondary samples only, excluding the Color-enhanced supple-
ment. We make this choice since the addition of the color term
in the Color-enhanced selection potentially increases the uncer-
tainty in volume weights for these galaxies.

2.2. Ancillary Program

The MaNGA survey awarded a small fraction of fiber-
bundles to “Ancillary” Programs that can help to boost survey
efficiency by serving as filler targets and also enhance the sci-
ence output of MaNGA with a small time investment. We were
awarded an Ancillary program to augment the number of cen-
tral galaxies in the most massive halos available within the local
volume targeted by MaNGA. Here we describe our target selec-
tion, along with a brief description of the group catalog that our
selection is based upon.

While there are several samples of central galaxies in the lit-
erature, building an uncontaminated sample of central galaxies
spanning a range of halo masses is a non-trivial exercise. Dif-
ferent cluster finders and central galaxy selections, automated
and visual, often disagree. We base our target selection on the
Yang et al. (2007, Y07) cluster catalog updated to DR7, cre-
ated from the SDSS DR7 New York University Value Added
Catalog (VAGC; Blanton et al. 2005), a spectroscopic galaxy
catalog.

Y07 use an iterative, adaptive group finder to assign galax-

http://www.nsatlas.org
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FIG. 1.— Distribution of M200b and M∗ for the central galaxies in our sample. For context, we show early-type central galaxies with red stars and late-type
centrals with blue circles. Late-type galaxies are identified as those with spiral structure in the SDSS images (see §2.3.1). However, throughout the manuscript we
focus on early-type centrals. Our seven Ancillary program targets (red squares) clearly fill in the highest stellar and halo masses in our sample.

ies to halos. In short, they first use a friends-of-friends al-
gorithm (e.g., Davis et al. 1985) to identify potential groups.
Each group is assigned a characteristic luminosity, defined as
the combined r-band luminosity of all group members with
Mr − 5log(h) ≤ −19.5 mag where Mr is the absolute Galactic-
extinction corrected r-band luminosity, K-corrected to z = 0.1.
Roughly speaking, the stellar mass comprises 1% of the to-
tal mass. This characteristic luminosity is used to assign halo
masses to groups and to refine the group identification using
an iterative method. Using a mock catalog, Y07 estimate the
scatter in the assigned halo masses to be of order σQ ∼ 0.35
dex for groups with 1013h−1M� <M200b < 1014.5h−1 M�, where
σQ is the standard deviation of Q = [log(ML) − log(M200b)]/

√
2,

with ML the halo mass inferred from the group luminosity.
They report that the overall scatter is dominated by intrinsic
scatter between halo mass and ML, while the details of the
group finder (interlopers, incompleteness effects), are a rela-
tively small component. Campbell et al. (2015) demonstrate
that in general it is possible to extract meaningful physical cor-
relations from Y07 as a function of color, stellar, and halo mass
despite misidentifications and errors in halo mass (although see
also Teklu et al. 2017).

We adopt the Y07 modelC catalog, which uses the SDSS
model magnitudes and includes redshifts from SDSS and the
2dF Galaxy Redshift Survey (Colless et al. 2001) and nearest
neighbors from the VAGC. We identify central galaxies as the
most luminous (in r-band) galaxy, as noted in the Y07 imod-
elC_1 catalog. We adopt the Y07 group halo mass based on
the total luminosity ranking of the groups, which is in the mod-
elC_group file in the Y07 catalog. To build our sample, we
avoid edges of the catalog by applying grp_ f _edge > 0.6 as
recommended by Y07, and 0.02< zgroup < 0.15, with the lower
limit reflecting the Y07 limits and the upper limit set to match

the MaNGA sample.
Because massive halos are rare, the default Primary and Sec-

ondary MaNGA catalogs do not contain many central galaxies
in high-mass halos (Figure 1). To address this lack, in our an-
cillary program we select central galaxies in halos more mas-
sive than M200b = 1013.75 h−1 M�, dividing our sample into four
halo mass bins. We construct the ancillary sample such that in
each halo bin, we add sufficient galaxies to enable stacked stel-
lar population gradient measurements in each halo bin for two
bins in stellar velocity dispersion. In practice, we insist on a
stacked S/N of 50 at a radius of 1.25 − 1.75Re. In total, the an-
cillary program aims to observe∼ 50 additional central galaxies
to add to the Primary and Secondary MaNGA observations, of
which seven are included in this paper.

1

TABLE 1
FINAL SAMPLE COMPOSITION

Sample Morphology MaNGA Selection Ntot Nfinal hRei
(1) (2) (3) (4) (5) (6)

Central Early Primary 217 212 8.8
Central Late Primary 40 40 9.9
Central Early Secondary 162 145 4.7
Central Late Secondary 56 55 5.6
Central Early Ancillary 7 5 15.9
Satellite Early Primary 90 90 5.9
Satellite Late Primary 59 59 8.1
Satellite Early Secondary 69 69 3.2
Satellite Late Secondary 23 23 3.9

NOTE. — Col. (1): Environment type. Col. (2): Morphological type. Col. (3):
MaNGA selection. Col. (4): Total number in sample. Col. (5): Number with > 50%
good spaxels and robust �R measurements. Col. (6): Median Re (circularized Sérsic fit)
in arcsec.

2.3. Galaxy Sample
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FIG. 2.— Top Row: The relationship between stellar mass and angular size for the early-type sample only. While a large fraction of the galaxies are well-resolved
(black), there is a tail of smaller galaxies (red) that are not. We highlight galaxies with Re < 4′′, which is 2.5 times the typical PSF radius of 1.5′′(Yan et al. 2016a).
The limited spatial resolution directly impacts our ability to measure λR (§3.2). When considering primary and secondary samples separately, there is not a mass
dependence in resolved fraction over this stellar mass range due to the construction of the MaNGA sample (§3.1.1). Middle Row: The relationship between stellar
mass and galaxy size (Re in kpc). Red and black symbols as above. Only for the most compact galaxies in the lowest stellar mass bin do we have a large fraction of
unresolved galaxies. Bottom Row: Same as the middle row, but in Rmax/Re units, where Rmax is the largest RArea where we have a λR measurement. Red and black
symbols as above. These panels summarize our radial coverage.
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FIG. 3.— Measurements of λR as a function of radius (measured as RArea defined in §3.2) for a set of representative galaxies in three stellar mass bins centered
at 1010.5,1010.75,and1011 h−2 M� (blue, green, red lines), respectively. Note that λR is cumulative to radius R, as is customary in the literature (although see
Raskutti et al. 2014). We separate the systems into early-type (left), and late-type (right). While we show the late-type galaxies here for comparison, throughout the
manuscript we focus on early-type centrals. Any changes in λR at larger radii do not change the slow or fast rotator designation.

We now turn to the properties of the entire sample of galax-
ies considered here. We are working with the MaNGA Data
Reduction Pipeline version 2.0.1 sample (MaNGA Product
Launch 5; MPL5; K. Westfall et al. in preparation). An ini-
tial set of central galaxies are selected from the Y07 catalog
and are defined as the most luminous galaxy among the group
members. Two coauthors performed visual inspection in the
r−band of all of the Y07 groups with M200b > 1014 h−1 M�,
the halo-mass range that we focus on for the ancillary sam-
ple. In doing these visual checks, we both ensure that the cho-
sen overdensity exists and check the validity of the choice of
central galaxy. Based on the visual inspection, we judge that
the Y07 algorithm overall selected visually reasonable clus-
ters and central galaxy candidates. We apply a stellar mass
cut M∗ > 1010 h−2 M� (in practice, 95% of central galaxies
have stellar masses M∗ > 1010.5 h−2 M�) and a halo mass cut
M200b > 1012.5 h−1 M�. As shown in Yang et al. (2009), the
groups are quite incomplete below this halo mass in the red-
shift range of interest. As a result, the majority of our cen-
tral galaxies have stellar masses M∗ > 1010.5 h−2 M�. Satel-
lite galaxies are those in the Y07 catalog that are not central
galaxies. Of course, the satellite galaxies extend to much lower
stellar masses. However, our primary goal here is to compare
the satellite and central galaxy populations. Furthermore, at low
stellar mass, the early-type galaxies in MaNGA are overwhelm-
ingly unresolved (see also Appendix B). Therefore, we apply a
stellar mass cut to the satellite galaxies of M∗ > 1010 h−2 M�.

