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The ALFALFA Almost-Dark Galaxy AGC 229101: A Two Billion Solar Mass HI Cloud
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ABSTRACT

We present results from deep H1 and optical imaging of AGC 229101, an unusual H 1 source detected
at Vhelio = 7116 km s~! in the ALFALFA survey. Initially classified as a candidate “dark” source
because it lacks a clear optical counterpart in SDSS or DSS2 imaging, AGC 229101 has 10731095 p7
of H1, but an HT line width of only 4349 km s~!. Low resolution WSRT imaging and higher resolution
VLA B-array imaging show that the source is significantly elongated, stretching over a projected length
of ~80 kpc. The HI imaging resolves the source into two parts of roughly equal mass. WIYN pODI
optical imaging reveals a faint, blue optical counterpart coincident with the northern portion of the H1.
The peak surface brightness of the optical source is only 11, ~ 26.6 mag arcsec™2, well below the typical
cutoff that defines the isophotal edge of a galaxy, and its estimated stellar mass is only 107-32+0-33 p 7
yielding an overall neutral gas-to-stellar mass ratio of Myy/M, = 98 71} . We demonstrate the extreme
nature of this object by comparing its properties to those of other H I-rich sources in ALFALFA and
the literature. We also explore potential scenarios that might explain the existence of AGC 229101,

including a tidal encounter with neighboring objects and a merger of two dark H1 clouds.
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Figure 1. WIYN 3.5-m pODI combined g- and r-band color image of AGC 229101 with H1 column density contours from
WSRT only imaging at 1, 2, 4, 8, and 16 x10'® ¢cm~2 overlaid in white. The image is oriented N-up, E-left. Faint, diffuse
optical emission is barely visible at the location of the northern H1 column density peak, while the H1 emission stretches over
~80 kpc. The early-type galaxy to the southeast of AGC 229101 is unrelated and has an SDSS redshift of 0.176.
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Figure 1. WIYN 3.5-m pODI combined g- and r-band color image of AGC 229101 with H1 column density contours from L 9 +25°37 105
. . _ L. . . . . . . 10 kpc 5
WSRT only imaging at 1, 2, 4, 8, and 16 x10'® ¢cm~2 overlaid in white. The image is oriented N-up, E-left. Faint, diffuse pe
optical emission is barely visible at the location of the northern H1 column density peak, while the H1 emission stretches over 12"20™54% 51°  48° 45" 42 39° 120207545 517 48T T 4bT 42 ade
~80 kpc. The early-type galaxy to the southeast of AGC 229101 is unrelated and has an SDSS redshift of 0.176. Figure 2. Left panels: H1 moment zero column density maps at high- (top: 5.5 beam), mid- (center: 13.1” beam) and low-

resolutions (bottom: 16x37” beam). The high and mid resolution maps are from combined VLA B-array and WSRT imaging,
and the low resolution map is from WSRT only, Briggs r=0.4 imaging. Beam sizes are shown with hashed gray circles in the
lower right on each plot. The column density scale in the top image is 0.5-4.5x 10*?atoms cm ™2, and is 0.15-3.2x 10?atoms cm ™2
in the center image. Column density contours spaced in powers of 2 from 0.2-1.6x10?°atoms cm~? from the WSRT moment
0 map are shown on all plots for direct comparison. Moment maps are masked to only include emission detected above 20, as
discussed in the text. Right panels: Corresponding moment one velocity maps from combined VLA and WSRT (top and center),
and WSRT only (bottom), imaging. Resolutions correspond to those of the moment zero maps to the left, masked at the 5o
level to highlight the motions of the highest signal-to-noise gas. The dashed line in the lower right panel shows the location of
the position velocity slice shown in Figure 3, and the dot dashed lines show the locations of the northern and southern PV slices
in Figure 3.
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Figure 3. Position velocity slices made along the major axis of the WSRT (lowest resolution) data. Slices for each are 10"
wide. The left panel shows the position versus velocity plot across the full extent of the source; the central panel shows just the
northern portion of the source, and the right hand panel shows just the southern portion.
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Figure 2. Left panels: H1 moment zero column density maps at high- (top: 5.5” beam), mid- (center: 13.1” beam) and low-
resolutions (bottom: 16x37” beam). The high and mid resolution maps are from combined VLA B-array and WSRT imaging,
and the low resolution map is from WSRT only, Briggs r=0.4 imaging. Beam sizes are shown with hashed gray circles in the
lower right on each plot. The column density scale in the top image is 0.5-4.5x 10*?atoms cm ™2, and is 0.15-3.2x 10?atoms cm ™2
in the center image. Column density contours spaced in powers of 2 from 0.2-1.6x10?°atoms cm~? from the WSRT moment
0 map are shown on all plots for direct comparison. Moment maps are masked to only include emission detected above 20, as
discussed in the text. Right panels: Corresponding moment one velocity maps from combined VLA and WSRT (top and center),
and WSRT only (bottom), imaging. Resolutions correspond to those of the moment zero maps to the left, masked at the 5o
level to highlight the motions of the highest signal-to-noise gas. The dashed line in the lower right panel shows the location of
the position velocity slice shown in Figure 3, and the dot dashed lines show the locations of the northern and southern PV slices
in Figure 3.



