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ECO Catalog Coverage
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     RESOLVE-A 
(PI Kannappan) 

ALFALFA A40 
(Haynes+ 2011) 

• Defined by overlap of UZC and SDSS 
• Also contains RESOLVE, HyperLEDA, GAMA, 2dF, and 6dF spec z 
• Mr < -17.33 and cz ~2500 - 7500 km/s 
• ~13,000 galaxies in a >500,000 cubic Mpc volume
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ECO Data Products
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• High completeness compilation 
!

• Reprocessed SDSS, 2MASS, and GALEX photometry (based 
on methods of Eckert+ 2015 for RESOLVE) 
!

• Stellar mass estimates using methods of Kannappan+ 2013 
(also e.g., extinction-corrected colors, SFRs) 
!

• Atomic gas masses (ALFALFA A40) and photometric gas 
fraction estimates (e.g., Kannappan+ 2013, Eckert+ 2015) 
!

• Morphology information (quantitative, based on RESOLVE 
visual classifications) 
!

• Environment metrics: group finding with halo abundance 
matching (Berlind+ 2006), number density fields, and large-
scale structure IDs in development (e.g., J. Florez, D. Stark)

DR1 now available: Moffett+ 2015 & http://resolve.astro.unc.edu/
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ECO Mass Limited Sample Completeness
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• ECO contains additional objects at ~all 
mags 

• Comparison to RESOLVE-B gives further 
corrections

4 Mo↵ett et al.

8 9 10 11 12
Log( Mbary [Msun] )

-18

-20

-22

-24

M
r 9.5 10.010.511.011.5

Log( Mbary [Msun] )

0

200

400

600

800

N
u
m

b
e
r 

o
f 
G

a
la

xi
e
s

Fig. 3.— Illustration of the selection of the ECO catalog. Panel a shows the Mr and Mbary distributions of the initial ECO catalog (dots
and purple inset Mbary histogram), where the horizontal red line indicates the Mr < �17.33 redshift completeness limit and the vertical
green lines indicate the final mass cut we adopt to create an approximately baryonic mass limited sample to Mbary > 109.3M�. Panel
b shows the magnitude and cz limits of ECO, where light grey dots indicate the Mr < �17.33 sample and black dots indicate our final
approximately mass-limited sample with Mbary > 109.3M� and group membership within the ECO volume.
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Fig. 4.— Illustration of the additional completeness of the fi-
nal Mbary-limited ECO catalog over the SDSS redshift catalog.
The Mr distribution of the ECO sample in our reprocessed mag-
nitude system (see §3.1 for details) is indicated by the purple solid
histogram, and the distribution of ECO galaxies that have SDSS
redshifts is indicated by the black hashed histogram.

in prominence in environments with Mhalo . 1011.5M�.
In §5, we show that the forms of both the traditional
and alternative morphology-environment relations we
observe are consistent with expectations of the disk re-
growth model and discuss the idea that the low group
halo mass regime below ⇠ 1011.5M� appears to be a
preferred regime for disk growth. Finally, we provide a
brief summary of our major results in §6.

2. SAMPLES

2.1. ECO catalog

The ECO, or Environmental COntext, catalog is the
largest sample we consider and includes the greatest di-
versity of galaxy environments (see Table 1 for detailed
ECO galaxy properties). The ECO catalog region was
chosen as the largest contiguous region on-sky where the
highly complete Updated Zwicky Catalog (UZC; Falco
et al. 1999) and Sloan Digital Sky Survey (SDSS; York
et al. 2000) redshift databases overlap, allowing objects

not present in either one to be recovered through in-
clusion of the other, with SDSS typically providing red-
shifts for fainter objects than the UZC. Though defined
by the overlap of these two catalogs, the ECO cata-
log also incorporates redshifts from the REsolved Spec-
troscopy Of a Local VolumE (RESOLVE; Kannappan et
al., in prep.), HyperLEDA (Paturel et al. 2003), GAMA
(Driver et al. 2011), 2dF (Colless et al. 2001), and 6dF
(Jones et al. 2009) surveys. The ECO region was also se-
lected to enclose the RESOLVE A-semester survey vol-
ume plus a minimum 1 Mpc “bu↵er” in all directions
(see sky coverage in Fig. 1). This bu↵er region, cho-
sen with a size comparable to typical group halo virial
radii at the present epoch, exists to mitigate potential
edge e↵ects in calculating galaxy environment metrics,
such that only galaxies in the bu↵er region should have
environmental measures strongly a↵ected by the loss of
nearby galaxies outside the catalog boundaries. The far
side limit of 7470 km/s was selected to encompass both
the aforementioned 1 Mpc (equivalent to 70 km/s for
H0 = 70 km s�1 Mpc�1) bu↵er beyond the RESOLVE
cz limit of 7000 km/s and an additional allowance to
compensate for group peculiar velocities up to 400 km/s.
The near side bu↵er zone cz limit of 2530 km/s was simi-
larly chosen to expand the ECO volume as much as pos-
sible beyond the near-side RESOLVE cz limit of 4500
km/s while avoiding the e↵ects of Virgo Cluster region
velocity-space distortions (see Fig. 2). We consider the
velocity limits of the non-bu↵er ECO volume to be 470
km/s away from the bu↵er edges, or 3000 km/s < cz <
7000 km/s.
The ECO catalog represents a cross match between

sources with measured redshifts found in the UZC, SDSS
(including data releases 6, 7, and 8; Adelman-McCarthy
et al. 2008; Abazajian et al. 2009; Aihara et al. 2011),
HyperLEDA, RESOLVE, GAMA, 2dF, and 6dF cata-
logs with a 15” matching radius on sky. New sources
are added to ECO from each of the constituent cata-
logs whenever they do not match to a previously in-
cluded ECO source. The resulting catalog has also been
inspected by eye for duplicate entries caused either by
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Fig. 11.— Multiplicative completeness correction factors derived for each individual ECO mass-limited sample galaxy (points) as a
function of r-band absolute magnitude, model g � i color, and r-band surface brightness µ23.75r. Galaxies indicated by red points require
further multiplicative correction factors on top of the factors shown, due to the loss of galaxies with extreme line-of-sight velocities outside
the ECO definition. The majority of galaxies indicated by red points lie in the Coma Cluster, where the additional multiplicative correction
factor reaches its maximum value of ⇠ 1.42.

Haynes & Giovanelli 1984). We then multiply our masses
by 1.4 to correct for the presence of He. In the absence of
HI detections, we estimate upper limits according to the
procedure described by K13, which uses the typical ↵.40
rms noise as a function of declination integrated over
a velocity interval estimated for each source according
to the average relation between internal velocity and r-
band magnitude (log V = �0.29� 0.123 Mr, calibrated
by K13).
Where ECO galaxies lack ALFALFA ↵.40 detections

or have confused HI measurements, we use the “pho-
tometric gas fraction” technique (Kannappan 2004) to
assign HI mass estimates based on the observed tight
correspondence between HI gas to stellar mass ratio and
u�J color. We employ the photometric gas fraction cal-
ibration and procedure described by K13, in which gas
masses are assigned to galaxies with (u � J)model < 3.7
according to the relation:

log (MHI/M⇤) = 2.7� 0.98 (u� J)model (5)

with random 0.34 dex scatter motivated by the observed
relation. If the gas mass estimated with this relation for a
given galaxy would exceed its calculated upper limit, the
upper limit is adopted instead. For galaxies with colors
redder than (u� J)model = 3.7, that is, where the linear
color-gas-to-stellar mass ratio relation breaks down for
quenched galaxies, the procedure assigns random values
in the logarithmic range MHI/M⇤ = 0.001 � 0.5, again
constrained to lie below the estimated upper limit for
each galaxy.
We make one significant modification to the K13 pho-

tometric gas fraction procedure, which is motivated by
the tendency for the bluest and most gas-rich galaxies
to lie above the aforementioned gas-to-stellar mass ra-
tio versus color relation (see K13 Fig. 8a). To better
reflect the typical gas-to-stellar mass ratios observed for
galaxies with (u�J)model < 3, we multiply the gas mass
estimates that would result from the K13 estimator by an
additional factor of 1.5 in this regime, with resulting es-
timates still constrained to lie below upper limits where
available. While our gas mass estimates are improved

by the inclusion of this factor, we note that its inclusion
does not qualitatively a↵ect the results we report, which
remain similar even if the extra multiplicative factor is
omitted from estimated gas masses. In particular, we
largely focus our analysis of gas content on the incidence
of gas-dominated (MHI/M⇤ > 1) galaxies in ECO, and
so for much of our analysis, the exact gas mass estimated
for a given galaxy is less important than whether or not
it falls into a broad gas-to-stellar mass ratio category.

3.8. Completeness Corrections

Since the RESOLVE-B sample has much higher com-
pleteness than the ECO sample (see §2.2), we use the
former to calibrate and correct for the e↵ects of redshift
incompleteness in the latter. We do so in two steps:
first we compare the full RESOLVE-B galaxy number
counts with a version of RESOLVE-B that contains only
galaxies with DR7 redshifts (that is excluding the ex-
tra SDSS Stripe 82 redshift coverage beyond the original
redshift survey), and next we carry out a similar com-
parison between ECO catalog galaxy number counts and
those of a version of ECO that contains only galaxies
with DR7 redshifts. By dividing the RESOLVE-B DR7-
to-full catalog correction factor by the ECO DR7-to-full
catalog correction factor, we obtain a measure of the fac-
tor needed to correct the ECO catalog membership to
the same completeness as the RESOLVE-B sample. For
both steps of this process, we divide both samples into
cells in two-dimensional parameter space grids (e.g., Mr

vs. color), using grids determined with a simple adaptive
approach, which begins with subdividing each axis into
four large cells. If more than a set minimum number of
galaxies are present in a given cell (minimum is five for
RESOLVE-B and 100 for ECO), the cell is subdivided in
half iteratively until no further subdivisions are allowed
by the minimum number of galaxies per bin condition.
We interpolate each irregularly gridded dataset into a
smoothly varying number density field in order to derive
the final completeness correction fields. We have exam-
ined multiple di↵erent 2D parameter space options for
deriving these corrections and find that in all cases the
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Improved Quantitative Morphology Cut
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μΔ improves 
on Cr=r90/r50 
discriminant
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(age 1.4, 2.5, 3.5, 4.5, . . ., 13.5 Gyr) with a young SSP (age
5, 25, 100, 290, or 1000 Myr), with the younger component
contributing 0%, 1%, 2%, 4%, 8%, 16%, 32%, or 64% of the
mass. This grid differs from that of KGB only in adding a
young population age of 5 Myr. We note also that although
not stated explicitly in KGB, the code does allow a “middle-
aged” young population, i.e., one with any of the “old” ages
younger than the designated old population age (for example,
2.5 Gyr combined with 13.5 Gyr). We compensate for the
overrepresentation of !1 Gyr SSPs in old+young pairings by
downweighting the likelihoods for these pairings such that
all !1 Gyr SSPs together have equal weight to one “middle-
aged” population option, approximating a uniform prior on the
age of the younger component. Following KGB, this model
set includes three metallicities Z = 0.008, 0.02, and 0.05
(solar/2.5, solar, and solar × 2.5).