We adopt measured properties (e.g., stellar mass, galaxy ra-
dius, redshift) from the MaNGA source catalog, which in turn
is based on version v1_0_1 of the NSA. The galaxy magni-
tudes are based on elliptical Petrosian apertures, measured as
Petrosian magnitudes (Petrosian 1976; Blanton et al. 2001) but
using elliptical apertures22. The stellar masses are derived us-
ing the k-correct code (Blanton et al. 2003), which fits spec-
tral energy distributions to the elliptical Petrosian magnitudes
to derive the mass-to-light ratio. A Chabrier (2003) Initial Mass
Function is assumed.

Typically λR is measured in a fixed aperture (often Re), so

that all galaxies can roughly be on the same footing. There
are two complications to this approach for our sample. One is
that the galaxies are typically poorly resolved spatially at Re,
which compromises the λR measurements (see Appendix B).
The other issue is that it is notoriously difficult to measure a
uniform effective radius (e.g., Kormendy et al. 2009). In the
end, we therefore adopt a measurement of λR that is not di-
rectly tied to Re. Nevertheless, we must adopt some measure of
size.

There are two sizes tabulated by the NSA that we consider
here. The one used by the MaNGA team to define the sample
is the elliptical Petrosian radius. The other possibility within
the NSA is the Re provided by a single-Sérsic fit. We adopt
the aspect ratio (B/A) and position angle (PA) derived from the
parametric Sérsic fit because they are PSF-corrected. Indeed,
when we compare B/A derived from the Petrosian and Sérsic
fits we find clear evidence that the PSF-correction makes a dif-
ference, since the Sérsic B/A is typically 10% smaller than the
Petrosian value. To be consistent between the size measurement
Re and the ellipticity and PA measurements, we adopt the cir-
cularized Re from the Sérsic fit. All Re measurements use the
Sérsic fits. This measurement is roughly 30% larger than the
elliptical Petrosian measurements used to define the MaNGA
targets. Again, we emphasize that this decision does not impact
the final λR measurements, but the circularized Sérsic-derived
Re is used as a benchmark throughout the paper.

2.3.1. Galaxy Morphologies

Many of the central galaxies are late-type (spiral) galaxies.
Late-type galaxies tend to have high λR values, and our main
goal is to investigate the distribution in λR for the early-type
galaxies. We have visually classified galaxies into those with
or without spiral structure (early and late-type galaxies). Visual
inspection was performed by the first author using the three-
color SDSS images. Of the 475 central galaxies, there are 379
early-type central galaxies; of the 241 satellite galaxies, 159
are of early type. Of the 379 central galaxies, there are 217
Primary and 162 Secondary galaxies, while the 241 satellite

22http://www.sdss.org/dr13/manga/manga-target-selection/nsa/
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FIG. 4.— Angular momentum content of the early-type central (left) and satellite (right) galaxies as traced by λout, plotted as a function of the isophote flat-
tening ε. There is a bias against λ = 0 due to errors present in the V measurements. Stellar mass is indicated by size and color of the symbol. The thick black
line indicates the empirical division between fast (above the line) and slow (below the line) rotators. Here we use an empirical division of 0.35

√
ε adapted from

Emsellem et al. (2007), but scaled from Re to 1.5Re to match the typical radial extent of our galaxies. Depending on the anisotropy and inclination angle, galaxies
will have a different relationship between ε, the observed value of λR, and the edge-on value. The magenta line represents an analytic model edge-on galaxy in
which anisotropy is proportional to ellipticity (with β = 0.7 as in Cappellari et al. 2007). Note that low-λ galaxies with ε > 0.4 are quite rare, and may all be
explained by more exotic kinematics (§3.2.2 Cappellari et al. 2012).

galaxies comprise 90 and 69 Primary and Secondary galaxies
(Table 1). There are 15 central and 13 satellite galaxies that
we classify as ambiguous, most of which are edge-on galaxies
that may be S0 or later spiral types. We exclude these ambigu-
ous cases, although the numbers are too small to impact our
conclusions. Throughout the paper we focus on the sample of
early-type galaxies unless explicitly noted otherwise.

Galaxy classification grows harder at higher redshifts. Bam-
ford et al. (2009) has shown that above z ≈ 0.08, the fraction
of galaxies classified as elliptical rises unphysically as detail is
lost in imaging. We could introduce a redshift-dependent frac-
tion of fast-rotating spiral galaxies into our early-type sample
if this effect is at play. The morphological bias would cause us
to measure a higher early-type fraction at z > 0.08 relative to
the lower-redshift bin, caused entirely by spirals appearing as
early-types. To search for this effect, we take all the galaxies
with stellar masses 1010.75 < M∗/M� < 1011 h−2, and examine
the early-type fraction with redshifts above and below z = 0.08.
There are 69 (63) objects in the low (high) redshift bin. We find
consistent early-type fractions of 0.85± 0.12 and 0.80± 0.13
in the two redshift bins, suggesting that this morphology bias is
not impacting our results.

Of the central, early-type galaxies, seven belong to our an-
cillary program. Our sample contains 30 central galaxies in
halos more massive than M200b > 1014 h−1 M� and six central
galaxies in halos more massive than M200b > 1014.5 h−1 M�.
Many central galaxies are known to have a large extended halo,
sometimes known as cD galaxies (e.g., Morgan & Lesh 1965;
Schombert 1984; Zhao et al. 2015b); as the MaNGA sample
grows it will become possible to examine trends between cD
halo and λR.

3. ANALYSIS

3.1. Kinematic Measurements

We use the kinematic measurements provided by the
MaNGA Data Analysis Pipeline (DAP; K. Westfall et al.
in preparation). The individual spaxels are combined us-
ing Voronoi binning (Cappellari & Copin 2003) to maintain
a signal-to-noise ratio of at least 10 per spectral pixel of
70 km s−1. The number of combined spectra at∼ Re varies con-
siderably from object to object depending on Re, with a mean
value of 12 spectra, a median value of 3 spectra, and a max-
imum of 200. Spaxels with individual S/N< 1 are excluded
from the binning. In calculating λR, we use the distance to the
center of each spaxel.

The kinematics are measured using the penalized pixel-
fitting code pPXF (Cappellari & Emsellem 2004; Cappellari
2017), with emission lines masked. Stellar templates from the
MILES library (Sánchez-Blázquez et al. 2006), which cover the
spectral range 3525-7500Å at 2.5 Å (FWHM) spectral resolu-
tion (Falcón-Barroso et al. 2011), are convolved with a Gaus-
sian line-of-sight velocity distribution to derive the velocity and
velocity dispersion of the stars (values are not corrected for in-
strumental resolution at this stage). An eighth-order additive
polynomial is included to account for flux calibration and stel-
lar population mismatch.