Table 1. Measured and Derived Properties of AGC 229101

Quantity (units) Value Stellar Quantity (units) Value
RA (h m s, J2000) 12:20:46.8 Ig.peak (Mag arcsec™?) 26.58 + 0.03
Dec (° ", J2000) +25:38:24.4 Iirpeak (Mag arcsec™?) 26.78 £ 0.06
Viso (km s~ 71164 m,.o (mag) 22.01 + 0.18
Wiso (km s™1) 43+ 9 m,o (mag) 21.58 £ 0.19
Flux (Jy-km s~') 0.78 £ 0.05 My, 0 (mag) —13.11 £ 0.18
Distance (Mpc) 105.9 + 2.2 M, (mag) —13.55 + 0.19
log,o(Mu1/Mg) 9.31 & 0.05 (g — 7)o (mag; large aperture) 0.44 + 0.26
Nt peak (10%° cm™2) 514 1.1 (g — 7)o (mag; small aperture) 0.06 + 0.13
Rur (kpe) 335 + 2.8 V (mag) 21.74 + 0.24
Rumax (kpe) 39.6 + 2.8 B-V (mag; large aperture) 0.65 + 0.26
Mur/M. 98 F1L} B-V (mag; small aperture) 0.28 4 0.12
Mut/Ly (M) Lo) 105+2 log,o (M. /M) 7.32 +0.33
Mui/Ly (Me/Le) 10738 r (arcsec) 59+ 1.3
Mui/Ls (Mo/Lo) 110421 i (kpe) 3.0 £ 0.7

1 1 1
-20 0 20

Surface Brightness u, [mag arcsec-?]

NoTe— The table lists, in this order: the central position of the H1 source, along with measured heliocentric radial velocity,
width, and total flux of the H1 detection; the estimated distance to the source from the ALFALFA catalog (Haynes et al.
2018); the log of the total mass, column density, and radius of the radio source; the ratio of H1 mass to stellar mass; the ratio
of H1 mass to optical luminosity in the g—, r—, and B-band filters; the peak surface brightness of the optical counterpart in
the g- and r-band; the total apparent and absolute magnitudes of the optical counterpart in the g and r filters; the g —r color
of the optical counterpart; the V' apparent magnitude and B — V' color of the optical counterpart; and the estimated stellar
mass and half-light radius (in both arc seconds and kpc) of the optical counterpart. The optical surface brightness values,
magnitudes, and colors have been corrected for Galactic extinction by applying the Schlafly & Finkbeiner (2011) coefficients
to the reddening values from Schlegel et al. (1998). The peak HT column density is measured in the highest resolution (5.1
beam) moment 0 map.
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Figure 4. Surface brightness measurements of AGC 229101. The left panel shows a portion of the pODI image that includes
the faint optical counterpart that coincides with the northern H1 peak; H1 contours are again overlaid as in Figure 1. The
five square boxes used to calculate surface brightness values of the optical counterpart (see Section 3.2) are also shown. Two
discrete sources that appear to be foreground objects (visible in the fourth box from the top) were masked out before the surface
brightness measurements were made. The right panel shows the surface brightness values across the object in the g filter (top)