The second model grid is our primary one for the present
work. It is designed to enable estimation of the ratio of stel-
lar mass formed within the last Gyr to preexisting stellar
mass (where this ratio equals the long-term fractional stel-
lar mass growth rate, FSMGRLT) and therefore includes both
single-burst and continuous SFH options for the young popu-
lation. To facilitate comparison with the work of Salim et al.
(2007, hereafter S07) in Section 4.2, our model grid emu-
lates theirs in including an additional low-metallicity choice
(Z = 0.004) and adopting a Chabrier IMF. We further con-
sider that even continuous star formation can be bursty on
∼200 Myr timescales (e.g., Weisz et al. 2012), which S07
choose to model with superposition of random bursts. To keep
the grid size manageable, since only the most recent bursts
are likely to strongly affect the model fits, we take the alterna-
tive approach of constructing a set of young population models
that have constant star formation running from 1015 Myr ago
to a turn-off point sometime between 0 and 195 Myr ago, sam-
pled every 15 Myr. The young population options also include 5
models representing quenching bursts without subsequent star
formation: SSPs with ages 360, 509, 641, 806, and 1015 Myr.
For computational convenience, we restrict the old SSP choices
in this model grid to six ages (2, 4, 6, 8, 10, and 12 Gyr). How-
ever, we now consider 13 young stellar population mass frac-
tions (0.001, 0.002, 0.005, 0.011, 0.025, 0.053, 0.112, 0.220,
0.387, 0.585, 0.760, 0.876, 0.941), equally spaced logarithmi-
cally in FSMGRLT. Once again, an old SSP can serve as the
younger model in an old+young pair, and FSMGRLT = 0 in
such a case. The overrepresentation of pairings with young age
!1 Gyr is approximately canceled by downweighting the like-
lihoods for these models, where we treat all of the continuous
SFH models together as having combined weight equal to one of
the five !1 Gyr bursts and then further downweight both types
of young models relative to the “middle-aged” SSPs to approx-
imate a uniform prior on the age of the younger component.

As data are available, we simultaneously fit these model grids
to NUV+ugrizJHK+IRAC 3.6 µm SEDs as well as optical
spectroscopy. We apply the 0.04 mag AB offset for the u
band17 inside the code. To the individual magnitude errors we
add extra photometric uncertainties to account for variations
between methods of foreground extinction correction and sky
level estimation: 0.1 mag in the NUV, 0.05 mag in u, 0.03 mag in
griz, and 0.1 mag in JHK+IRAC 3.6 µm, with an extra 0.1 mag
in JHK for faint blue galaxies (Mr or MR > −19 and u−r < 1.4
or U − R < 0.7). These choices are motivated by the analyses

17 http://www.sdss.org/dr7/algorithms/fluxcal.html#sdss2ab

of Abazajian et al. (2004), Morrissey et al. (2007), and Blanton
et al. (2011), as well as our own analysis of the agreement of
our JHK magnitudes with the best fits. When SDSS data are
unavailable, we substitute the UBR magnitudes from Jansen
et al. (2000b), applying a uniform 0.2 mag offset to reconcile
the UBR zero points with our brighter SDSS magnitudes, where
this offset value is estimated by fitting both ugriz and UBR
simultaneously when possible in an initial round of SED fits.
Our final fits do not include UBR when we have ugriz, however,
to minimize systematics. We note that our estimated across-
the-board ∼0.2 mag offset is opposite to the Vega-to-AB offset
for the R band and thus yields fortuitous zero-point agreement
between the r and R bands (as seen, for example, by comparing
the merged NFGS Tully–Fisher/Faber–Jackson relations shown
in Figure 2; see Section 2.1.3).18

Stellar masses estimated with the second model grid are
provided in Table 1. With so many independent data points,
these mass estimates are quite robust; estimates derived using
the first model grid are offset 0.1 dex higher than those derived
using the second model grid but otherwise agree within 0.1 dex
rms (less than the typical uncertainty of 0.15 dex from the stellar
mass distributions). The only obviously unreliable case is UGC
4879, an extremely nearby system for which our photometry is
notably inconsistent, possibly due to the technical difficulty of
sky subtraction or to a complex post-starburst SED (the same
galaxy lacks any emission or absorption features and thus also
defies kinematic analysis). For reference, Table 1 also provides
the stellar masses previously derived by KGB using a model set
very similar to our first model grid, but with inferior photometry
(uncorrected UBR + catalog 2MASS data); these masses show
0.2 dex scatter and + 0.06 dex median offset relative to our
preferred masses. We include the KGB masses because they
have been used in several recent papers (Wei et al. 2010a,
2010b; Moffett et al. 2012) and compared to stellar masses
from Kauffmann et al. (2003b); this comparison demonstrates
similar stellar-mass zero points (Kannappan & Wei 2008).

To ensure uniform color data, we use our stellar population
model fits to interpolate likelihood-weighted (u − r)m and
(u − J )m colors for all galaxies, regardless of the availability
of these specific bands, where the superscript m is a reminder
that these colors come from the models and thus include the AB
correction to the u band as well as k-corrections to z = 0. Self-
consistent internal extinction corrections can also be determined
with our newer model grid, enabling us to examine the behavior
of the de-extincted colors, denoted (u − r)e and (u − J )e.

Half-light and 90% light radii are also given in Table 1, as
these radii are used to compute µ∆, a new quantitative morphol-
ogy metric introduced in this work to facilitate comparison of
the NFGS and V3000 samples. We define µ∆ as

µ∆ = µ90 + 1.7∆µ (1)

18 Applying the sky subtraction technique described in Jansen et al. (2000b) to
SDSS DR8 images (which are pre-sky-subtracted using the methods of
Blanton et al. 2011) reveals that ∼0.1 mag of the offset we measure is
probably due to oversubtraction of sky by Jansen et al. compared to the new
protocol (as expected from Figure 12 of Blanton et al.). The remainder may be
partly due to a mismatch between the UBR filter systems used in our stellar
population fitting code and used by Jansen et al., and/or partly due to differing
profile extrapolation techniques. Regarding the latter, we note that the
zero-point discrepancy increases for low surface brightness galaxies, in the
sense that our reprocessed SDSS magnitudes are brighter and the spurious
agreement between the V–Mr/MR relations in Figure 2 becomes tighter.
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combining an overall surface mass density

µ90 = log
0.9M∗

πr2
90,r

(2)

with a surface mass density contrast

∆µ = log
0.5M∗

πr2
50,r

− log
0.4M∗

πr2
90,r − πr2

50,r

(3)

representing the difference between the surface mass densities
within the 50% light radius and between the 50% and 90% light
radii, where all radii are converted to physical kiloparsec units.
The 1.7 multiplier helps to separate quasi-bulgeless, bulge+disk,
and spheroid-dominated types as illustrated in Figure 1(b),
yielding approximate divisions at µ∆ = 8.6 and 9.5 as shown.
For galaxies without r50,r measurements, we use the R-band
half-light radii from Jansen et al. (2000b), converted from the
authors’ geometric mean aperture radius convention to a major
axis radius convention. We find a one-to-one correspondence
between the r- and R-band half-light radii, with rms scatter
!15% and a small 3.3% offset, in the sense of larger r-band radii.
When using r50,R we assume the median value of r90,r/r50,r =
2.6 to infer r90,R .

2.1.2. Gas Masses and H i Linewidths

The H i data set presented in Table 2 expands on that of
Wei et al. (2010a, hereafter W10a) with 30 new Robert C.
Byrd Green Bank Telescope (GBT) 21 cm observations taken
for the NFGS under program GBT10A-070 in 2010 January,
February, and July (PI: Kannappan). We add these to the 27 GBT
observations obtained by W10a under programs GBT07A-
072 and GBT07C-148 in 2007 March and October. We have
reprocessed the W10a data along with our new data since
discovering that the default GBTIDL flux calibration, which
was used by W10a, is ∼15%–20% lower than that obtained from
the observed flux calibrators, and also since finding an error in
how W10a estimated rms noise during linewidth measurement,
which led to overestimation of linewidths by "10%. Other
than these adjustments, our flux and linewidth measurements
follow the methods of W10a closely for unconfused detections.
In particular, we do not correct for self-absorption, which is
expected to alter total H i flux estimates by <30%, even for
the most inclined systems (Giovanelli et al. 1994). Note that
the masses denoted MH i in Table 2 and the rest of this paper
are measured directly from 21 cm fluxes using the equation
MHi = 1.4 × 2.36 × 105fH i(cz/H0)2M⊙, which combines
the expression from Haynes & Giovanelli (1984) with a 1.4×
correction factor for He.

For non-detections and/or galaxies confused with compan-
ions in the beam, we have adopted a slightly different approach
than W10a in our definition of integration bounds for estimating
3σ upper limits and for dividing flux between objects. Upper
limits are now calculated using the equivalent W20 linewidths
determined either from (a) the optically derived V, where V is
based on Hα or stellar rotation curves extending beyond 1.3re
(see Sections 2.1.3 and 2.1.4), or, in the absence of such data,
from (b) the implied V from the R-band absolute magnitude–V
relation log V = −0.25 − 0.120MR , which has been calibrated
using all galaxies with reliable V and MR < −17 in the NFGS
(Figure 2). Here V is estimated from either stellar or ionized
gas kinematics as described in Sections 2.1.3 and 2.1.4 and is

defined to scale as W50/(2 sin i) (so we adjust for an assumed
offset of W20 − W50 = 20 km s−1; see Kannappan et al. 2002).
We also account for the projection factor sin i, adopting a mini-
mum i of 30◦ for E galaxies to avoid overly strong upper limits,
given the lack of reliable inclination information for such round
objects. Likewise, we avoid overly strong upper limits for face-
on disks by employing a minimum final integration linewidth
of 40 km s−1 reflecting non-rotational line broadening. These
definitions ensure that we compute conservative upper limits.