When we extract the σ measurements from the MaNGA cata-
log, we correct them for instrumental resolution using the mea-
sured σr, which is the unweighted average of the difference in
resolution between the templates and the data as measured over
all wavelengths and all spectra in the cube (K. Westfall et al.
in prep). The MILES templates are used at their native reso-
lution of 2.5Å, which is higher than the MaNGA data over the
full spectral range for all cubes (Yan et al. 2016a). With this
approach, the pipeline is able to reliably recover intrinsic dis-
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persions of ∼ 35 km s−1 or more. The MaNGA team also tried
to employ the wavelength-dependent kernel convolution avail-
able within pPXF, but could not recover such low velocity dis-
persions with that functionality enabled. As shown by Penny
et al. (2016), even for intrinsic dispersions of 40 km s−1, it is
possible to recover the dispersion to within 10% for high S/N
spectra, while at our limiting S/N = 10, it is possible to recover
the dispersions above the nominal limit of 70 km s−1 to within
∼ 20%. The DAP then supplies a single resolution correction
that is the effective difference between the MILES templates
and the MaNGA spectra calculated for each cube. The resolu-
tion as a function of wavelength is calculated from arcs taken
before and after each exposure and then corrected using strong
sky lines (Law et al. 2016). Tests indicate that these correc-
tions are better than 5% for dispersions of 70 km s−1 or higher
(Westfall et al. in prep). In cases that σ is below the spectral
resolution of the instrument (a condition that does occur in the
outer parts of some galaxies) we mask these values. Example
maps for interesting subsets of the population are presented in
Appendix A.

While in general these kinematic measurements are robust,
there are some known systematic failures. There are foreground
stars, which have been successfully masked by MaNGA. At
lower signal-to-noise ratios, particularly in the outer regions of
the galaxies, the velocity dispersion measurements can peg at
the unphysical value of 1000 km s−1. Finally, the superposition
of two companion galaxies in the IFU field of view can lead
to unphysical velocity and velocity dispersion measurements
if the two components are not jointly modeled. The MPL5
catalog has identified these unphysical values; we adopt their
“DONOTUSE” flags, as well as flagging all σ > 500 km s−1

and V > 400 km s−1 values. We only analyze objects for which
at least 50% of the fibers within Re are not flagged. Visual in-
spection verifies that we remove most of the clear merger cases
through these cuts, and no galaxies are removed by visual in-
spection. Excluding these problematic cases does not lead to
any systematic bias in redshift or stellar mass distributions of
the galaxies.

We perform two checks on our measurements. We ex-
plore a different analysis of the MPL4 data cubes performed
by J. Ge (Zheng et al. 2017). The kinematics are also mea-
sured with pPXF, but the binning and masking prescriptions are
different. The λRe measurements agree well in general, with
〈λMPL4 −λMPL5〉 = 0.02± 0.09. This provides confidence that
the measurements are robust to detailed choices about mask-
ing and binning. We also compare the central σ measurements
with the original SDSS measurements that were made on dif-
ferent spectra using a different fitting technique. We find decent
agreement, with 〈(σMaNGA −σSDSS)/σSDSS〉 = −0.05±0.1.

3.1.1. Radial Coverage

Keeping only galaxies with at least 50% of the fibers un-
masked leaves 357 central galaxies. We have verified that no
bias in stellar or halo mass is incurred when we remove the
galaxies with problematic measurements. Among these 357
centrals, 272 have coverage at or beyond Re, 136 have cover-
age at or beyond 1.5Re, and 73 have coverage at or beyond 2Re
(Figure 2; Table 1). The median effective radius of the Pri-
mary sample is 5.2′′, while the Secondary sample has a slightly
smaller median of Re = 4.7′′.

Turning to the satellites, there are 159 early-type galaxies
with > 50% of their fibers unmasked. Of these, 137 reach Re

and are spatially resolved by that point, 94 reach 1.5Re, and 34
galaxies reach 2Re. Only 50 of the early-type satellites have
Re > 4′′ and radial coverage out to 1.5Re. In §3.2.1 we will
return to the issue of spatial resolution and angular momentum
measurements.

3.2. λR Measurements

The V and σ measurements on the binned data are used
to calculate λR (Equation 1) in elliptical apertures, as defined
from the single-component Sérsic (1963) fit from the NSA. We
adopt the ellipticity [ε = 1− (B/A)] and position angle from this
fit because the model is corrected for seeing and thus should
be the most robust measurement available of these parameters,
roughly measured at the effective radius (see also §2.3). The
Re value is the circularized half-light radius from the Sérsic fit,
and in the following figures and calculations, we use the ra-
dial coordinate RArea, which is calculated as the radius of the
circle that would have the equivalent area as the enclosed spax-
els (RArea =

√
Re,a×Re,b =

√
Npixels×Apixel/π), where Apixel is

the area of a pixel (e.g., Cappellari 2013). Examples of λR
are shown in Figure 3. In internal comparisons between dif-
ferent MaNGA teams, there is good agreement between λRe

values calculated with different prescriptions (M. Graham et al.
in preparation).

3.2.1. Spatial Resolution Constraints

It is common in the literature to report λR measured at the
effective radius of the galaxy: λRe . The typical galaxy in our
sample has Re ≈ 5′′. Assuming typical seeing of FWHM≈ 2′′,
there are only four to five resolution elements across a galaxy,
meaning that the λR measurements are not well resolved at
Re. We have performed simulations (Appendix B) using the
most resolved cubes in the MaNGA sample. Objects with low
λRe< 0.2 can be highly biased towards lower λRe values, by
∼ 40%. However, this bias can be mitigated by measuring λR
at larger radius. As demonstrated quantitatively in Appendix B,
a decent compromise uses the outer value of λR, measured in
the outer 10% of the profile, λout. In practice, because of the
typical radial extent of our data, λout matches λ(1.5Re) with no
bias and a scatter of ∼ 20% (see Appendix B). Therefore, in
what follows we will report values of λout, but our results do
not change on average if we use the smaller sub-sample with
λ(1.5Re) directly available.

There is another challenging regime, those galaxies with in-
complete coverage at large radius. In some cases, the λR curves
may not reach an asymptotic value. To quantify how often this
occurs, we extrapolate each profile to 2Re using a slope fitted
to the outer 20% of the λR curve. We then ask whether the
fast/slow designation would change at large radius, taking into
account the error in ε as well as in the extrapolation. We find
that 10% of the galaxies would change designation, with these
galaxies having a very similar mass distribution to the overall
sample. Thus, while limited spatial coverage is problematic, it
should not change our basic results.

3.2.2. λout vs. ε

The distribution of λout as a function of ε is presented in Fig-
ure 4. In addition to the galaxies, we show an analytic model
of an edge-on galaxy in which anisotropy is proportional to el-
lipticity (e.g., Cappellari et al. 2007). The majority of the fast
rotators lie above this magenta line as expected from prior work
(Emsellem et al. 2011). Galaxies scatter above the magenta line
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FIG. 5.— The fraction of central (red) and satellite (blue) early-type galaxies that are slow rotators using the Emsellem et al. (2011) criterion scaled to 1.5Re;
shading indicates the 1σ uncertainty on the fraction. The bins are chosen to contain the same number of objects, and are plotted at the weighted mean mass of each
bin. We include as a separate point the central galaxies that we added to the MaNGA Primary+Secondary sample, but this represents only five systems and so has
a large error bar. There is a clear trend, comparable to that reported in previous work, of a steeply rising slow rotator fraction as a function of stellar mass. We
compare directly with the ATLAS3D fractions (grey) as a function of their stellar population mass, which we have converted from a Salpeter to a Chabrier IMF. We
place the ATLAS3D masses in the same h−2 units as our masses and we find good agreement with their results. We show the results from Veale et al. (2017b) for the
MASSIVE survey, corrected to our h−2 units, but because their stellar masses are derived dynamically, the comparison is schematic only. We also note that 20% of
the MASSIVE galaxies are satellites. Finally, the results from the highest stellar-mass bin from Oliva-Altamirano et al. (2017) are presented, which shares our IMF,
shifted to h−2 units.

because of inclination and internal variations in ellipticity. The
ATLAS3D survey also defines an empirical division between
“slow” and “fast” rotators. We will adopt a similar prescription
to separate the two (black line), but in Emsellem et al. (2011)
the division between slow and fast rotator is defined at r = Re.
An empirical value of λRe /

√
ε = 0.31 best divides the popula-

tions. However, we are not adopting Re as our aperture. We de-
termine the revised value of λRe /

√
ε empirically using our data.