and the r filter (bottom). The dotted and dashed lines show the 3-o, 4-0, and 5-¢ surface brightness detection thresholds in
each filter.
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2018); the log of the total mass, column density, and radius of the radio source; the ratio of H1 mass to stellar mass; the ratio
of H1 mass to optical luminosity in the g—, r—, and B-band filters; the peak surface brightness of the optical counterpart in
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Figure 4. Surface brightness measurements of AGC 229101. The left panel shows a portion of the pODI image that includes
the faint optical counterpart that coincides with the northern H1 peak; H1 contours are again overlaid as in Figure 1. The
five square boxes used to calculate surface brightness values of the optical counterpart (see Section 3.2) are also shown. Two
discrete sources that appear to be foreground objects (visible in the fourth box from the top) were masked out before the surface

brightness measurements were made. The right panel shows the surface brightness values across the object in the g filter (top)

and the r filter (bottom). The dotted and dashed lines show the 3-0, 4-0, and 5-¢ surface brightness detection thresholds in
each filter.
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Figure 5. Left: Shown here are galaxies within a projected angular separation of ~0.5-degree (~1 Mpc at a distance of
105.9 Mpc), and a recession velocity within 500 km s™!, of AGC 229101’s position and velocity. Some of these objects may
be possible tidal companions to AGC 229101. The size of each symbol scales with the z-band magnitude of each source, and
colors indicate measured recessional velocities as shown in the color bar. Sources with detected H1 are marked with diamonds
and sources without an H1 detection are marked with circles. AGC 229101 is plotted with its H1 contours at the center of the
figure. The region depicted in Figure 1 is indicated with a dash-dot line, and the regions depicted in the right hand panels are
depicted with dashed lines. Right Top: pODI image of IC 3171 and surrounding galaxies to the southwest of AGC 229101. The
location of AGC 229101 is indicated by its H1 contours in the upper left corner of the figure. Right Bottom: pODI image of
1C 3185 with WSRT contours overlaid in light blue, and SDSS image of IC 3203 with WSRT contours overlaid in blue. Note
that IC 3203 is outside the FWHM of the WSRT primary beam, but is still bright enough to be detected. WSRT contours for
both images range from 1-32x10'%atoms cm™? in powers of 2, and have been primary beam corrected.
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Figure 6. AGC 229101 compared with ALFALFA galaxies from Huang et al. (2012). Contours represent ALFALFA sources
as measured by Huang et al. (2012) in 10% intervals from 10% to 90%, with outliers shown by grey dots. Left: HI-mass —
stellar mass relation for ALFALFA sources, with stellar masses derived from SED fitting best suited to nearby, gas rich galaxies,
as described in Huang et al. (2012). The median relation is shown in black, and typical uncertainties are shown by a black
cross in the lower right corner. AGC 229101 is shown as a filled star symbol far off the relation. Note that the stellar mass
for AGC 229101 plotted here is the stellar mass derived by matching to the Huang et al. (2012) masses as discussed in Section
3.2.3. Further note that only including gas in the northern component of AGC 229101 reduces the H1 mass by 0.3 dex, but
still is extreme compared to extrapolation of the median ALFALFA sample. Center: HI-mass versus g-r color for ALFALFA
galaxies, compared with AGC 229101. The two measured colors (for two different apertures; see Section 3.2.2) are shown as
filled and unfilled symbols and plotted with error bars, which overlap. Right: HI-mass versus H1 line width measured at the
50% flux level. The upward pointing triangle represents the northern H1 peak, and the downward pointing triangle the southern
Hr1 peak. The line width for A229101 — the entire source and the individual peaks — is very narrow relative to the ALFALFA
sample.
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Figure 6. AGC 229101 compared with ALFALFA galaxies from Huang et al. (2012). Contours represent ALFALFA sources
as measured by Huang et al. (2012) in 10% intervals from 10% to 90%, with outliers shown by grey dots. Left: HI-mass —
stellar mass relation for ALFALFA sources, with stellar masses derived from SED fitting best suited to nearby, gas rich galaxies,
as described in Huang et al. (2012). The median relation is shown in black, and typical uncertainties are shown by a black
cross in the lower right corner. AGC 229101 is shown as a filled star symbol far off the relation. Note that the stellar mass
for AGC 229101 plotted here is the stellar mass derived by matching to the Huang et al. (2012) masses as discussed in Section
3.2.3. Further note that only including gas in the northern component of AGC 229101 reduces the H1 mass by 0.3 dex, but
still is extreme compared to extrapolation of the median ALFALFA sample. Center: HI-mass versus g-r color for ALFALFA
galaxies, compared with AGC 229101. The two measured colors (for two different apertures; see Section 3.2.2) are shown as
filled and unfilled symbols and plotted with error bars, which overlap. Right: HI-mass versus H1 line width measured at the
50% flux level. The upward pointing triangle represents the northern H1 peak, and the downward pointing triangle the southern
Hr1 peak. The line width for A229101 — the entire source and the individual peaks — is very narrow relative to the ALFALFA