We have confirmed 11 cases of profiles confused with
companion galaxies in our GBT data from a thorough search
within twice the GBT half-power beam diameter of 9′, assuming
typical redshift uncertainties and linewidths and inspecting each
of the 15 potential cases by eye. To isolate the flux for the
primary target, we typically assign the primary all flux within
the equivalent W50 linewidth derived from the measured or
inferred V as discussed above, omitting the offset to the W20
scale. Alternatively, if one half of the profile is obviously
more contaminated, we integrate the uncontaminated half and
double that flux. In the case of UGC 12265N, which is strongly
interacting with a similar size companion and thus more severely
confused than usual, W10a employ a Very Large Array 21 cm
map to determine that only ∼25% of the flux belongs to the target
galaxy, and we retain this flux division. Our flux separations are
validated by the absence of significant outliers in our analysis
(see especially Section 4.1).

Table 2 summarizes the final derived GBT MH i values/
uncertainties or 3σ upper limits, plus linewidths and velocity
integration ranges. For galaxies that share the beam with one
or more companions, linewidths represent the full H i profiles
not deblended to account for confusion. Confused linewidths
are thus enclosed in brackets to indicate that they are unreliable.
Likewise, linewidths derived from profiles with peak S/N <
6 are bracketed. Linewidth uncertainties are estimated using
σW50 = 4.1(P/(S/N))0.85, where P is the steepness parameter
defined as P = (W50 − W20) /2 (this formula is derived as in
S13 but assuming 5 km s−1 spectral resolution; see S13 for
further details).

We have further augmented the 21 cm inventory for the NFGS
using the literature compilation of W10a (not duplicated in
Table 2) and the ALFALFA survey (Haynes et al. 2011). In
particular, one detection and four upper limits inferred from
ALFALFA are given in Table 2, with the upper limits estimated
using the median rms noise as a function of declination (typically
∼2.3 mJy; Haynes et al. 2011). Unlike our GBT upper limits,
ALFALFA upper limits are determined at 5σ , matching the
survey detection threshold. The literature compilation of W10a
includes the remaining 128 galaxies, so together, these data
sets yield MH i values or upper limits for all 190 galaxies in
the sample, with only 1 of the 26 upper limits weaker than
10% of that galaxy’s stellar mass (Section 2.1.1). As it is
infeasible to uniformly assess and decompose confusion in
the literature H i measurements, we have simply flagged likely
cases of confusion in literature data based on the presence of
a companion, interaction, or merger identified by Kannappan
et al. (2002); such cases are marked in Table 2.

Molecular gas data are not uniformly available for the NFGS,
but we have made use of 39 CO-derived H2 masses tabulated
in Wei et al. (2010b) and/or in S13 to determine that including
molecular gas in the total gas inventory has negligible impact
on our conclusions except to reinforce them. The effect of
molecular gas is illustrated in several figures in Sections 3 and 4,
always with a 1.4× correction factor for He.
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combining an overall surface mass density

µ90 = log
0.9M∗

πr2
90,r

(2)

with a surface mass density contrast

∆µ = log
0.5M∗

πr2
50,r

− log
0.4M∗

πr2
90,r − πr2

50,r

(3)

representing the difference between the surface mass densities
within the 50% light radius and between the 50% and 90% light
radii, where all radii are converted to physical kiloparsec units.
The 1.7 multiplier helps to separate quasi-bulgeless, bulge+disk,
and spheroid-dominated types as illustrated in Figure 1(b),
yielding approximate divisions at µ∆ = 8.6 and 9.5 as shown.
For galaxies without r50,r measurements, we use the R-band
half-light radii from Jansen et al. (2000b), converted from the
authors’ geometric mean aperture radius convention to a major
axis radius convention. We find a one-to-one correspondence
between the r- and R-band half-light radii, with rms scatter
!15% and a small 3.3% offset, in the sense of larger r-band radii.
When using r50,R we assume the median value of r90,r/r50,r =
2.6 to infer r90,R .

2.1.2. Gas Masses and H i Linewidths

The H i data set presented in Table 2 expands on that of
Wei et al. (2010a, hereafter W10a) with 30 new Robert C.
Byrd Green Bank Telescope (GBT) 21 cm observations taken
for the NFGS under program GBT10A-070 in 2010 January,
February, and July (PI: Kannappan). We add these to the 27 GBT
observations obtained by W10a under programs GBT07A-
072 and GBT07C-148 in 2007 March and October. We have
reprocessed the W10a data along with our new data since
discovering that the default GBTIDL flux calibration, which
was used by W10a, is ∼15%–20% lower than that obtained from
the observed flux calibrators, and also since finding an error in
how W10a estimated rms noise during linewidth measurement,
which led to overestimation of linewidths by "10%. Other
than these adjustments, our flux and linewidth measurements
follow the methods of W10a closely for unconfused detections.
In particular, we do not correct for self-absorption, which is
expected to alter total H i flux estimates by <30%, even for
the most inclined systems (Giovanelli et al. 1994). Note that
the masses denoted MH i in Table 2 and the rest of this paper
are measured directly from 21 cm fluxes using the equation
MHi = 1.4 × 2.36 × 105fH i(cz/H0)2M⊙, which combines
the expression from Haynes & Giovanelli (1984) with a 1.4×
correction factor for He.

For non-detections and/or galaxies confused with compan-
ions in the beam, we have adopted a slightly different approach
than W10a in our definition of integration bounds for estimating
3σ upper limits and for dividing flux between objects. Upper
limits are now calculated using the equivalent W20 linewidths
determined either from (a) the optically derived V, where V is
based on Hα or stellar rotation curves extending beyond 1.3re
(see Sections 2.1.3 and 2.1.4), or, in the absence of such data,
from (b) the implied V from the R-band absolute magnitude–V
relation log V = −0.25 − 0.120MR , which has been calibrated
using all galaxies with reliable V and MR < −17 in the NFGS
(Figure 2). Here V is estimated from either stellar or ionized
gas kinematics as described in Sections 2.1.3 and 2.1.4 and is

defined to scale as W50/(2 sin i) (so we adjust for an assumed
offset of W20 − W50 = 20 km s−1; see Kannappan et al. 2002).
We also account for the projection factor sin i, adopting a mini-
mum i of 30◦ for E galaxies to avoid overly strong upper limits,
given the lack of reliable inclination information for such round
objects. Likewise, we avoid overly strong upper limits for face-
on disks by employing a minimum final integration linewidth
of 40 km s−1 reflecting non-rotational line broadening. These
definitions ensure that we compute conservative upper limits.

We have confirmed 11 cases of profiles confused with
companion galaxies in our GBT data from a thorough search
within twice the GBT half-power beam diameter of 9′, assuming
typical redshift uncertainties and linewidths and inspecting each
of the 15 potential cases by eye. To isolate the flux for the
primary target, we typically assign the primary all flux within
the equivalent W50 linewidth derived from the measured or
inferred V as discussed above, omitting the offset to the W20
scale. Alternatively, if one half of the profile is obviously
more contaminated, we integrate the uncontaminated half and
double that flux. In the case of UGC 12265N, which is strongly
interacting with a similar size companion and thus more severely
confused than usual, W10a employ a Very Large Array 21 cm
map to determine that only ∼25% of the flux belongs to the target
galaxy, and we retain this flux division. Our flux separations are
validated by the absence of significant outliers in our analysis
(see especially Section 4.1).

Table 2 summarizes the final derived GBT MH i values/
uncertainties or 3σ upper limits, plus linewidths and velocity
integration ranges. For galaxies that share the beam with one
or more companions, linewidths represent the full H i profiles
not deblended to account for confusion. Confused linewidths
are thus enclosed in brackets to indicate that they are unreliable.
Likewise, linewidths derived from profiles with peak S/N <
6 are bracketed. Linewidth uncertainties are estimated using
σW50 = 4.1(P/(S/N))0.85, where P is the steepness parameter
defined as P = (W50 − W20) /2 (this formula is derived as in
S13 but assuming 5 km s−1 spectral resolution; see S13 for
further details).

We have further augmented the 21 cm inventory for the NFGS
using the literature compilation of W10a (not duplicated in
Table 2) and the ALFALFA survey (Haynes et al. 2011). In
particular, one detection and four upper limits inferred from
ALFALFA are given in Table 2, with the upper limits estimated
using the median rms noise as a function of declination (typically
∼2.3 mJy; Haynes et al. 2011). Unlike our GBT upper limits,
ALFALFA upper limits are determined at 5σ , matching the
survey detection threshold. The literature compilation of W10a
includes the remaining 128 galaxies, so together, these data
sets yield MH i values or upper limits for all 190 galaxies in
the sample, with only 1 of the 26 upper limits weaker than
10% of that galaxy’s stellar mass (Section 2.1.1). As it is
infeasible to uniformly assess and decompose confusion in
the literature H i measurements, we have simply flagged likely
cases of confusion in literature data based on the presence of
a companion, interaction, or merger identified by Kannappan
et al. (2002); such cases are marked in Table 2.