By comparing λout with λRe , we find that the former is 14%
larger than the latter. Therefore, we scale the division between
slow and fast rotators to λout/

√
ε = 0.35. A number of different

divisions into fast and slow rotator have been proposed in the
literature (see also Lauer 2012; Cappellari 2016). If we were
to adopt the Cappellari (2016) definition instead, only < 10%
of galaxies would change designation.

We draw attention to the lower-right region of the figure,
galaxies that apparently have relatively high ε > 0.4 and low
λout< 0.2. Emsellem et al. (2011) do not have galaxies that
populate this region (see also Cappellari 2016). Some of these
outliers appear round visually, suggesting that they have poorly
measured ε values. A related issue is that we utilize an effective
ε value, but in general these massive galaxies grow more flat-
tened at larger radius (e.g., Huang et al. 2012; Oh et al. 2017),
which may contribute to the scatter. However, the majority of
these galaxies are quite elongated and display low levels of ro-
tation along their major axis, with a high central dispersion (see
example maps in Appendix A). Objects in this region may be
galaxies with high angular momentum that masquerade as slow
rotators. In particular, galaxies known as “double σ” galaxies
have two well-separated peaks in their σ distributions, and have
been shown to have counter-rotating disks (see Krajnović et al.
2011, and references therein).

We visually examine the low-λout, high-ε outliers and show
a possible candidate for a double-σ galaxy in Appendix A, al-
though our ability to distinguish such features is limited by spa-

tial resolution (see also a first sample of counter-rotating gas
disks picked out from MaNGA; Jin et al. 2016). Otherwise,
there are no obvious differences between these galaxies and
those with low λout but correspondingly low ε. We conclude
that double-sigma galaxies are unlikely to dominate this outlier
population, and since they constitute such a small fraction of
the sample, we do not remove them from consideration in what
follows.

3.2.3. Notes on the Ancillary Galaxies

There are seven massive central galaxies in this work that
were added as part of our ongoing Ancillary Program (§2.2).
These galaxies preferentially live in the richest environments
within the MaNGA footprint by design. As a result, most of
them contain companions within the MaNGA IFS footprint. In
two of the seven galaxies, more than 50% of the spaxels are
masked due to contamination from this substructure. We are
currently working to jointly model the kinematics from all the
different substructures to build clean kinematic maps for this
sample. Our work on decomposing galaxies into distinct com-
ponents follows similar analysis by Tabor et al. (2017). In the
meantime, we include only five of the seven ancillary galaxies
in our analysis (Table 1).

4. ANGULAR MOMENTUM CONTENT AS A FUNCTION OF STELLAR
AND HALO MASS

4.1. Slow Rotator Fraction as a Function of Stellar Mass

With λout and slow/fast rotator determinations in hand, we
investigate trends in the standard slow rotator fraction using the
Emsellem et al. definition (Figure 5; Table 2). Our stellar mass
coverage extends only to M∗ > 1010.5 h−2 M� for the central
galaxies due to the halo mass cut, while our satellite sample
extends a bit lower and is limited by spatial resolution.
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FIG. 6.— Top Left: The distribution of λout/
√
ε, where a value of 0.35 (dashed black line) marks the division between slow and fast rotators. Data are binned

to contain equal numbers of points, and bins are plotted at the weighted mean value of M∗. The shaded regions denote the weighted mean and error. In the region
of overlap in M∗ between satellite and centrals, the central galaxies appear to have a slightly higher median λout and a tail towards higher λout. The sharp decline
in central galaxies at M∗ < 1010.5 h−2 M� comes from our halo mass cut. Top Right: The same as top left, but now also in two bins of halo mass. Shaded regions
represent error in the mean, while error bars show the variance in the points. The centrals are divided at their median halo mass M200b = 1013.3 h−1 M�, while the
satellites are divided roughly at their median halo mass, which has a higher value of M200b = 1013.8 h−1 M�. Bottom Row: Radial λout/

√
ε profiles as a function of

RArea/Re. The two panels display a representative sample of satellites (right) and a mass and redshift-matched central sample (left). There is not a large difference
between the two sets of profiles.



10

Table 2. Slow-rotator Fraction

M⇤ Slow Rotator Fraction Error
(1) (2) (3)

Central
10.57 0.29 0.05
10.69 0.27 0.05
10.81 0.42 0.06
10.89 0.54 0.10
10.97 0.57 0.11
11.02 0.48 0.11
11.06 0.54 0.12
11.18 0.69 0.12

Satellite
10.10 0.19 0.03
10.30 0.07 0.01
10.49 0.16 0.03
10.76 0.50 0.08

Note. — Col. (1): Median stellar mass in
each bin Col. (2): Slow rotator fraction. Col.
(3): Error in slow rotator fraction.

Also, this figure includes only the early-type galaxies, but there
are likely to be some biases in these by-eye determinations
(Bamford et al. 2009). As a sanity check, we recalculate the
slow-rotator fraction with spiral galaxies included. The slow-
rotator fraction changes by ∼ 50% at the lowest stellar masses,
but is unaffected for M∗ > 1011 h−2 M�. Our conclusions are
unchanged if we include the spiral galaxies in the sample.

Consistent with previous work, we see a steep increase
in slow rotator fraction with stellar mass. At M∗ < 3 ×
1010 h−2 M�, galaxies are overwhelmingly fast rotators, with
only 10 − 15% slow-rotator fraction. Galaxies with stellar mass
M∗ > 1011 h−2 M� are mostly slowly rotating, and this mass
scale is consistent with the quoted transition mass from Cap-
pellari (2013) once our h−2 and IMF scales are matched.

Our results are in good agreement with the literature. After
correcting the ATLAS3D masses to be in h−2 units and shifting
them to match our assumed Chabrier IMF from Salpeter (as-
suming a 0.2 dex decrease in mass; e.g., Conroy 2013) there is
good agreement (Emsellem et al. 2011). At the highest masses,
our ancillary sample results agree well with the results from
both Veale et al. (2017b) and Oliva-Altamirano et al. (2017),
as well as a number of studies of individual massive clusters
(DÉugenio et al. 2013; Scott et al. 2014; Fogarty et al. 2014).
Our results are also in qualitative agreement with the study by
(Pasquali et al. 2007) based on the mass and luminosity depen-
dence of the disky vs. boxy fraction of early-type galaxies, if
one associates disky (boxy) galaxies with fast (slow) rotators,
as suggested by the seminal work of Bender et al. (1989) and
Bender et al. (1989).

4.2. Central vs. Satellite

M∗ clearly correlates strongly with λR. We now address
whether there is an additional dependence on large-scale envi-
ronment. One approach to evaluate the impact of environment
is to compare central and satellite galaxies at fixed stellar mass.

Figure 5 displays a trend whereby satellite galaxies have a
slightly higher slow-rotator fraction than the central galaxies at
fixed stellar mass.