sample.
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Figure 7. AGC 229101 compared with ALFALFA H 1-bearing ultra-diffuse galaxies, and other extreme sources, demonstrating
the anomalous nature of AGC 229101 in this parameter space. The panels show the H1-mass — V-band luminosity ratio vs
Hi-mass (left) and V-band peak surface brightness (right). Contours represent ALFALFA sources as measured with SDSS
photometry (see, e.g., Haynes et al. 2011, 2018) increasing in 10% intervals, with outliers shown with small grey points (note:
the most extreme outliers have poor optical photometry, as discussed in Section 4.1). ALFALFA Ultra-diffuse galaxies from
Leisman et al. 2017 and Janowiecki et al. (2019) are shown with orange triangles, and the extreme ALFALFA sources Coma P
and HI1225+401 discussed in the text are shown as a purple hexagon and blue diamond respectively. AGC 229101 is shown as
a filled pink star, far lower surface brightness and higher gas fraction than almost all other ALFALFA galaxies. Note that the
error bars on AGC 229101 are the size of or smaller than the marker.
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as described in Huang et al. (2012). The median relation is shown in black, and typical uncertainties are shown by a black
cross in the lower right corner. AGC 229101 is shown as a filled star symbol far off the relation. Note that the stellar mass
for AGC 229101 plotted here is the stellar mass derived by matching to the Huang et al. (2012) masses as discussed in Section
3.2.3. Further note that only including gas in the northern component of AGC 229101 reduces the H1 mass by 0.3 dex, but
still is extreme compared to extrapolation of the median ALFALFA sample. Center: HI-mass versus g-r color for ALFALFA
galaxies, compared with AGC 229101. The two measured colors (for two different apertures; see Section 3.2.2) are shown as
filled and unfilled symbols and plotted with error bars, which overlap. Right: HI-mass versus H1 line width measured at the
50% flux level. The upward pointing triangle represents the northern H1 peak, and the downward pointing triangle the southern
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Figure 7. AGC 229101 compared with ALFALFA H 1-bearing ultra-diffuse galaxies, and other extreme sources, demonstrating
the anomalous nature of AGC 229101 in this parameter space. The panels show the H1-mass — V-band luminosity ratio vs
Hi-mass (left) and V-band peak surface brightness (right). Contours represent ALFALFA sources as measured with SDSS
photometry (see, e.g., Haynes et al. 2011, 2018) increasing in 10% intervals, with outliers shown with small grey points (note:
the most extreme outliers have poor optical photometry, as discussed in Section 4.1). ALFALFA Ultra-diffuse galaxies from
Leisman et al. 2017 and Janowiecki et al. (2019) are shown with orange triangles, and the extreme ALFALFA sources Coma P
and HI1225+401 discussed in the text are shown as a purple hexagon and blue diamond respectively. AGC 229101 is shown as
a filled pink star, far lower surface brightness and higher gas fraction than almost all other ALFALFA galaxies. Note that the
error bars on AGC 229101 are the size of or smaller than the marker.
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as measured by Huang et al. (2012) in 10% intervals from 10% to 90%, with outliers shown by grey dots. Left: HI-mass —
stellar mass relation for ALFALFA sources, with stellar masses derived from SED fitting best suited to nearby, gas rich galaxies,
as described in Huang et al. (2012). The median relation is shown in black, and typical uncertainties are shown by a black
cross in the lower right corner. AGC 229101 is shown as a filled star symbol far off the relation. Note that the stellar mass
for AGC 229101 plotted here is the stellar mass derived by matching to the Huang et al. (2012) masses as discussed in Section
3.2.3. Further note that only including gas in the northern component of AGC 229101 reduces the H1 mass by 0.3 dex, but
still is extreme compared to extrapolation of the median ALFALFA sample. Center: HI-mass versus g—r color for ALFALFA
galaxies, compared with AGC 229101. The two measured colors (for two different apertures; see Section 3.2.2) are shown as
filled and unfilled symbols and plotted with error bars, which overlap. Right: HI-mass versus H1 line width measured at the
50% flux level. The upward pointing triangle represents the northern H1 peak, and the downward pointing triangle the southern
H1 peak. The line width for A229101 — the entire source and the individual peaks — is very narrow relative to the ALFALFA
sample.
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Figure 7. AGC 229101 compared with ALFALFA H 1-bearing ultra-diffuse galaxies, and other extreme sources, demonstrating
the anomalous nature of AGC 229101 in this parameter space. The panels show the H1-mass — V-band luminosity ratio vs
Hi-mass (left) and V-band peak surface brightness (right). Contours represent ALFALFA sources as measured with SDSS
photometry (see, e.g., Haynes et al. 2011, 2018) increasing in 10% intervals, with outliers shown with small grey points (note:
the most extreme outliers have poor optical photometry, as discussed in Section 4.1). ALFALFA Ultra-diffuse galaxies from
Leisman et al. 2017 and Janowiecki et al. (2019) are shown with orange triangles, and the extreme ALFALFA sources Coma P
and HI1225+4-01 discussed in the text are shown as a purple hexagon and blue diamond respectively. AGC 229101 is shown as
a filled pink star, far lower surface brightness and higher gas fraction than almost all other ALFALFA galaxies. Note that the
error bars on AGC 229101 are the size of or smaller than the marker.
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Figure 8. Baryon to dynamical mass fraction versus dynam-
ical mass for AGC 229101 (pink star) compared to the AL-
FALFA UDG sample from Mancera Pifa et al. (2019), and
dwarf galaxies from LITTLE THINGS. While AGC 229101
has a larger gas fraction and lower surface brightness than
the Mancera Pina et al. (2019) sample, it appears to have
similarly high baryonic mass for its rotation velocity; within
Rur AGC 229101 requires no additional dark matter compo-
nent.
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Abstract