Molecular gas data are not uniformly available for the NFGS,
but we have made use of 39 CO-derived H2 masses tabulated
in Wei et al. (2010b) and/or in S13 to determine that including
molecular gas in the total gas inventory has negligible impact
on our conclusions except to reinforce them. The effect of
molecular gas is illustrated in several figures in Sections 3 and 4,
always with a 1.4× correction factor for He.
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Fig. 13.— Illustration of the traditional morphology-environment relation in the ECO and RESOLVE-B samples. Early and late type
frequencies as a function of group halo mass in (a) ECO and (b) RESOLVE-B, with early and late type frequencies crossing over at
Mhalo ⇠ 1013.5M� in the ECO sample. Greyscale dotted lines indicate the frequencies for central galaxies alone, which become poorly
determined at high group halo masses due to the small number of high halo mass groups (and thus centrals) present in the sample. In panel
a, all frequencies are plotted at their “expected” value given the calibrated uncertainties in our semi-quantitative morphology classification
method, described in §3.4. The error bars in this panel are plotted as a combination of the calculated misclassification errors in each group
halo mass regime and the (binomial) counting statistics in each bin, while those in panel b reflect only the relevant counting statistics
(assuming zero misclassification). Note that the early/late type frequencies for the two samples do not strictly agree in all bins, particularly
near Mhalo ⇠ 1012M�. Applying the quantitative classification approach to RESOLVE-B results in frequencies that more closely agree with
the frequencies in ECO, although slight residual di↵erences remain, perhaps resulting from group-to-group variations in typical properties.
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Fig. 14.— Illustration of morphology-environment relations in
the ECO sample for separate high-mass (Mbary > 1010M�) and
low-mass (Mbary < 1010M�) galaxy subsamples, indicated by
thick and thin lines, respectively. Since few high mass galaxies
inhabit group halos below ⇠ 1012M�, we do not plot the frequen-
cies for high mass galaxies below this point. While the trends are
qualitatively similar over most of the group halo mass range, the
relations have di↵erent amplitudes for the low and high galaxy
mass samples.

as they do not account for any possible population di↵er-
ences between the parts of a cluster interior and exterior
to our sample volume. As they apply to only two group
halos with Mhalo & 1014M� in our sample, a regime
in which it is already di�cult for us to draw conclusions
due to the small number of rich clusters sampled in a vol-
ume of ECO’s size, we caution against over-interpreting
results solely from this cluster regime. We will largely
focus on more common moderate to low richness envi-
ronments in this work.
As the loss of galaxies beyond ECO boundaries a↵ects

sample membership, this loss can also a↵ect our derived
group halo mass estimates. To correct for this e↵ect, we
use the same logic described above and apply a correc-

tion factor to each a↵ected group halo mass based on the
ratio of the total group luminosity derived in the com-
parison catalog to the total group luminosity derived in
the ECO catalog. The applied group halo mass correc-
tion for Coma is an increase of ⇠ 0.1 dex but is negligible
for the NGC4065 group.

4. RESULTS

In this section, we explore trends in galaxy properties
related to galaxy mass and environment with an eye to-
wards their connections to galaxy disk (re)growth. In all
plots of our results we include only objects that meet our
final group membership and Mbary > 109.3M� selection
as detailed in §2. We use group halo mass as our pri-
mary indicator of environmental richness. As mentioned
previously in §3.6.1, we also consider isolated galaxies as
members of groups with N=1. Although this description
may at first seem counterintuitive, it does provide a way
to quantify group environment as a continuous variable
through group halo mass, which is useful as a basis for
comparison with theory. Since the r-band luminosity of a
galaxy provides an excellent proxy for its total baryonic
rather than stellar mass (as discussed further in Kan-
nappan et al. 2013), it is the case that where group N=1
our estimated group halo mass is directly related to the
lone galaxy’s baryonic mass. We can nonetheless identify
group halo environment rather than galaxy mass as the
primary driver of a trend if it is sensitive to group central
versus satellite status at fixed galaxy mass.
The distribution of various classes of ECO catalog

galaxies in group halo mass versus galaxy baryonic (stel-
lar plus atomic gas) mass parameter space can be seen
in Fig. 12. Results derived from the density field are
qualitatively similar to results derived from group halo
masses, except as discussed in this section.

4.1. Traditional Morphology-Environment Relation -
P(M|E)

• Traditional relation: 
P(M|E)

Log group halo mass
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Fig. 13.— Illustration of the traditional morphology-environment relation in the ECO and RESOLVE-B samples. Early and late type
frequencies as a function of group halo mass in (a) ECO and (b) RESOLVE-B, with early and late type frequencies crossing over at
Mhalo ⇠ 1013.5M� in the ECO sample. Greyscale dotted lines indicate the frequencies for central galaxies alone, which become poorly
determined at high group halo masses due to the small number of high halo mass groups (and thus centrals) present in the sample. In panel
a, all frequencies are plotted at their “expected” value given the calibrated uncertainties in our semi-quantitative morphology classification
method, described in §3.4. The error bars in this panel are plotted as a combination of the calculated misclassification errors in each group
halo mass regime and the (binomial) counting statistics in each bin, while those in panel b reflect only the relevant counting statistics
(assuming zero misclassification). Note that the early/late type frequencies for the two samples do not strictly agree in all bins, particularly
near Mhalo ⇠ 1012M�. Applying the quantitative classification approach to RESOLVE-B results in frequencies that more closely agree with
the frequencies in ECO, although slight residual di↵erences remain, perhaps resulting from group-to-group variations in typical properties.
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Fig. 14.— Illustration of morphology-environment relations in
the ECO sample for separate high-mass (Mbary > 1010M�) and
low-mass (Mbary < 1010M�) galaxy subsamples, indicated by
thick and thin lines, respectively. Since few high mass galaxies
inhabit group halos below ⇠ 1012M�, we do not plot the frequen-
cies for high mass galaxies below this point. While the trends are
qualitatively similar over most of the group halo mass range, the
relations have di↵erent amplitudes for the low and high galaxy
mass samples.

as they do not account for any possible population di↵er-
ences between the parts of a cluster interior and exterior
to our sample volume. As they apply to only two group
halos with Mhalo & 1014M� in our sample, a regime
in which it is already di�cult for us to draw conclusions
due to the small number of rich clusters sampled in a vol-
ume of ECO’s size, we caution against over-interpreting
results solely from this cluster regime. We will largely
focus on more common moderate to low richness envi-
ronments in this work.
As the loss of galaxies beyond ECO boundaries a↵ects

sample membership, this loss can also a↵ect our derived
group halo mass estimates. To correct for this e↵ect, we
use the same logic described above and apply a correc-

tion factor to each a↵ected group halo mass based on the
ratio of the total group luminosity derived in the com-
parison catalog to the total group luminosity derived in
the ECO catalog. The applied group halo mass correc-
tion for Coma is an increase of ⇠ 0.1 dex but is negligible
for the NGC4065 group.

4. RESULTS

In this section, we explore trends in galaxy properties
related to galaxy mass and environment with an eye to-
wards their connections to galaxy disk (re)growth. In all
plots of our results we include only objects that meet our
final group membership and Mbary > 109.3M� selection
as detailed in §2. We use group halo mass as our pri-
mary indicator of environmental richness. As mentioned
previously in §3.6.1, we also consider isolated galaxies as
members of groups with N=1. Although this description
may at first seem counterintuitive, it does provide a way
to quantify group environment as a continuous variable
through group halo mass, which is useful as a basis for
comparison with theory. Since the r-band luminosity of a
galaxy provides an excellent proxy for its total baryonic
rather than stellar mass (as discussed further in Kan-
nappan et al. 2013), it is the case that where group N=1
our estimated group halo mass is directly related to the
lone galaxy’s baryonic mass. We can nonetheless identify
group halo environment rather than galaxy mass as the
primary driver of a trend if it is sensitive to group central
versus satellite status at fixed galaxy mass.
The distribution of various classes of ECO catalog

galaxies in group halo mass versus galaxy baryonic (stel-
lar plus atomic gas) mass parameter space can be seen
in Fig. 12. Results derived from the density field are
qualitatively similar to results derived from group halo
masses, except as discussed in this section.

4.1. Traditional Morphology-Environment Relation -
P(M|E)

Log group halo mass
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Fig. 13.— Illustration of the traditional morphology-environment relation in the ECO and RESOLVE-B samples. Early and late type
frequencies as a function of group halo mass in (a) ECO and (b) RESOLVE-B, with early and late type frequencies crossing over at
Mhalo ⇠ 1013.5M� in the ECO sample. Greyscale dotted lines indicate the frequencies for central galaxies alone, which become poorly
determined at high group halo masses due to the small number of high halo mass groups (and thus centrals) present in the sample. In panel
a, all frequencies are plotted at their “expected” value given the calibrated uncertainties in our semi-quantitative morphology classification
method, described in §3.4. The error bars in this panel are plotted as a combination of the calculated misclassification errors in each group
halo mass regime and the (binomial) counting statistics in each bin, while those in panel b reflect only the relevant counting statistics
(assuming zero misclassification). Note that the early/late type frequencies for the two samples do not strictly agree in all bins, particularly
near Mhalo ⇠ 1012M�. Applying the quantitative classification approach to RESOLVE-B results in frequencies that more closely agree with
the frequencies in ECO, although slight residual di↵erences remain, perhaps resulting from group-to-group variations in typical properties.
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Fig. 14.— Illustration of morphology-environment relations in
the ECO sample for separate high-mass (Mbary > 1010M�) and
low-mass (Mbary < 1010M�) galaxy subsamples, indicated by
thick and thin lines, respectively. Since few high mass galaxies
inhabit group halos below ⇠ 1012M�, we do not plot the frequen-
cies for high mass galaxies below this point. While the trends are
qualitatively similar over most of the group halo mass range, the
relations have di↵erent amplitudes for the low and high galaxy
mass samples.

as they do not account for any possible population di↵er-
ences between the parts of a cluster interior and exterior
to our sample volume. As they apply to only two group
halos with Mhalo & 1014M� in our sample, a regime
in which it is already di�cult for us to draw conclusions
due to the small number of rich clusters sampled in a vol-
ume of ECO’s size, we caution against over-interpreting
results solely from this cluster regime. We will largely
focus on more common moderate to low richness envi-
ronments in this work.
As the loss of galaxies beyond ECO boundaries a↵ects

sample membership, this loss can also a↵ect our derived
group halo mass estimates. To correct for this e↵ect, we
use the same logic described above and apply a correc-

tion factor to each a↵ected group halo mass based on the
ratio of the total group luminosity derived in the com-
parison catalog to the total group luminosity derived in
the ECO catalog. The applied group halo mass correc-
tion for Coma is an increase of ⇠ 0.1 dex but is negligible
for the NGC4065 group.

4. RESULTS

In this section, we explore trends in galaxy properties
related to galaxy mass and environment with an eye to-
wards their connections to galaxy disk (re)growth. In all
plots of our results we include only objects that meet our
final group membership and Mbary > 109.3M� selection
as detailed in §2. We use group halo mass as our pri-
mary indicator of environmental richness. As mentioned
previously in §3.6.1, we also consider isolated galaxies as
members of groups with N=1. Although this description
may at first seem counterintuitive, it does provide a way
to quantify group environment as a continuous variable
through group halo mass, which is useful as a basis for
comparison with theory. Since the r-band luminosity of a
galaxy provides an excellent proxy for its total baryonic
rather than stellar mass (as discussed further in Kan-
nappan et al. 2013), it is the case that where group N=1
our estimated group halo mass is directly related to the
lone galaxy’s baryonic mass. We can nonetheless identify
group halo environment rather than galaxy mass as the
primary driver of a trend if it is sensitive to group central
versus satellite status at fixed galaxy mass.
The distribution of various classes of ECO catalog

galaxies in group halo mass versus galaxy baryonic (stel-
lar plus atomic gas) mass parameter space can be seen
in Fig. 12. Results derived from the density field are
qualitatively similar to results derived from group halo
masses, except as discussed in this section.