Table 3. �out/
p
✏ vs. M⇤

M⇤ �out/
p
✏ Error

(1) (2) (3)

Central
10.58 0.70 0.40
10.73 0.55 0.37
10.86 0.48 0.30
10.95 0.37 0.26
11.03 0.45 0.27
11.09 0.39 0.31
11.23 0.38 0.33

Satellite
10.07 0.75 0.36
10.20 0.70 0.41
10.33 0.78 0.18
10.45 0.80 0.27
10.59 0.62 0.36
10.74 0.45 0.32
10.97 0.44 0.30

Note. — Col. (1): Median
stellar mass in each bin. Col.
(2): Mean �out. Col. (3): Error
in slow rotator fraction.

This behavior is mirrored in Figure 6 (top left; Table 3), where
there is a difference in the median λout/

√
ε, and also possi-

bly a larger scatter towards high λout in the central relative
to the satellite population. One possible driver of this differ-
ence could be spatial resolution. However, because of the de-
sign of the MaNGA survey, within the mass range of M∗ =
1010.5 − 1011 h−2 M�, the central and satellite galaxy samples
have similar median apparent sizes of 5′′ and comparable me-
dian redshifts of 〈z〉 = 0.065, suggesting that spatial resolution
is not obviously to blame for the systematic difference between
the two populations.

Given that the central sample is much larger than the satel-
lite sample, and given that the detailed mass distributions do
not match between the two samples, we perform an addi-
tional test to compare the satellite and central galaxies. We
focus on the mass range where the two populations overlap:
M∗ = 1010.5 − 1011 h−2 M� (203 central and 54 satellite galax-
ies). The observed mass distribution of the satellite sample is
sharply falling towards the higher mass end of this bin, while
the reverse is true for the central galaxy mass distribution. We
thus assign weights to the central galaxies to force the mass
distribution between the two populations to match. We then
build the weighted distribution in λout/

√
ε for both the central

and satellite galaxies (Figure 8) and compare the two distribu-
tions using an Anderson-Darling test (e.g., Babu & Feigelson
2006). There is a probability of P = 33% that the two sam-
ples are drawn from the same underlying distribution. There
is no compelling evidence for a difference between the central
and satellite galaxies in their distributions of λout. However,
we caution that some subtle differences may still exist due to
the different radial coverage between the central and satellite
samples seen in Figure 2. Furthermore, central galaxy samples
are not pure, with the level of contamination depending on halo
mass (Skibba et al. 2011). In §4.5 we revisit the impact of con-
tamination in the group catalog using the mock catalogs from
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Campbell et al. (2015).

FIG. 7.— Distribution of λout/
√
ε in the mass range M∗ = 1010.5 −

1011 h−2 M�. We apply the MaNGA weights to both samples and also re-
weight the central galaxies to match the mass distribution of the satellite galax-
ies. When the mass distributions are carefully matched, the difference in
λout/
√
ε is not significant, with an Anderson-Darling test returning a proba-

bility P = 33% that the two distributions match.

We conclude that the central and satellite galaxies have statis-
tically consistent distributions in λout/

√
ε when their mass dis-

tributions are carefully matched. We do not detect any signifi-
cant difference between the central and satellite galaxies in their
slow rotator fraction.

4.3. Dependence on Halo Mass

As an additional probe of the large-scale environment, we at-
tempt to disentangle the stellar from the halo mass dependence
(Figure 6; upper-right). We treat the central and satellite pop-
ulations separately. We divide each into two groups based on
their host halo mass, and examine the weighted mean λout/

√
ε

of that subpopulation. We divide the central galaxies with a
halo mass above and below 1013.3 h−2 M�, which is the median
halo mass. There are 172 (185) central galaxies in the higher
(lower)-mass halo bin. The satellites are divided at their median
halo mass of 1013.8 h−2 M�, There are 83 (76) satellites in the
higher (lower)-mass bin respectively.

We re-weight the distributions such that the stellar mass
distributions match, over the mass range of overlap (M∗ =
1010.8 − 1011.1 h−2 M�) for the ∼ 100 galaxies in each mass-
limited sample. Although this comparison is limited to a nar-
row range in stellar mass, the distributions of central and satel-
lite λ/

√
ε are consistent with each other, with an Anderson-

Darling test returning a P = 30% chance that the two sam-
ples were drawn from the same distribution. Similar results
are found for the satellite galaxies. This group is divided at a
higher halo mass of M200b = 1013.8 h−1 M�. In a mass range of
M∗ = 1010.0 − 1010.7 h−2 M� (∼ 60 galaxies in each bin) we see
that satellites in lower-mass halos tend to have a higher λout/

√
ε.

After forcing the mass distributions to match, we find only a
marginally significant difference between the high and low halo
masses, with an Anderson-Darling test returning a probability
P = 4% that the two samples are drawn from the same distribu-
tion. A larger sample is needed to investigate whether there is
a real difference in the satellite population as a function of halo
mass, but in the centrals our finding of no halo mass dependence

is consistent with prior work (Veale et al. 2017a; Brough et al.
2017). Finally, we check for a correlation between λout/

√
ε and

the magnitude difference between the central galaxy and the
next brightest galaxy, and find no correlation.

In a companion paper (Greene et al. 2017), we further com-
pare the fast and slow rotator fractions as a function of local
overdensity to compare with the recent literature (e.g., Cappel-
lari 2016; Veale et al. 2017a; Brough et al. 2017).

4.4. Galaxy Properties of Slow vs Fast Rotators

While the majority of galaxies at high stellar mass are slowly
rotating, there is a tail of fast-rotating galaxies even in the high-
est stellar mass bin (see also Jimmy et al. 2013). Maps of mas-
sive fast and slow rotators are shown in Appendix A. Nearby
small companions add some contamination to this class of ob-
jects (at the ∼ 15% level) but the majority are single objects
with real rotation. We now investigate whether properties of
the fastest and slowest rotating galaxies differ in any other in-
teresting ways.

We select the 32 fast-rotating central galaxies with λout> 0.3
and M∗ > 1011 h−2 M� and compare with the 43 galaxies of the
same stellar mass that have λout< 0.1. The two samples have
similar median galaxy sizes of 〈Rpetro〉 =16 and 15 kpc, respec-
tively, and an Anderson-Darling test shows that they have in-
distinguishable distributions in size. They are at similar median
redshift of 〈z〉 = 0.1, and have similar flattening of 〈ε〉 = 0.3
and 0.2, respectively, again with distributions consistent with
arising from the same distribution. The galaxies have similar
median color, 〈g − r〉 = 0.94 mag. The velocity dispersions in
the fast rotators are lower (mean of 230 and 260 km s−1 respec-
tively; P = 6× 10−4 that the distributions are the same). This
difference is not surprising since λout depends inversely on σ.

The one independent difference between the two samples ap-
pears to be in their emission line properties. Focusing on the Hα
equivalent width within 3′′, and including only systems where
the emission line within that radius is measured with > 3σ sig-
nificance, there is a measurable difference in the equivalent
width distribution (P = 0.003 of belonging to the same distri-
bution), with 47% of the fast rotators having Hα EW> 1Å,
while only 16% of the slow rotators have Hα EW> 1Å (Fig.
8). This difference in emission-line properties suggests that the
fast rotators do typically have higher gas content, as we might
expect for galaxies with a disk component, perhaps associated
with the event that increased their spin (see §4.6 below). Un-
fortunately, the S/N ratios of the other strong lines are not high
enough to examine the sources of photoionization (e.g., star for-
mation, active nuclei) in these objects without more work. We
perform a similar test with the satellite galaxies, but to con-
struct a decent sample we must shift the mass limit down to log
(M∗) = 10.5 h−2 M�. We see similar trends, although the differ-
ence in emission properties is less significant for the satellites.

