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ABSTRACT

We present a comparative study of molecular and ionized gas kinematics in nearby galaxies. These results are based
on observations from the EDGE survey, which measured spatially resolved '>CO(J=1-0) in 126 nearby galaxies. Every
galaxy in EDGE has corresponding resolved ionized gas measurements from CALIFA. Using a sub-sample of 17 rotation
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2.1. The EDGE-CALIFA Survey

The EDGE-CALIFA survey (Bolatto et al. 2017) measured
CO in 126 nearby galaxies with CARMA in the D and E
configurations. Full details of the survey, data reduction, and
masking techniques are discussed in Bolatto et al. (2017), and
we present a brief overview here. The EDGE galaxies were
selected from the CALIFA sample (discussed in the follow-
ing section) based on their infrared (IR) brightness and are
biased toward higher star formation rates (SFRs) (see Figure
6 of Bolatto et al. 2017). A pilot study of 177 galaxies was
observed with the CARMA E-array. From this sample, 126
galaxies selected for CO brightness were re-observed in the
D-array. These 126 galaxies with combined D and E array
data constitute the main EDGE sample'. The EDGE sam-
ple is the largest sample of galaxies with spatially resolved
CO, with typical angular resolution of 4.5” (corresponding
to ~1.5 kpc at the mean distance of the sample). Data cubes
were produced with 20 kms™' velocity channels. At each
pixel in the cube, a Gaussian is fit to the CO line. Velocity-
integrated intensity, mean velocity, velocity dispersion, and
associated error maps are created from the Gaussian fits. Pix-

Of the 126 EDGE galaxies, ~100 have peak brightness
temperatures > 50 (Bolatto et al. 2017). Reliable CO and
Har rotation curves could not, however, be derived for ev-
ery detected EDGE galaxy. To best compare the CO and
Hao rotation curves, a sub-sample of galaxies for which re-
liable CO and Ha rotation curves could be derived is used
for the remainder of the analysis (the Kinematic Sub-Sample
or KSS). A reliable rotation curve has small Viuq and AV
components at radii larger than Ropeam (as in Figure 3). In
the centers of galaxies, there may be radial motions due to
bars and other effects, but these should not affect the larger
radii we consider here. Ensuring that both the CO and Ha
have small Vi,qg components validates our assumptions that
the CO and Ho have the same PA and inclination and that
the PA and inclination do not change much over the disk
(i.e. there are no twists or warps). In addition to the criteria
on the rotation curves, there are four galaxies (NGC 4676A,
NGC 6314, UGC 3973, and UGC 10205) for which the ob-
served CO velocity width may not be fully contained in the
band (Bolatto et al. 2017). One galaxy (UGC 10043) has a
known Ha outflow (Lépez-Cobd et al. 2017). These galaxies
are also excluded from the subsample. Finally, we exclude
galaxies with inclinations larger than 75°. At large inclina-
tions, the line profiles can become skewed and a Gaussian fit
to the line profiles is not appropriate and can lead to system-
atic biases in the mean velocities. We do, however, plan to
analvze the hichlv inclined galaxies in a forthcomine naner

JcTanoce 17 ranakTyg
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Figure 6. Rotation curves in several ionized gas lines are consistent
with each other (using fixed geometric parameters listed in Table 4).
The figure shows an example for NGC 2347. For CO, the shaded
region shows the error on the rotation curves from variations in the
kinematic parameters using the Monte Carlo method described in
Section 3.1. For all other curves, the shaded regions indicate the for-
mal errors from the rotation curve fitting. The rotation curves from
the ionized gas are consistent with one another and are all below
the CO rotation curve. Ionized rotation curves other than He are
truncated at the same radius as CO. The tan and brown horizontal
lines show Vi, (HI) from W50 and W90 measurements., which tend
to agree with the CO rotation velocity. Note that variations among

the rotation curves are enhanced as the y-axis does not extend down
try 7819%
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Figure 7. Equivalent width of the Ho or HS emission versus ro-
tation velocity difference between the molecular and ionized gas,
AV. The blue points are the KSS galaxies and use EW{Hn), and
the black points are ETGs from Davis et al. (2013) who use the lumi-
nosity weighted mean EW(H3). excluding those which are counter-
rotating. Error bars are not provided for the EW(H/7) data. Our
points are consistent with the low AV end of the ETGs. EWs > 14 A
(vertical dashed line) trace star formation (Lacerda et al. 2018). so
it is not surprising that the star-forming disk galaxies used in this
study have larger EWs than the ETGs use by Davis et al. (2013).
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4 RESULTS

Results from our Green Valley Census are reduced into a
final catalogue as follows. Based on the number of votes
given by classifiers, each galaxy is assigned a score from 0
to 8 for each of the six structural indicators shown in Sec-
tion 3, namely: bar, ring/partial ring, plateau/lens, tidal
tails/streams, shell/shells and interaction/merger. Those
galaxies with 4 or more votes in any given category are as-
signed to that category, i.e., at least half of the classifiers
must have classified the galaxy in that way. Our elliptical
population shows no significant trends for many of these
structural markers, as might be expected, and therefore we
limit our further analyses to disk-type galaxies alone (S0-
Sa, Sab-Sed and Sd-Irr). This disk-type population is split
by colour into red, green and blue sub-groups as discussed
in Section 2.3. A vote fraction is determined for each sub
group with fractional errors assigned following the beta dis-
tribution quantile technique (Cameron 2011). Errors derived
in such a fashion are consistent with other techniques (e.g.,
normal approximation) when applied to large datasets, yet
have been shown by Cameron (2011) to outperform such
traditional methodologies for small data samples. Example
galaxies meeting the above classification criteria for each of
the six structural components are shown in Figure 4, with
the final row providing examples for which none of the above
structures were noted.