4.1. Traditional Morphology-Environment Relation -
P(M|E)
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Fig. 15.— Illustration of morphology-mass relations in the ECO sample for multiple color/morphology subclasses of ECO galaxies, where
the left panel includes centrals only and the right panel includes satellites only.

As seen in Fig. 13a for the traditional formulation
of the morphology-environment relation (frequency of
a particular morphology as a function of environmen-
tal richness), the ECO sample displays the expected in-
crease in early-type and decrease in late-type frequen-
cies as a function of increasing environmental richness,
here represented by increasing group halo mass. Near
group halo mass ⇠ 1013.5M�, we observe a crossover
point where early and late type frequencies become ap-
proximately equal. The frequencies in the more complete
RESOLVE-B sample, where morphological classifications
are entirely based on by-eye judgments, do not strictly
agree with the frequencies in ECO, particularly around
Mhalo ⇠ 1012M� (see Fig. 13b). If we apply quantita-
tive classification methods to RESOLVE-B, we find fre-
quencies that more closely but not completely agree with
the frequencies in ECO. Variations in morphological mix-
tures between groups at fixed halo mass could also plau-
sibly contribute to di↵ering average morphological mixes
in these two samples. If we divide central and satellite
galaxies, we find that central and satellite morphology-
environment trends are similar to each other in both sam-
ples, where the satellite galaxy trend (not shown) closely
follows the combined trend in Fig. 13a/b. If we examine
the traditional morphology-environment relation for low
and high baryonic mass (divided at Mbary = 1010M�)
galaxies separately, we qualitatively recover the expected
early-/late-type frequency trends as a function of group
halo mass, with the high baryonic mass relations shal-
lower than the low baryonic mass relations and o↵set to-
wards higher early-type frequency. The early/late-type
frequencies cross over at group halo masses & 1013M�,
and both trends steepen in this regime (see Fig. 14).
Dissecting the morphology-environment and

morphology-mass relations further by including galaxy
color, we can see from Fig. 15 that the o↵set between
low and high baryonic mass morphology-environment
relations must be partially driven by the significant
changes in blue and red galaxy frequencies as a function
of galaxy mass, specifically as blue late types are
significantly more common at low galaxy mass and red
early and late types are more common at high galaxy

mass. In Figs. 15 and 16, we also see that centrals and
satellites within each galaxy color/morphology class
follow qualitatively similar trends as a function of galaxy
mass and environment. However several notable o↵sets
in frequency occur, for example in Fig.15, blue late
types are less common among satellites than centrals
at low baryonic mass, whereas red early types are more
common among satellites than centrals at low baryonic
mass. Interestingly, in the top panels of Fig. 16, blue
late types are more common among satellites than
centrals at low group halo mass, illustrating that galaxy
demographic trends in the low galaxy mass and low
group halo mass regimes are not necessarily equivalent.
There is also a hint of a similar reversal for red early
types (i.e., red early types are marginally more common
among centrals than satellites at low group halo mass).
As can be seen in the bottom two panel sets in Fig.
16, the galaxy color/morphology class frequency trends
as a function of group halo mass, where they can be
quantified, are overally similar between low and high
galaxy mass subsamples.

4.1.1. Focus on Blue-sequence Early Type Galaxies

As illustrated in Fig. 17a, the majority of late-type
galaxies occupy Mhalo < 1012M� environments, which
is not surprising given the form of the traditional
morphology-environment relation. More interestingly
the same figure shows that ⇠50% of early-type galax-
ies occupy Mhalo < 1012M� environments. As seen in
Fig. 17b, many early types in the lowest density environ-
ments are blue-sequence early types. These blue early
types become most common below Mhalo ⇠ 1011.5M�.
Blue early types with baryonic masses large enough to
meet our mass limit are primarily central galaxies in this
low group halo mass regime and primarily satellite galax-
ies in richer environments (see Fig. 12). However, since
satellite blue early types with masses below our survey
limit could also populate the low mass halos, we cannot
yet quantify the balance between blue early type cen-
trals and satellites in these environments. Fig. 18 shows
that blue early-type galaxies appear to have similar envi-
ronment distributions to blue late-type galaxies overall,

Log group halo mass

Log baryonic mass Log baryonic mass
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• Alternative relation: 
P(E|M) 
!

• At fixed baryonic 
mass, main difference 
in typical environment 
is between red and 
blue satellites 
!

• Traditional relation  
mixes morphology-
galaxy mass relation 
for centrals and color-
environment relation 
for satellites

18 Mo↵ett et al.

9.5 10.0 10.5 11.0 11.5 12.0
Log( Mbary [Msun] )

11.5

12.0

12.5

13.0

13.5

14.0

14.5

L
o

g
( 

M
h

a
lo
 [

M
su

n
] 

)

Blue Early Types

      
 

 

 

 

Late Types

9.5 10.0 10.5 11.0 11.5 12.0
Log( Mbary [Msun] )

 

 

 

 

Red Early Types

      

11.5

12.0

12.5

13.0

13.5

14.0

14.5

L
o

g
( 

M
h

a
lo
 [

M
su

n
] 

)

Blue Late Types

Red Late Types

Blue Early Types

Red Early Types

Centrals

Satellites

Fig. 20.— Characteristic distribution of group halo mass as a function of baryonic mass for di↵erent galaxy types. Solid lines indicate
the running median group halo masses for centrals of each galaxy type, while dashed lines indicate the medians for satellites of each galaxy
type. Error bars for each median point are estimated from the dispersion in properties in each bin. The background greyscale levels indicate
the probability of inhabiting a particular group halo mass at a given baryonic mass, as the histogram densities used to set the greyscale
have been normalized to one in each baryonic mass bin (darkest points imply the highest probabilities).

at low galaxy mass. The ⇠ 30% frequency of UV-B
disks we find among early types at low baryonic masses
(see Fig. 28) is consistent with the reported 42+9

�8% UV-
B disk frequencies of Mo↵ett et al. (2012) for early-
type galaxies in a low-to-intermediate stellar mass sam-
ple. Within the mass ranges we probe, UV-B disk hosts
below Mhalo ⇠ 1012M� are typically central galaxies,
but additional satellite UV-B hosts with lower masses
could also exist in these environments. Early type galax-
ies hosting UV-B disks show a strong tendency to host
larger HI gas reservoirs than galaxies without UV-B disks
(K-S test Psame ⇠ 9 ⇥ 10�15; see Fig. 27)11, in agree-
ment with results from Mo↵ett et al. (2012) for low-to-
intermediate mass early type galaxies. Overlapping in
their typically gas-rich, low group and galaxy mass na-

11 Note that this result also holds with similarly high significance
if we restrict only to galaxies in the ECO+A subsample.

ture, blue-sequence early-type galaxies are often UV-B
disk hosts, with 74+5

�7% of blue-sequence E/S0s in the

full ECO+G subsample hosting UV-B disks, or 77+5
�8%

in the low baryonic mass regime below ⇠ 1010M�.

5. DISCUSSION

In this section, we compare our results on relationships
between galaxy properties and environments to previous
results in the literature and to galaxy evolution scenarios.

5.1. Morphology-Environment Relations

5.1.1. Comparisons to Previous Results

In general, we find that in the traditional P(M|E)
morphology-environment relation formulation, our mea-
sured early and late type frequencies behave in a man-
ner similar to that observed in previous studies of this
relation, for example, with late-type galaxy frequencies
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• Blue ETs are a low 
mass and low group 
halo mass 
population 
!

• Show similar 
environment 
distribution to blue 
LTs at fixed mass,  
consistent with LT 
disk regrowth 
!

• Sufficient gas and 
star formation to 
grow new disks (see 
Kannappan+ 2009; 
Wei+ 2010; Moffett+ 
2012; Stark+ 2013) 
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Fig. 20.— Characteristic distribution of group halo mass as a function of baryonic mass for di↵erent galaxy types. Solid lines indicate
the running median group halo masses for centrals of each galaxy type, while dashed lines indicate the medians for satellites of each galaxy
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the probability of inhabiting a particular group halo mass at a given baryonic mass, as the histogram densities used to set the greyscale
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at low galaxy mass. The ⇠ 30% frequency of UV-B
disks we find among early types at low baryonic masses
(see Fig. 28) is consistent with the reported 42+9

�8% UV-
B disk frequencies of Mo↵ett et al. (2012) for early-
type galaxies in a low-to-intermediate stellar mass sam-
ple. Within the mass ranges we probe, UV-B disk hosts
below Mhalo ⇠ 1012M� are typically central galaxies,
but additional satellite UV-B hosts with lower masses
could also exist in these environments. Early type galax-
ies hosting UV-B disks show a strong tendency to host
larger HI gas reservoirs than galaxies without UV-B disks
(K-S test Psame ⇠ 9 ⇥ 10�15; see Fig. 27)11, in agree-
ment with results from Mo↵ett et al. (2012) for low-to-
intermediate mass early type galaxies. Overlapping in
their typically gas-rich, low group and galaxy mass na-

11 Note that this result also holds with similarly high significance
if we restrict only to galaxies in the ECO+A subsample.

ture, blue-sequence early-type galaxies are often UV-B
disk hosts, with 74+5

�7% of blue-sequence E/S0s in the

full ECO+G subsample hosting UV-B disks, or 77+5
�8%

in the low baryonic mass regime below ⇠ 1010M�.

5. DISCUSSION

In this section, we compare our results on relationships
between galaxy properties and environments to previous
results in the literature and to galaxy evolution scenarios.