We extract void catalogs from the Sloan Digital Sky Survey Data Release 16 (SDSS DR16) survey and also from
the Millennium simulation. We focus our comparison on distribution of galaxies brighter than M, < —18 inside
voids and study the mean separation of void galaxies, distance from the void center, and the radial density profile.
We find that mean separation of void galaxies depends on void size, as bigger voids have lower mean separation in
both samples. However, void galaxies in the observation sample seem to have generally larger mean—distance than
simulated ones at any given void size. In addition, observed void galaxies tend to reside closer to the void center
than those in the simulation. This discrepancy is also shown in the density profile of voids. Regardless of the void
size, the central densities of real void profiles are higher than the ones in the predicted simulated catalog.

Arxiv: 2109.10369



https://arxiv.org/abs/2109.10369

0.25

L T - T - T - T -
0.4 T T T T L[] Simulation
[ | Simulation i Observation |
—— Observation| ] 0.20
0.3 —|_ . -L
b - o O0.15F -
.2 .
= 02} - =
g g 0.10
=z 2 : - =
0.1 4
0.05 B
0.0 — L 1 | —— | i
5 10 15 20 25 30 0.00 ] M
Effective Radius (Mpc h™) 0.0 0.3 0.6 0.9 1.2 1.5
Figure 1. Void size distributions of observation and simulation catalogs. Center-Distance
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Figure 3. Median mean—distance as a function of void size for observation and

simulation sample. as a function of void size (bottom panel) for the observation and simulation
samples.
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Figure 5. Average stacked density profiles drawn from All-voids (left panel), Big-voids (middle panel) and Small-voids (right panel) identified in the SDSS and
simulation sample. Shaded regions depict the standard deviation 1o within each of the stacks and the solid colored lines indicate the best fits for each curve.

HabnoaeHns 1 pesynbtaTbl MOAENMPOBaHUA He cxoaaTcs !

MpaBaa, y ApyrMx aBTOPOB MOJYYaOTCA MHble NapaMeTPbl BOMAO0B (Apyrne anropuTtmbl BblaeneHna BoOMA0B, METOANKM
N3MepeHuns cpeaHux npodunen, apyrme BblIbOpKN...), TaKk 4TO HaAO pa3bupaTbeA.