In the future, it will be interesting to investigate addi-
tional galaxy properties, such as luminosity-weighted mean
age, which seems to correlate with the outer ellipticity of halos
(Oh et al. 2017), disky or boxy isophotes (e.g., Bender et al.
1989), stellar population gradients (e.g., Greene et al. 2015;
Goddard et al. 2017), or even cD envelope fraction, as Zhao
et al. (2015a) have argued that the cD envelope is an alternate
tracer of merger history.

4.5. Impact of Imperfect Group Catalogs
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Group finders cannot perfectly identify dark matter halos.
For our purposes, there are two main concerns. There is scatter
in the assignment of halo mass to groups, leading to uncertain-
ties in the halo masses. Also, there are errors in the identifi-
cation of central galaxies (e.g., Skibba et al. 2011; Lin et al.
2016; Lange et al. 2017). To explore how these two errors im-
pact our results, we employ a mock catalog built by Campbell
et al. (2015). Campbell et al. use N-body simulations to create a
“true” galaxy catalog matched to the SDSS with perfect knowl-
edge of the groups, halo masses, and central galaxies. They
then run the Y07 algorithm on their mock galaxy catalog to cre-
ate a mock Y07 group catalog. This catalog contains the same
scatter in halo mass and in central designation as Y07, being
constructed in the same manner.

FIG. 8.— Distribution of Hα equivalent widths measured at the galaxy cen-
ter for central galaxies with masses M∗ > 1011 h−2 M� and λout> 0.3 (blue)
or λout< 0.1 (red). The fast rotators have a broader distribution towards high
equivalent widths.

We assign every mock galaxy a value of λout/
√
ε based on

its stellar mass, with a linear dependence designed to roughly
reproduce our measurements. We model the λout/

√
ε distri-

bution as a sum of two Gaussians. The primary Gaussian
(containing 80% of the galaxies) has a narrow width of 0.2,
and a central value that varies with stellar mass as λout/

√
ε =

−0.7logM∗ − 0.14. The secondary Gaussian has no mass de-
pendence and a large scatter and is added in an ad hoc way to
match the scatter that we see at all masses. The center of the
distribution is fixed at λout/

√
ε = 0.8 with a dispersion of 0.5,

and this component comprises 20% of the total. In the fiducial
assignment, satellite and central galaxies are treated the same
way at fixed stellar mass.

First, we use these catalogs to test our sensitivity to differ-
ences between central and satellite populations. We create a
suite of simulated satellite galaxies in which λout/

√
ε is boosted

relative to the default values for central galaxies at a given stel-
lar mass by δλout/

√
ε = 0.1,0.2,0.3,0.35 on average, with a

scatter of 0.05. These differences are introduced in the true cat-
alog, and then we ask whether we can recover this difference
in the Y07 mock catalog. We then create 100 data sets with
statistics matched to our true sample by selecting a mock galaxy
with stellar mass within 0.05 dex and halo mass within 0.1 dex
of each sample galaxy, for both central and satellite galaxies.
We then calculate the dependence of λout/

√
ε and slow-rotator

fraction on M∗ as with the real data (adopting the appropriate

MaNGA weight for each mock galaxy). We find that the differ-
ence between satellite and central becomes measurable when
the offset is δλout/

√
ε = 0.2 and significant when the offset is

δλout/
√
ε = 0.35 (Figure 9). As is apparent from the figure, there

is a bias introduced by the mixing between satellites and cen-
trals.

Second, we test whether we could uncover a secondary trend
in λout/

√
ε with M200b at fixed stellar mass. We scatter the

default values in the catalog by an amount that depends on
halo mass. Specifically, we perturb the values according to:
δ λout/

√
ε = m (log M200b - log M200b,median), for slope m, with

m = 0.1,0.2,0.3 and a scatter in m of 0.05. In Figure 9 we see
that there is minimal bias introduced by scatter in halo masses,
and the two halo-mass bins become measurably different for a
slope of > 0.3, corresponding to changes in λout/

√
ε ∼ 0.2 at

M∗ ≈ 1011 M�.
We see that the errors in the satellite/central designation sup-

press the input difference between central and satellite. The
amount of suppression (λ/

√
ε∼ 0.2) is of the same order as the

current uncertainty in the mean value. Thus, simply increasing
the total number of objects will not help uncover subtle dif-
ferences between central and satellite galaxies; rather we are
limited by the systematic errors in the designation of centrals
and satellites by group finders. While it is possible to uncover
trends in halo mass for central galaxies (test 2 above), to dis-
tinguish differences in satellite vs. central galaxies, the impact
of group finding methods will have to be forward modeled via
mock catalogs.

4.6. Linking λR with formation history

Several papers have used simulations to investigate the pri-
mary mechanisms that impact λR and galaxy flattening (ε) in
galaxies. We compare our results with their predictions here.

Several studies (e.g., Khochfar & Burkert 2005; Naab et al.
2006; Kang et al. 2007) have argued that the dichotomy of
early-type galaxies can be explained in a scenario whereby
boxy, slowly rotating ellipticals have their origin in a merger
that is both major (i.e., mass ratio of progenitors close to unity)
and dry (i.e., progenitors have small gas mass fractions). In
particular, Kang et al. (2007) conclude that the observed stellar
mass dependence of the boxy fraction requires that slow rota-
tors result from mergers with a progenitor mass ratio < 2 and
with a combined cold gas mass fraction < 0.1. Lagos et al.
(2017) also find that major merging is a primary driver of an-
gular momentum evolution. Interestingly, Choi & Yi (2017)
find that the cluster galaxies in their simulations with no major
merging are the ones with the most rapid decrease in λR, but
they are not certain what physical process drives this decline.

Penoyre et al. (2017) examine the distribution of λR with
stellar mass using the Illustris simulation (Vogelsberger et al.
2014). They report that major mergers and gas accretion have
the strongest impact on λR, with the former typically spinning
down and the latter spinning up galaxies, although they do not
yet consider black hole feedback or large-scale intrinsic align-
ments of galaxies as possible factors (see Martizzi et al. 2014,
for the possible importance of black hole feedback). They find
that lower mass galaxies can be spun up by accretion of gas,
while at higher mass the accretion rates are not high enough
to change λR. They suggest that high-mass galaxies above
M∗ ≈ 1011 M� have uniformly low λR because at later times
mergers and accretion are unable to significantly change their
angular momentum content. In contrast, lower-mass galaxies
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FIG. 9.— Left: Weighted mean λout/
√
ε for the mock catalog built from 100 random draws to yield the same sample size and demographics as our real data.

Central galaxies (red) and satellites (blue) are offset in their λ/
√
ε by a Gaussian random value with mean 0.35 and scatter 0.05. Binning and weighting done as

above in Figure 6, and the input relations are shown with the dashed line for comparison. Although errors in central/satellite determination do add a systematic bias
to our output relation between stellar mass and λ/

√
ε, we are sensitive to difference between the two populations. Right: Weighted mean λout/

√
ε for the mock

catalog, now just examining central galaxies in two M200b bins as indicated. Here we introduce a halo-mass dependent scatter to λout/
√
ε, such that galaxies at fixed

stellar mass with higher halo mass are given a higher value of λout/
√
ε [δ λout/

√
ε = m (log M200b - log M200b,median), for slope m]. Despite systematic bias due to

scatter in halo mass, this difference is detectable when the slope m > 0.3.

can be spun up at late times by accretion and star formation.
Penoyre et al. (2017) also find that faster-rotating galaxies are
more gas rich (and more metal-enhanced) and they do not find
a discernible difference between satellite and central galaxies at
fixed mass.