5.1. Morphology-Environment Relations

5.1.1. Comparisons to Previous Results

In general, we find that in the traditional P(M|E)
morphology-environment relation formulation, our mea-
sured early and late type frequencies behave in a man-
ner similar to that observed in previous studies of this
relation, for example, with late-type galaxy frequencies
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Fig. 25.— Group halo mass distribution for blue early type galax-
ies in the ECO sample with di↵erent levels of HI gas. Correspond-
ing greyscale dashed lines indicate the distribution for group cen-
tral galaxies of each type. HI masses are derived as described in
§3.7. Gas-dominated blue early types and blue early types with
more moderate gas-to-stellar mass ratios primarily inhabit envi-
ronments with group halo masses below ⇠ 1012M�, with ⇠53%
of gas-dominated blue early types in Mhalo . 1011.5M� environ-
ments.

formation that allows many early types to live on the blue
sequence, develop UV-B disks, and potentially even re-
grow larger disk structures. The existence of such a gas
and star formation rich regime could be a symptom of a
large-scale cosmological accretion process that is partic-
ularly e�cient at supplying gas into galaxies at low mass
scales. One such theorized process is “cold-mode” gas ac-
cretion, thought to preferentially act at group halo mass
scales below this ⇠ 1011.5M� mass scale at z ⇠0 (e.g.,
the ⇠ 1011.3� 1011.5M� scale of Kereš et al. 2005; Kereš
et al. 2009). This model has recently been challenged by
simulation results using the AREPO code, which imply
that cold-mode accretion is not as significant for galaxies
residing in low mass halos as previously thought, how-
ever these results suggest that accretion of heated gas is
a more significant contributor in this regime, causing the
level of gas accretion into low mass halos to remain high
(Nelson et al. 2013). As seen in the simulations of Zehavi
et al. (2012), from z ⇠1 to the present the bulk of the
stellar mass growth in low-mass halos (Mhalo . 1012M�)
is still due to star formation, while in high-mass halos,
such growth is mainly due to mergers.
Within the galaxy baryonic mass range we consider, we

find that blue early-type and UV-B disk host galaxies are
typically centrals in the Mhalo . 1011.5M� regime (see
Figs. 17b and 27). We also find that the strong uptick in
gas-dominated galaxy fraction in this regime is primarily
a central galaxy phenomenon, which may point towards
accretion fueling of central galaxies in these environments
(see Fig. 23). However, we also note that in the lowest
group halo mass environments we probe there are rel-
atively few satellite galaxies within our baryonic mass
range, and therefore it is plausible that gas-dominated,
disk-growing satellites with lower masses could be com-
mon in such environments as well. From simulations,
typical z ⇠0 gas accretion rates for satellite galaxies may
be lower than for central galaxies (e.g., Kereš et al. 2009),
but gas accretion may still play an evolutionarily signif-
icant role for satellites (e.g., Dekel & Birnboim 2006;

Simha et al. 2009).

6. CONCLUSIONS

In this work, we have considered two primary galaxy
samples, the Environmental COntext (ECO) catalog,
and the B-semester region of the REsolved Spectroscopy
Of a Local VolumE (RESOLVE) survey. Both samples
reach into the high-mass dwarf galaxy regime and span
a variety of environments, with the larger ECO catalog
sample including the greatest environmental diversity.
Through comparison to the more complete RESOLVE-B
catalog, we apply corrections for incompleteness e↵ects in
ECO, creating an approximately baryonic mass limited
catalog down to 109.3M�. In this analysis, we have em-
ployed high-quality, custom-reprocessed optical, near-IR,
and UV photometry along with morphological classifica-
tions, atomic gas mass estimates, and multiple metrics
of galaxy environment.
Our key results are as follows.

• We observe a traditional morphology-environment
relation, P(M|E), similar to the expected form but
with o↵set amplitudes between the low and high
baryonic mass galaxy samples in the sense that late
types are more common at low mass.

• We find the form of the traditional morphology-
environment relation to be consistent with the sce-
nario that morphological transformation from early
to late types (disk regrowth) could occur in a pre-
ferred low group halo mass regime. However, this
relation does not strongly constrain the existence of
this scenario, as the relation can also be explained
by the occurrence of disk destruction/quenching at
high but not low group halo mass.

• We consider an alternative form of the morphology-
environment relation, P(E|M), which is instructive
as a way of quantifying the typical environments of
galaxies of various classes. This formulation leads
to the observation that typical blue early-type and
blue late-type galaxy group halo masses are simi-
lar at constant baryonic mass, which is again con-
sistent with expectations from the disk regrowth
scenario. Likewise, the typical environmental den-
sities of blue early types are similar or lower than
those of blue late types at constant baryonic mass,
potentially reflecting a post-merger state for blue
early types.

• The P(E|M) formulation of the morphology-
environment relation also reveals that for central
galaxies, there is no discernible relationship be-
tween group halo mass and morphology at fixed
galaxy mass: the typical halo masses for all early-
type and all late-type centrals of a given mass
are the same. However, satellite galaxies in dif-
ferent color classes divide strongly in their typi-
cal group halo masses at fixed galaxy mass, where
red early and late types occupy higher group halo
mass environments than both blue early and late
types. These observations suggest the traditional
morphology-environment relation is largely driven
by a relationship between morphology and galaxy

Log group halo mass
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Fig. 22.— The environment-dependent frequency of HI gas-to-
stellar mass ratios greater than one for ECO+A galaxies. The
vast majority of ALFALFA ↵.40 derived HI limit values for ECO
galaxies are su�ciently strong to place these galaxies in either the
MHI/M⇤ > 1 or MHI/M⇤ < 1 category, but for any limit val-
ues found in the MHI/M⇤ > 1 category, we replace these values
with photometric gas fraction estimates as described in §3.7. If we
leave the limit values in place and use no photometric gas frac-
tion estimates, we still find trend lines that are within the error
bars of the trends shown here. Confused sources in the ECO+A
sample have been omitted. The thick dark blue line illustrates the
sharp uptick of the gas-dominated galaxy frequency at low group
halo mass (lower x axis), and the thin light blue line illustrates the
smoother increase in gas-dominated galaxy frequency as a function
of environmental density (upper x axis). The horizontal dashed line
indicates equal MHI/M⇤ > 1 and MHI/M⇤ < 1 galaxy frequency.
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Fig. 23.— The frequency of HI gas-to-stellar mass ratios greater
than one for ECO+A galaxies alone, plotted as a function of group
halo mass for central (thick lines) and satellite (thin lines) galaxies
separately. The horizontal dashed line indicates equal MHI/M⇤ >
1 and MHI/M⇤ < 1 galaxy frequency. Confused sources in the
ECO+A sample have been omitted. Since ECO contains rela-
tively few satellite galaxies in Mhalo . 1011.5M� environments,
we refrain from plotting satellite frequencies in this regime. Since
ECO contains relatively few centrals above Mhalo & 1013.5M�,
we likewise refrain from plotting central frequencies in this regime.
Gas-dominated galaxy fraction increases significantly for low group
halo mass central galaxies, particularly at Mhalo . 1011.5M�.

This o↵set may imply that for Mbary < 1010M� galaxies,
disks are either destroyed less frequently or regenerated
more frequently than for higher mass galaxies.

5.1.2. Morphology-Environment Relations and Disk

Regrowth

We next consider the specific question of whether or
not morphology-environment relations operate in a man-

ner consistent with the presence of disk regrowth. If mor-
phological transformation operates primarily towards the
destruction of disks in certain regimes but towards both
the destruction and regrowth of disks in others, we would
expect the balance of galaxy morphological types to dif-
fer in these regimes. In a scenario where large-scale gas
accretion, whether arriving cold or hot, can fuel disk re-
growth, the significance of such accretion is typically the-
orized to depend on the halo mass of the group in which a
galaxy resides (e.g., Birnboim & Dekel 2003; Kereš et al.
2005; Nelson et al. 2013). Thus, in such a scenario, the
balance of galaxy morphological types might naturally
be expected to shift as a function of group halo mass.
As previously mentioned, in the traditional morphology-
environment relation, P(M|E), we observe a changing
balance between early and late types as a function of
group halo mass, in the sense that late types become
more prevalent with decreasing halo mass. This trend
is the sense in which the early/late type balance would
be expected to vary if disk regrowth were to preferen-
tially occur at low group halo mass, however it is also
certainly the sense in which one would expect the rela-
tion to vary if disks are typically destroyed/quenched at
high but not low group halo mass. Thus, while consis-
tent with a halo-mass dependent disk regrowth scenario,
the observed traditional morphology-environment rela-
tion does not clearly constrain its existence. We also
note that the balance between early- and late-type fre-
quencies we observe in the ECO sample varies relatively
smoothly as a function of group halo mass, as has often
been observed by other authors. This smooth variation
could indicate a lack of sharp transitions in the onset
of morphological transformation processes at particular
mass scales, but alternatively it could imply that the tra-
ditional relation, in lumping all early and all late types
together, washes out possible sharper trends that may
occur for subpopulations of galaxies.
Considering this question from the perspective of an al-

ternative formulation of the morphology-environment re-
lation, P(E|M), another expectation of the disk regrowth
model emerges. If disk regrowth were to proceed from
blue early to blue late types in a particular regime, then
the typical environments of blue early and blue late types
in that regime should be similar as these galaxies would
represent snapshots of pre- and post-transition states.
Such behavior was hinted at in the observation of a pos-
sible “inverse morphology-density relation” at low stel-
lar masses by KGB. As illustrated in Figs. 20 and 21, we
find that blue early and blue late type galaxies in the low
baryonic mass regime below ⇠ 1010M� inhabit environ-
ments with similar typical group halo masses at constant
baryonic mass and with typical environmental densities
of blue early types similar or lower than those of blue
late types. The P(E|M) formulation of the morphology-
environment relation then appears to be consistent with
the scenario of disk regrowth in the low baryonic mass
regime. If gas accretion adds to both galaxy baryonic
and overall group halo mass during the regrowth pro-
cess, individual galaxies could move along the Mhalo vs.
Mbary relation, but relatively significant changes in typ-
ical population properties would be necessary to make
the blue early and blue late type populations distinct
in this space given the scatter within each population.
The trend towards lower number density environments
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mass group halos than do low gas fraction satellites, implying group halo mass a↵ects satellite gas content more strongly than galaxy mass.
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Fig. 27.— Frequency and gas content of early-type UV-B disk
hosts in the ECO+G sample. The magenta line indicates the fre-
quency of UV-B disks in early types as a function of group halo
mass, and the grey dashed line indicates UV-B disk frequency
among early-type centrals alone. The inset shows the distribu-
tion of HI gas-to-stellar mass ratios for UV-B and non-UV-B early
types. HI gas masses are derived as described in §3.7. A strong
preference towards higher gas-to-stellar mass ratios is observed for
early-type UV-B disk hosts.

mass for centrals and by a relationship between
color and environment for satellites.

• We find that the low group halo mass regime be-
low ⇠ 1011.5M� is associated with the emergence of
blue-sequence early types, gas-dominated galaxies,
and early-type UV-Bright disk hosts as common
contributors to galaxy populations. These three
sub-populations are closely linked in this regime,
implying the low group halo mass regime is a pre-
ferred regime for ongoing, significant disk growth.