Hubble Type Red Green Blue Taotal
E 87 27 10 124
S0-5a 121 51 56 228
Sab-Sed 3} 126 11 } 62 |U3} 160 I I?} 348
Sd-Irr 2 0 | 3
Total 213 89 170 472

Table 1. Breakdown by Hubble type and colour for all 472 galax-
ies in our final sample. Braces show total numbers for disk-type
galaxies {S0-Sa, Sab-Scd and Sd-lrr).
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tures as a function of u® — r*® colour for disk-type galaxies. Error
bars represent lo confidence intervals,
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ABSTRACT

In a ACDM Universe, the specific stellar angular momentum (j,) and stellar mass (M.) of a galaxy are correlated as a consequence
of the scaling existing for dark matter haloes (j, o Mf‘l'ﬂj. The shape of this law is crucial to test galaxy formation models, which
are currently discrepant especially at the lowest masses, allowing to constrain fundamental parameters. e.g. the retained fraction of
angular momentum. In this study, we accurately determine the empirical j, — M, relation (Fall relation) for 92 nearby spiral galaxies
{from SO to Irr) selected from the Spitzer Photometry and Accurate Rotation Curves (SPARC) sample in the unprecedented mass range
7 < log M. /M. < 11.5. We significantly improve all previous estimates of the Fall relation by determining j. profiles homogeneously
for all galaxies. using extended Hi rotation curves, and selecting only galaxies for which a robust j, could be measured (converged
Jj.(< R)radial profile). We find the relation to be well described by a single. unbroken power-law j, oc MY over the entire mass range,
with & = 0.55 £ (.02 and orthogonal intrinsic scatter of 0.17 = 0.01 dex. We finally discuss some implications for galaxy formation
models of this fundamental scaling law and. in particular, the fact that it excludes models in which discs of all masses retain the same
fraction of the halo angular momentum.
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3. The specific angular momentum-mass relation

If a galaxy is axisymmetric and rotates on cylinders about its
symmetry axis, then the specific stellar angular momentum j, =
|J..]/M ., within the radius R from the galactic centre writes as

Jf dR' R?Z,(R) V, (R

Ju(< R) = =
L dR’ R"X.(R")

(1)

where Z,(R) = TP I(R) + YL I4(R) is the surface stellar
mass density, with /, and I being the surface brightnesses of the
bulge/disc at 3.6 pym, and V, , the stellar rotation curve. The to-
tal specific stellar angular momentum is j. = j.(< Rpyay), where
Rax 18 the outermost radius at which X, 1s measured. We com-

pute the galaxy stellar mass as M, = 2r J;;Q"“" dR' R'Z.(R').
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Fig. 1. Stellar specific angular momentum profiles for 175 disc galaxies
in the SPARC sample. Grey contours represent the distribution of all the
points in the profile of each galaxy. The radius is normalised to the disc
scale length (R4 at 3.6 um) and j, to that of a thin exponential disc with
the same R, and with a constant rotation curve. We also show the full
profiles for three representative galaxies in our initial sample: a galaxy
with a fully converged j.(< R) profile (blue circles), a galaxy with a
converging profile (yellow squares) and a galaxy with a non-converging
profile (red triangles). For our determination of the Fall relation. we
excluded galaxies with a non-converging profile.

To further illustrate our selection, we highlight in Fig. | the
individual j,. profiles of three galaxies in the SPARC sample,
representative of different converging properties. NGC 3198 has
a perfectly converged j, profile (blue circles). In our sample, 28
galaxies, covering the entire SPARC mass range, show a simi-
lar feature: these are the galaxies for which j. is best measured.
NGC 3972 (yellow squares) is the archetype of the galaxies that
merely comply to the criteria of Eq. 2; these galaxies have a con-
verging j, profile and the difference between the last two points
of the profile is smaller than 10%. NGC 4068 (red triangles)
has a steeply rising j,. profile that does not meet Eq. 2 crite-
ria; 34 similar galaxies are excluded from the calibration of the
local Fall relation since their total j. might be severely underes-
timated.
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Fig. 3. Predicted distribution in the j; — M, plane of a model with a
constant retained fraction of angular momentum f; (red dot-dashed line)
and for a biased collapse model (blue dashed line) compared to the data
as in Fig. 2. To compute the two models we have used the stellar-to-halo
mass relation from Rodriguez-Puebla et al. (2015).