Naab et al. (2014) use cosmological simulations of 44 mas-
sive galaxies to examine the relationship between merger his-
tory and angular momentum content. In addition to λR, they
compare their simulations with observations of the flattening of
the merged remnant (ε), and higher-order moments of the line-
of-sight velocity distribution parametrized with Gauss-Hermite
polynomials; h3 is the asymmetry parameter (e.g., van der
Marel & Franx 1993). They identify three pathways that form
fast rotators: galaxies with little merging but some gas (e.g., a
faded disk galaxy), late gas-rich merging that spins up the rem-
nant (these have anti-correlated h3 and V/σ), and late dissipa-
tionless merging that spins up the remnant (no anti-correlation
between h3 and V/σ; Naab & Burkert 2001; Naab et al. 2006).
van de Sande et al. (2017) have identified SAMI galaxies with-
out an h3-V/σ anticorrelation that may indeed be the remnants
of late dissipationless merging. There are also three main path-
ways to make slow rotators in their simulations: galaxies that
form early and only experience minor merging since, galaxies
with a gas-rich major merger that spins down the remnant, and
galaxies with a gas-poor major merger that spins down the rem-
nant. Apparently these last two events produce highly flattened
configurations, and may correspond to our small tail of high
λout, high ε galaxies.

5. SUMMARY

We present an unprecedented sample of 503 (379 early-type)
central and 241 (159 early-type) satellite galaxies observed with
the SDSS-IV MaNGA IFU survey. We leverage this sample to
study the dependence of the specific stellar angular momentum
λR on stellar and halo mass. We define a new measure of λ,
the asymptotic value λout, that allows us to compare cubes with
different spatial resolution and spatial coverage. We investigate
the slow rotator fraction along with the λout distributions as a
function of stellar (M∗) and halo (M200b) mass. Overall, the ob-
served distribution of galaxies in the λout vs ε plane matches

expectations from previous work, with most fast rotators well-
described by oblate rotator models in which the anisotropy cor-
relates with ε. However, there is a small but interesting tail of
galaxies with low λout and high ε.

Aligned with all previous work on this topic, we find a clear
and strong dependence of λout/

√
ε on stellar mass M∗. There

is a tail of high angular momentum galaxies (∼ 30%) even
at the highest masses. These galaxies tend to contain more
ionized gas emission, but otherwise show no other differences
with the slowly-rotating systems. Central and satellite galaxies
have similar slow-rotator fractions and distributions in λout/

√
ε

at fixed stellar mass. There is no evidence for a residual depen-
dence of λout/

√
ε on M200b for central or satellite galaxies once

the mass distributions are matched.
As the MaNGA survey continues, the number of massive

central galaxies in the most massive halos will increase, pro-
ducing a wider baseline for study. We will also investigate
secondary trends with stellar populations and gradients therein
(e.g., Greene et al. 2015; Oh et al. 2017; Goddard et al. 2017),
the spatial extent of the ionized gas, and the presence or absence
of an extended stellar halo.
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APPENDIX

APPENDIX A

Three figures displaying examples of galaxies with high stellar mass (M∗ > 1011 h−2 M�) and λout< 0.1 (Figure A8), galaxies in
the same mass range but with λout> 0.4, and finally galaxies with λout< 0.15 and ε > 0.45.

1

FIG. A10.— High-mass slow rotators. For each galaxy we present the three-band (gri) SDSS image with the MaNGA footprint superimposed (left) and the
velocity field (middle) and velocity dispersion field (right). Spaxels with |V | > 400 km s−1 or σ > 500 km s−1 are not included in our calculation of λout. The
scale-bar represents 5′′. The red ellipse superimposed on the velocity field has the effective radius, ellipticity, and PA of the galaxy fit.
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1

FIG. A11.— Examples of galaxies that have high mass (M∗ > 1011 h−2 M�) and are classified as fast rotators (λout> 0.4). For each galaxy we present the SDSS
three-band image (gri; left), velocity field (middle), and velocity dispersion field (right). Spaxels with |V | > 400 km s−1 or σ > 500 km s−1 are not included in our
calculation of λout. It is interesting to note that many of these galaxies are also quite round but do show clear rotation fields. The red ellipse superimposed on the
velocity field has the effective radius, ellipticity, and PA of the galaxy fit.
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1

FIG. A12.— High ε, low λ outliers. For each galaxy we present the three-band (gri) SDSS image (left), the velocity field (middle) and velocity dispersion field
(right). Spaxels with |V | > 400 km s−1 or σ > 500 km s−1 are not included in our calculation of λout. The IFU footprint is shown on the image, along with a 5′′
scale bar. The final two galaxies in this example list are potential double-σ galaxies. The red ellipse superimposed on the velocity field has the effective radius,
ellipticity, and PA of the galaxy fit.
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APPENDIX B

Binning and Signal-to-Noise

Voronoi binning is done to keep the signal-to-noise (S/N) ratio above a baseline level of 10. However, some of the outermost bins
have lower S/N in practice. They also can cover large regions of the galaxy. It is natural to ask whether the λR measurements are
sensitive either to degraded S/N in the outermost parts of the galaxy or to irregular bin shapes. We briefly address each concern here.

First, we ask whether including noisy measurements in the outer bins has a strong impact on the value of λout that we infer. We
perform a simple test. We simply perturb each velocity measurement with a random Gaussian variate using twice the reported error
in the measurement, and then recompute the perturbed λout,p. The distribution in δλout=λout−λout,p is strongly peaked at zero, with
a negative tail. That is, adding noise tends to increase λout slightly, with a median δλout = −0.001, with 30% of objects having
δλout < −0.05 and 5% of objects having δλout < −0.1. We do the same test with σ rather than V . This change has even less effect,
presumably because σ is an even quantity, and so the average σ is the same everywhere at a given radius, unlike V . The distribution
in δλout is peaked at zero, with a FWHM of 0.01. Only 8% of systems have |δλout| > 0.02 and only one object has |δλout| > 0.04.
Finally, we repeat the same test but introduce scatter in both V and σ at the same time. In this case the systematic bias is slightly larger,
with a median δλout = −0.02±0.01 (Figure B13). Only 6% of systems have |δλout|> 0.04 and 1% of systems have |δλout|> 0.05.

The punchline is that scatter in the outer measurements does not influence λout strongly. While we experimented with excluding
measurements based on large uncertainties, this test suggests that it is worth keeping all the measurements, even those that are noisy.
If we exclude lower S/N measurements, we simply restrict the radial range of the data unnecessarily.

Second, we do the following test to see how the large and irregular bin sizes impact λout. We run our same λR measuring apparatus
on the unbinned spaxels as we do on the Voronoi-binned data. Since the unbinned data can get very noisy in the outer parts, we
restrict attention in this test to λRe . Taking only galaxies that are binned (with at least five or more spaxels per bin at Re), we again
find that the majority of objects have δλRe = 0, and again we find a bias towards larger λRe in the binned versus unbinned data. Again,
the bias is quite small, with only 11% of galaxies having |δλRe |> 0.01 and only 5% having |δλRe |> 0.02.

Spatial Resolution

Because of the design of the MaNGA survey, most galaxies are moderately resolved, with typical angular radii (in our early-type,
central galaxy sample) of 5′′. We cannot afford to exclude galaxies that are only marginally resolved at Re (Figure 2). In this
Appendix, we explore creative ways to use the available information to derive robust λR measurements that can be compared across
the entire sample.