These results lend strong support to the idea that the-
orized morphological transformation from early to late
types can occur, particularly where galaxy and group
halo masses are low. Thus, even if galaxy disks are de-

stroyed through mergers and interactions in this regime,
they may have significant opportunity to regrow, whereas
galaxy disk regrowth does not appear likely in higher
group halo mass environments. To investigate even more
direct signatures of disk regrowth, we next turn to the
examination of detailed early-type galaxy kinematics in
the context of the RESOLVE survey, where the avail-
ability of such kinematic information combined with the
type of environmental information considered here cre-
ates a unique opportunity for understanding the connec-
tion between galaxy properties on small and large scales.
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• Not solely due to galaxy 
mass: gas-dominated 
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mass groups at fixed 
galaxy mass
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Figure 2. Images and surface brightness profiles of NGC 4117, one of several XUV-disk galaxies identified on the red sequence. (a) GALEX NUV+FUV color
composite with overlay of the NUV-derived star formation threshold, RUVSF (see Section 3). The inset shows the DSS-II red image with the same overlay for scale.
(b) GALEX and Spitzer surface brightness profiles. A vertical line marks RUVSF. The black dotted line represents a profile extracted from the 2D (re)convolution of the
NUV PSF with the NUV galaxy light within RUVSF (see Section 3). The inset shows the (re)convolved image.
(A color version of this figure is available in the online journal.)

−2 0 2 4 6 8
FUV−r

0.0000

0.1000

0.2000

0.3000

0.4000

0.5000

R
el

at
iv

e 
F

re
qu

en
cy

Young comp. age    1 Gyr (>8%)
Young comp. age    1 Gyr (1−8%)
No   1 Gyr comp.

Figure 3. FUV−r color for selected composite stellar population models (grid
as described in Section 3.2.1), illustrating issues with using this color as a clean
young/old population divider. Blue and green histograms represent numbers
of models with >8% and 1%–8% young population contributions by mass,
normalized to the total numbers of such models. The red histogram represents
numbers of models containing no young (age ! 1 Gyr) component, normalized
to the total numbers of such models. The vertical dashed line indicates the
color cut of Lemonias et al. (2011), which appears to miss a significant fraction
(∼30%) of the combined young model options that fall outside this cut with
colors redder than FUV−r = 5.
(A color version of this figure is available in the online journal.)

colors indeed display a more cleanly defined region where pop-
ulations are predominantly old (compare Figures 3 and 4). From
the model color distributions, it is apparent that the fraction of
purely old models increases significantly beyond NUV−K = 5,
which is where young model fractions start to decline as well.
Thus, we choose to exclude XUV disks with NUV−K > 5.

3.2.2. Ensuring Extended Emission

When applying the original T07 XUV-disk definition, clas-
sifiers must subjectively identify the presence of extended
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Figure 4. NUV−K color for selected composite stellar population models (grid
as described in Section 3.2.1), illustrating NUV−K cuts chosen for our analysis.
Blue and green histograms represent numbers of models with >8% and 1%–8%
young population contributions by mass, normalized to the total numbers of such
models. The red histogram represents numbers of models containing no young
(age ! 1 Gyr) component, normalized to the total numbers of such models. It
is apparent that the fraction of purely old models increases significantly beyond
NUV−K = 5, so we use this value to reject XUV disks likely to contain
evolved populations as described in Section 3.2.1. A more conservative color
cut at NUV−K = 4.5 appears necessary if we wish to select populations with
a significant young population as in our UV-B disk classification (here >8%,
corresponding to the "10% requirement specified in Section 3.3).
(A color version of this figure is available in the online journal.)

emission beyond RUVSF. However, when classifying XUVs from
GALEX NUV imaging, especially when considering galaxies
with small angular sizes, the ∼45′′ shelf in the NUV PSF
(http://www.galex.caltech.edu/researcher/techdoc-ch5.html)
may affect this judgement. Thus, to design a quantitative test
for extension relative to RUVSF, we require that the NUV flux
detected outside RUVSF is significantly greater than (>3σ above)
the flux redistributed into this region by an artificial second con-
volution of the NUV PSF with the flux inside this radius. This

5

Moffett+ 2012
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Fig. 28.— Illustration of the frequency (percentage) of various galaxy populations with the potential for disk growth as a function of
galaxy and group halo mass. The top panels indicate the frequency of blue early- and late-type galaxies as a fraction of all galaxies with
the same morphology and of all types. The lower panels show the frequency of gas-dominated and UV-B disk galaxies among all galaxy
types and early types specifically. While each of these populations clearly displays a unique variation in frequency with both galaxy mass
and environment, each of these “growing” populations occurs most commonly where galaxy masses and group halo masses are low.

Dame/JINA Participation Group, Johns Hopkins Uni-
versity, Lawrence Berkeley National Laboratory, Max
Planck Institute for Astrophysics, Max Planck Insti-
tute for Extraterrestrial Physics, New Mexico State Uni-
versity, New York University, Ohio State University,
Pennsylvania State University, University of Portsmouth,
Princeton University, the Spanish Participation Group,
University of Tokyo, University of Utah, Vanderbilt Uni-
versity, University of Virginia, University of Washington,
and Yale University.
Based on observations made with the NASA Galaxy

Evolution Explorer. GALEX is operated for NASA by
the California Institute of Technology under NASA con-
tract NAS5-98034.
This publication makes use of data products from the

Two Micron All Sky Survey, which is a joint project of
the University of Massachusetts and the Infrared Pro-
cessing and Analysis Center/California Institute of Tech-
nology, funded by the National Aeronautics and Space
Administration and the National Science Foundation.
Facilities: Sloan, GALEX, 2MASS.

REFERENCES

Abazajian, K., Adelman-McCarthy, J. K., Agüeros, M. A., et al.
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• ECO DR1 now available (see Moffett+ 2015                         
& http://resolve.astro.unc.edu/ ) 
!

• At fixed galaxy baryonic mass, the only significant 
difference in group mass with galaxy type is for satellite 
galaxies with different colors (i.e., red early/late types vs. 
blue early/late types) 
!

• Traditional morphology-environment relation = 
morphology-galaxy mass relation for centrals + color-
environment relation for satellites 
!

• Low group halo mass (<1011.5 Msun) and low galaxy mass 
regime - emergence of blue-sequence ETs, gas-dominated 
galaxies, and ET UV-Bright disk hosts → preferred for 
ongoing disk growth Also see me discuss the mass budget of galaxy 

spheroids and disks in GAMA on Friday (408.01)!
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ECO and RESOLVE: Disk Growth and Environment 3

Fig. 2.— The ECO catalog region in RA vs. line-of-sight distance coordinates, in slices of ⇠5 degrees in Dec, increasing from the bottom
left panel. Galaxies included in the final ECO mass-limited sample analyzed here are indicated by dots color-coded according to their
group halo masses as in Fig. 1, while galaxies outside this sample but present in our merged parent redshift catalog are indicated by grey
dots. The outer limits of the ECO catalog “bu↵er” region are outlined in red, and the region of ECO we consider interior to this bu↵er is
indicated in green. Black lines in the upper left and bottom right panels indicate the approximate line-of-sight extent of two groups that
extend significantly outside the ECO region and are subject to boundary completeness correction factors as described in §3.8.

Thilker et al. 2010; Mo↵ett et al. 2012). Mo↵ett et al.
(2012) observe that such extended UV structures are
common in low-to-intermediate mass early-type galaxies
and that a particular class of “UV-Bright” or UV-B disk
galaxies is marked by a high potential for ongoing star
formation. Linking these two populations together, UV-
B disks are also strongly associated with the low-mass,
blue-sequence E/S0 population, supporting the idea that
these galaxies may be engaged in disk regrowth. Stark
et al. (2013) report evidence for gas as well as stellar disk
regrowth in low-mass, post-starburst E/S0 galaxies.
In this contribution, we employ two unusually com-

plete volume-limited galaxy samples, both of which ex-
tend into the “high-mass” dwarf galaxy regime (reaching
baryonic masses ⇠ 109.3M�), to probe disk (re)growth in
a variety of environments. We seek to answer three major
questions. (1) Does environment play a role in enabling
gas or stellar disk growth? (2) Does the morphology-
density, or more generally morphology-environment, re-
lation behave as might be expected if disk regrowth is
e↵ective in transforming galaxy morphology? In particu-
lar, are the typical environments for blue early- and late-
type galaxies similar in the galaxy mass regimes in which
disk regrowth occurs? (3) Are there specific group halo
mass scales implicated in evidence for disk regrowth?
We address these questions in part by examining the

detailed form of the morphology-environment relation,

including possible variations with galaxy mass scale
and central/satellite designations. In addition, we con-
sider an alternative way of formulating a morphology-
environment relation. If the traditional formulation of
the morphology-environment relation can be considered
to quantify the probability of a galaxy exhibiting a par-
ticular morphology given some environment, P(M|E),
then an alternative way to frame this relation is to quan-
tify the probability of a galaxy inhabiting a particular
environment given its morphology, P(E|M). This alter-
native formulation provides a useful framework for un-
derstanding the typical environments of galaxies with
di↵erent morphologies. We further examine the typi-
cal environments of di↵erent classes of galaxies linked to
disk growth, including blue-sequence early types, galax-
ies with substantial atomic gas reservoirs, and early-type
galaxies that display recent UV-detected disk star for-
mation.
We begin by introducing the galaxy samples under

consideration in §2. In §3, we describe our main data
analysis methods. In §4, we report a variety of results
from this analysis, including the observed forms of both
the traditional and alternative morphology-environment
relations, in particular finding that the morphology-
environment relation disappears for low baryonic mass
central galaxies. We also find that blue-sequence early
type, gas-dominated, and disk-growing populations rise
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Fig. 10.— Illustration of the finger-of-God collapse procedure applied to the ECO catalog. Red points show the original inferred spatial
distribution of galaxies, and smaller green points show the distribution after the finger-of-God collapse procedure has been applied.

when groups are improperly fragmented or improperly
linked together.10 We label the brightest galaxy in each
group the central and all other galaxies as satellites, and
imperfect group identifications can a↵ect these central
vs. satellite designations, adding noise to comparisons
of central vs. satellite trends. Note that in some cases
the galaxy collections we refer to here as “groups” can
in fact consist of single detected galaxies (that is, groups
with N=1), which occurs most often for the lowest mass
“groups” we probe (see Fig. 8).
The group-finding algorithm we employ automatically

determines an appropriate “linking length” for grouping
individual objects together, equal to b? and bk times the
mean separation between galaxies in the input sample in
the on-sky and line-of-sight directions, respectively (with
D = cz/H0 distances and H0 = 100h km s�1 Mpc�1

used for this calculation). Following the recent analysis
of Duarte & Mamon (2014) we use values of b? = 0.07

10 Note that the zero point of our group halo mass scale is de-
pendent on comparisons with the mock catalog, as we calibrate our
group halo masses to best approximate the true group halo masses
in the mock catalog for the majority of halos in our sample, i.e.,
those at low mass. We subtract a simple constant correction of
⇠0.15 dex from our initial abundance-matched mass estimates to
correct for a tendency towards overestimation at low group halo
mass. A significantly more complicated correction would be re-
quired to yield perfect reproduction of the true group masses in
all mass regimes, but using this simple correction we obtain me-
dian estimated-mass-minus-true-mass o↵sets of only 0.02 dex for
Mhalo < 1012M� and -0.12 dex for Mhalo > 1012M�, which are
less than or consistent with the typical group halo mass errors
overall.

and bk = 1.1 for our group finding, as these values are
found to be optimal for creating group catalogs that will
be used for statistical study of the e↵ects of galaxy en-
vironment. For a sample region as small as RESOLVE-
B, this mean spacing determination is far more sensi-
tive to cosmic variance than for a large region as in
the ECO sample. To compensate, when we apply the
group-finding algorithm to RESOLVE-B we fix the link-
ing lengths to those determined from a version of the
ECO catalog limited to Mr < �17, the magnitude limit
of RESOLVE-B. We also use the luminosity to group halo
mass conversion determined from this version of the ECO
group catalog, since this conversion is similarly sensi-
tive to cosmic variance. Through testing with an “ECO-
analog” version of RESOLVE-B (matched to ECO’s shal-
lower depth and lower completeness; see §3.8), we find
that the di↵erence in completeness between RESOLVE-
B and ECO does not significantly bias the group halo
masses we estimate, with scatter between the group halo
masses inferred from the two versions of RESOLVE-B
only reaching ⇠0.2 dex at Mhalo & 1013M�. The pri-
mary e↵ect of extra completeness on group identifica-
tions is that additional N = 1 halos, typically containing
faint galaxies near the magnitude limit, are found. Fig.
5 reveals that ECO is not complete for group halos with
masses less than Mhalo ⇠ 1011M�, so we refrain from
including group halos below this mass limit in our anal-
ysis.

3.6.2. Smoothed Galaxy Density Field
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Fig. 6.— Color vs. stellar mass for the ECO catalog sample,
where (u � r)e represents an internal extinction corrected color
derived from the SED fitting code (see §3.2). Dark grey points
indicate individual ECO galaxies in our mass-limited sample, light
pink points indicate ECO galaxies that do not enter this final sam-
ple, and density contours of the mass-limited sample distribution
are shown in purple. The green line indicates our chosen red/blue
sequence divider (§3.3).

binomial confidence intervals on population proportions
according to the Bayesian approach of Cameron (2011).

3.1. Imaging/Photometry

As a result of the problematic nature of obtaining ac-
curate estimates of galaxy properties with bulk SDSS
pipeline-processed data and our desire to study spatially
resolved parameters not necessarily computed in catalog
data products, we have undertaken a custom reprocess-
ing of SDSS, 2MASS, and GALEX imaging for all ECO
sample galaxies considered here. The ECO photomet-
ric reprocessing mimics the methods developed for the
RESOLVE survey (see Eckert et al. 2015 for full details).
To summarize this reprocessing: we retrieve imaging

frames in ugriz, JHK, and NUV bands via automated
queries to the SDSS DR8 (Aihara et al. 2011), 2MASS
(Skrutskie et al. 2006), and GALEX (Morrissey et al.
2007) archives respectively. Greater than 99% of our
galaxies are covered by 2MASS and ⇠30% by GALEX.
Photometric processing proceeds first on the SDSS imag-
ing, where SExtractor (Bertin & Arnouts 1996) is called
to identify sources from an r-band image and create a
corresponding mask image wherein sources other than
the target are masked. SExtractor parameters for the
target galaxy are then used as an initial input to the
IRAF ellipse task, which fits the galaxy isophotes in a
co-added gri image while allowing the PA and ellipticity
to vary. From this free ellipse fit, an optimal ellipticity
and PA corresponding to the outer disk is determined.
A fixed ellipse fit is then performed, using these outer-
disk parameters, on the images in each band individu-
ally. Total magnitudes are determined from the resulting
profiles by several methods: large aperture summation,
exponential disk fitting, curve-of-growth extrapolation,
and outer-disk color correction (see Eckert et al. 2015).
Comparing the results of these methods yields an esti-
mate of the systematic errors, which are combined with
the purely photometric errors to obtain the final magni-
tude error estimates.
The automated SExtractor masking procedure has

been tuned to give reasonable results for the majority

of galaxies, but it is possible for the automatically gen-
erated masks to either mask parts of the galaxy under
consideration or fail to mask nearby sources not asso-
ciated with the target galaxy. To identify potentially
problematic masks, we flag objects for which the mag-
nitude estimation procedure has failed, the extracted r-
band profile signal does not rise above eight times the
sky noise, or the r-band profile does not extend beyond
the calculated r-band 90% light radius. These mask im-
ages flagged as potentially problematic are inspected by
eye and edited by hand where necessary to better reflect
distinctions between the target galaxy and other nearby
sources.

3.2. Color and Stellar Mass Estimation

Using the full complement of total magnitudes, includ-
ing NUV where available, galaxy stellar masses are esti-
mated from a spectral energy distribution (SED) fitting
procedure. We use a recently updated version of the
likelihood-based stellar mass estimation code of Kannap-
pan & Gawiser (2007), which is described fully by K13.
This procedure uses a suite of composite stellar popula-
tion models constructed from old and young Bruzual &
Charlot (2003) stellar populations. These model stellar
populations are combined in various fractions by mass,
with 13 allowable young population fractions of 0.001,
0.002, 0.005, 0.011, 0.025, 0.053, 0.112, 0.220, 0.387,
0.585, 0.760, 0.876, and 0.941. Four possible metallic-
ities (Z = 0.004, 0.008, 0.02, and 0.05) and 11 possible
extinction values (⌧V = 0, 0.12, 0.24...1.2) are also used.
The young population model grid is constructed to simu-
late both continuous and bursty star formation histories
by including models with constant star formation from
1015 Myr in the past to various end points 0-195 Myr
in the past and simple stellar populations (SSPs) with
ages 360, 509, 641, 806, and 1015 Myr. The old popu-
lation model grid includes SSPs with ages 2, 4, 6, 8, 10,
and 12 Gyr. A Chabrier initial mass function (Chabrier
2003) is used in these calculations, which yield a stel-
lar mass zero point consistent with that of Kau↵mann
et al. (2003). The code also outputs internal extinction
corrected model fit colors, which more cleanly separate
the red- and blue-sequence galaxies than raw measured
colors, and we designate these colors with a superscript
“e”. We also use model fit colors without any internal
extinction correction, denoted with superscript “model”.

3.3. The Red and Blue Sequences

To separate red- and blue-sequence galaxies, we choose
a dividing line between the red and blue color stellar
mass loci defined by our extinction-corrected colors and
stellar mass estimates (see Fig. 6). We determine this
division based on double Gaussian fits to the red- and
blue-sequence color distributions in two high and low
stellar mass regimes where the sequences are well de-
fined (logM⇤ < 9.5 and logM⇤ > 9.5). Our divider is
then defined by the color halfway between the fit peaks
and the median stellar mass in each mass regime. The
slanted divider in the intermediate mass regime is defined
by the line connecting these two Gaussian-fit-determined
points. The equation of the divider is:

(u� r)e =

8
<

:

1.457 logM⇤  9.1

0.24⇥ logM⇤ � 0.7 9.1 < logM⇤ < 10.1

1.7 logM⇤ � 10.1.
(1)
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Fig. 26.— Illustration of the typical galaxy and group halo mass distributions for ECO galaxies with HI gas-to-stellar mass ratios greater
and less than one. HI gas masses are derived as described in §3.7. At fixed baryonic mass, high gas fraction satellites tend to occupy lower
mass group halos than do low gas fraction satellites, implying group halo mass a↵ects satellite gas content more strongly than galaxy mass.
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Fig. 27.— Frequency and gas content of early-type UV-B disk
hosts in the ECO+G sample. The magenta line indicates the fre-
quency of UV-B disks in early types as a function of group halo
mass, and the grey dashed line indicates UV-B disk frequency
among early-type centrals alone. The inset shows the distribu-
tion of HI gas-to-stellar mass ratios for UV-B and non-UV-B early
types. HI gas masses are derived as described in §3.7. A strong
preference towards higher gas-to-stellar mass ratios is observed for
early-type UV-B disk hosts.

mass for centrals and by a relationship between
color and environment for satellites.

• We find that the low group halo mass regime be-
low ⇠ 1011.5M� is associated with the emergence of
blue-sequence early types, gas-dominated galaxies,
and early-type UV-Bright disk hosts as common
contributors to galaxy populations. These three
sub-populations are closely linked in this regime,
implying the low group halo mass regime is a pre-
ferred regime for ongoing, significant disk growth.

These results lend strong support to the idea that the-
orized morphological transformation from early to late
types can occur, particularly where galaxy and group
halo masses are low. Thus, even if galaxy disks are de-

stroyed through mergers and interactions in this regime,
they may have significant opportunity to regrow, whereas
galaxy disk regrowth does not appear likely in higher
group halo mass environments. To investigate even more
direct signatures of disk regrowth, we next turn to the
examination of detailed early-type galaxy kinematics in
the context of the RESOLVE survey, where the avail-
ability of such kinematic information combined with the
type of environmental information considered here cre-
ates a unique opportunity for understanding the connec-
tion between galaxy properties on small and large scales.
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Fig. 28.— Illustration of the frequency (percentage) of various galaxy populations with the potential for disk growth as a function of
galaxy and group halo mass. The top panels indicate the frequency of blue early- and late-type galaxies as a fraction of all galaxies with
the same morphology and of all types. The lower panels show the frequency of gas-dominated and UV-B disk galaxies among all galaxy
types and early types specifically. While each of these populations clearly displays a unique variation in frequency with both galaxy mass
and environment, each of these “growing” populations occurs most commonly where galaxy masses and group halo masses are low.
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