To understand how the resolution impacts our measurements, we define a subset of 50 galaxies that have sizes Re > 5.5′′ (more
than four beams across Re, for a median seeing FWHM of 2.5′′) and radial coverage to at least 1.5Re. While some previous work
(e.g., van de Sande et al. 2017) has performed simulations starting with the ATLAS3D sample, which has very high sampling and
spatial resolution, working directly with the most spatially extended MaNGA cubes provides two key advantages. Firstly, because of
the different sized MaNGA bundles, we are able to find galaxies that are both well-resolved and have coverage beyond 1.5Re. Very
few ATLAS3D cubes extend to such radii, but this is the regime where the MaNGA data are best. Secondly, because of the small
volume of ATLAS3D, the sample is heavily weighted towards low-mass galaxies. Our well-resolved sample spans the same range in
stellar mass as our parent sample (Figure B14).

Taking this sample, we degrade the spatial resolution such that the final FWHM= Re/3.6 (which is typical for the sample as a
whole). In degrading the data, we assume a Gaussian PSF and that the line-of-sight velocity distribution (LOSVD) for each fiber
is a Gaussian, simply adopting the measured velocity and velocity dispersion as measured by pPXF for each fiber. A new LOSVD
is constructed at each position by weighting each spectrum with the new PSF and combining the weighted spectra, while the new
velocity and velocity dispersion are derived from a fit to the new LOSVD. We then recompute λ(R), and compare the values of λRe

FIG. B13.— Left: Histograms of the difference λout − λout,noi as a function of stellar mass. Generally there is an offset of −0.02± 0.01 (with the noisy
measurements being a bit larger) but this difference is very small and there is no mass dependence apparent in the typical offset or the scatter. Right: Plot of the
difference λ1.5Re ,m −λout to show that λ1.5Re matches λout with 20% scatter and no bias as a function of stellar mass.
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FIG. B14.— Left: Distribution of stellar masses for our well-resolved sample that we use to model the impact of seeing. This sample includes galaxies over our
full mass range. Right: Distribution of angular size and angular extent (in Re units). The second benefit of using the MaNGA galaxies themselves to model the
impact of seeing is that the coverage of these cubes extends well beyond the effective radius.

1

FIG. 1.— Left: Fractional bias (�Re ,m -�Re )/�Re , where �Re ,m is recovered from the smoothed cube. Right: Same as left, but comparing measurements at 1.5Re.FIG. B15.— Demonstrating how lower spatial resolution biases λR using the 50 well-resolved galaxies. In all cases, the subscript m indicates the smoothed
model. Left: Top: Absolute difference (λRe ,m −λRe ), where λRe,m is recovered from the smoothed cube. Bottom: fractional difference ∆λ = (λRe ,m −λRe )/λRe .
Right: Same as left, but comparing measurements at 1.5Re. For λR > 0.2, we recover the true λR value on average at 1.5Re.
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between the input and smoothed cube.
In general, λRe is sensitive to the resolution, and the situation is most severe for systems with λRe< 0.2. For galaxies with input

λRe between 0 − 0.2, λRe values from the simulations are typically lower by 45% compared to the true values (assuming the typical
MaNGA galaxy ratio of seeing to Re of ∼ 2.5). Galaxies with λRe> 0.2 are impacted at the 15% level on average (Figure B15,
left). If we measure λ at 1.5Re instead, the bias decreases. Galaxies with intrinsic λRe< 0.2 decline by only 35%, while galaxies with
higher λRe biased low by 10% (with an absolute offset of −0.02 in λR). Using λ at 1.5Re, however, excludes 5% of the galaxies whose
rotation curves do not quite reach this radius. Thus, we introduce a final measurement, the mean λ as measured in the outermost
10% of the λR curve, λout. The quantity λout matches λ(1.5Re) with no bias, and a scatter of 20%. To maximize the sample size, we
compare objects using λout, but we repeat all of our analysis for λ at 1.5Re and none of our conclusions change.

We apply one more correction to mitigate the final 10% bias. For obvious reasons, within the central beam (∼ 2 arcsec), all
the rotation is measured as dispersion, naturally lowering λ everywhere. If we excise this inner region, then both λout and λ at
1.5Re increase by ∼ 10%. We demonstrate this in two ways. First, we take our smoothed models, remove the central spaxels
that are within the smoothed FWHM, and remeasure λ(1.5Re; Fig. B16). We find that λ(1.5Re) increases on average, such that
∆λ = (λ1.5Re,m −λ1.5Re )/λ1.5Re = 0.04. There is quite a bit of scatter introduced in these models because of their relatively limited
radial coverage. As a second test, we go back to the full sample and experiment with removing the central 2 ′′, in Figure B17.
Interestingly, the slowest rotators have their λout values drop slightly when the center is excluded (by ∼ 0.01 − 0.02, which is in the
noise of our λout measurements) but at λout> 0.2, λout systematically increases by∼ 10%. Thus we are able to fully recover the input
λ(1.5Re) values in our simulations, on average. This corrected λout is the value utilized here.

Impact of resolution on slow-rotator fraction

We can use these simulations to calculate an error bar on the slow-rotator fraction, by asking how many galaxies might change
designation based on residual bias in our λout values. For λout> 0.2, there is effectively no bias. At lower λout< 0.2, we tend to
systematically underestimate λout by 30% (Figure B17). Here we estimate the resulting uncertainty in slow-rotator fraction that
ensues from this uncertainty, using two methods.

First, we take all the objects in the sample with a measured λout< 0.14 (corresponding to an intrinsic λout< 0.2). If we assume that
these all have an intrinsic λout that is 30% higher, we can ask what fraction of these would be considered fast rotators if we did not
have a biased λout measurement for them. Of the 72 sources with λout< 0.14, 16 are mis-identified as slow rotators, constituting a
10% error in the slow-rotator fraction. The mass distribution of the low λout sources is comparable to that of the full sample, with a
median 〈log M∗〉 = 10.9 M�. Thus, we feel confident that the residual errors incurred from our lower-than-optimal spatial resolution
do not impact the main conclusions of this paper.

Second, we do an actual Monte Carlo experiment. In three bins of λout (< 0.1,0.1 − 0.2,> 0.2), we measure the mean offset and
scatter from Figure B17. In each Monte Carlo run, we perturb λ/

√
ε based on this mean offset and scatter. Based on these perturbed

values, we calculate a new slow rotator fraction. We then calculate the mean and scatter in the slow rotator fraction from these runs
at each mass. In Figure B18, we show the perturbed values in the dotted lines; there is little difference between the dotted lines and
our calculated values in solid.

1

FIG. B16.— We demonstrate how removing the central beam shifts the measured λR values upward in the well-resolved galaxies after they have been smoothed,
with ∆λ = (λ1.5Re ,m −λ1.5Re )/λ1.5Re . The entire distribution is now consistent with no offset for λout> 0.2. The large amount of scatter is partially explained by the
relatively limited radial coverage relative to the model beam.
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FIG. B17.— The impact of excluding the central 2′′ (λout,x) using the entire data set. We show the absolute difference between λout ,x, and λout without any
exclusion (top) and the fractional difference (bottom). Note that there is a bias towards lower values for the galaxies with the lowest λout. Removing the central beam
mitigates the 10% bias that remains from just adopting a large-radius measurement, since the central regions have unnaturally high dispersions due to resolution
effects.

FIG. B18.— A reproduction of Figure 5, including Monte Carlo estimates of the uncertainty calculated as the scatter between λout with and without the central
region excluded. These Monte Carlo calculations are shown in dotted. There is not a significant difference between the measured values and these perturbed values.
The spread in slow rotator fraction from the Monte Carlo runs is in all cases considerably smaller than the Poisson errors we plot, and so is not shown.
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