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Discovery of MW-sized, Ultra-Diffuse Galaxies (UDGs)

47 in the direction of the Coma cluster2
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Figure 1. Main panel: spatial distribution of the newly discovered galaxies, projected on a color image of the Coma cluster created from the
Dragonfly g and r images. Only the 2.◦86× 2.◦90 area that is covered by CFHT imaging is shown. Panels at right: typical examples of the
galaxies, spanning a range in brightness.

stars and galaxies, that are single objects at the Dragonfly res-
olution. We removed most of these by requiring that there
is no object in the SDSS catalog within 4′′ of the Dragonfly
position, leaving 344 candidates.
The SDSS imaging does not have sufficient depth and spa-

tial resolution to identify faint groups of galaxies. We ob-
tained CFHT imaging of the Coma field from the Canadian
Astronomy Data Centre. A 3◦× 3◦ field was imaged with a
9-pointingmosaic, in the g and i bands (Head et al. 2014). Ex-
posure times were short, at 300 s per pointing per filter, but the
image quality (FWHM≈ 0.′′8) and sampling (0.′′186 pixel−1)
are far superior to the Dragonfly and SDSS imaging. We cre-
ated 37′′× 37′′ cutouts of all 344 candidates and used SEx-
tractor to identify cases where multiple moderately bright
(i< 22.5) objects are detected within 7′′ of the Dragonfly po-
sition. This step left 186 objects which were inspected by
eye. Of these, 139 were rejected, with most turning out to be
clumps of multiple objects fainter than the i = 22.5 limit.

2.3. A Population of Large, Diffuse Galaxies
We are left with 47 objects, listed in Table 1, that are clearly

detected in the Dragonfly imaging, are spatially-extended, are
not detected in the SDSS, and do not resolve into multiple
objects in the higher resolution CFHT data. Four typical ex-
amples spanning a range of apparent brightness are shown in

Fig. 1. The galaxies are clearly detected but barely resolved
in the Dragonfly data, and very faint, fuzzy blobs in the CFHT
data.
We had expected that the objects would be randomly dis-

tributed in the 3◦×3◦ field that has both Dragonfly and CFHT
coverage, as their apparent sizes seemed too large for a dis-
tance of 100Mpc. However, as shown in Fig. 1 they are
strongly clustered toward the center of the image. A Monte
Carlo implementation of the Clark-Evans test gives a prob-
ability of 0.04% that the distribution is spatially-random.
Moreover, the apparent East-West elongation of the distribu-
tion is similar to that of confirmed Coma cluster members
(e.g., Doi et al. 1995). We conclude that most or all of the
low surface brightness galaxies are, in fact, at the distance
of the Coma cluster and are resolved in the Dragonfly data
because they are intrinsically very large. As we show in § 4
this conclusion is supported by Hubble Space Telescope ACS
imaging of one of the galaxies.

3. PROPERTIES
3.1. Structure

We used GALFIT (Peng et al. 2002) to measure structural
parameters of the galaxies from the CFHT images. The fits
were performed on the summed g+ i images, with neighbor-
ing objects masked. To increase the stability of the fits the
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Members of the Coma cluster? - Probably
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Figure 3. Main panel: Location of the newly found galaxies in the effective radius – central surface brightness plane, compared to galaxies at
0.02< z< 0.03 in the SDSS (Simard et al. 2011), early-type galaxies in the Virgo cluster (Gavazzi et al. 2005), and the disk of the Milky Way
(Bovy & Rix 2013). Right panel: Axis ratio distribution compared to that of similar-sized SDSS galaxies.
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How do they survive in the strong tidal field of Coma?
Ultra Dark Matter-rich Galaxies?

How do these puffy galaxies 
survive in the cluster’s tidal field? → Massive Dark Halos?

van Dokkum et al. 2015a
(see Penny et al. 2009)
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Spectroscopic Confirmation of Membership
Keck LRIS spectroscopy of one Dragonfly UDG (mg=19.4)

van Dokkum et al. 2015b

between our calibrated spectrum of Feige 110 and the one in
Hamuy et al. 1992). The spectrum resembles those of early-type
galaxies: we unambiguously identify the Ca II H+K lines, the G-
band at 4300 Å, and several other metal lines. The Balmer lines
Hβ, Hγ, and Hδ are also detected. No emission lines are found.

The redshift of DF 44 was measured by cross-correlating the
spectrum with a range of templates of stars and galaxies,
obtained from the SDSS library.7 The best-fitting redshift is
cz = 6280 ± 120 km s−1. The redshift distribution in a 2.2
degree2 region of the Coma cluster (Mobasher et al. 2001) is
shown on the right. The mean redshift of the cluster is
cz = 7090 km s−1 (Geller et al. 1999), with a dispersion of
∼1100 km s−1 (e.g., Colless & Dunn 1996; Mobasher
et al. 2001). We conclude that DF 44 is a member of the Coma
cluster and is located at a distance of ≈100Mpc.

We also fitted the spectrum with the flexible stellar
population synthesis (FSPS) models of Conroy et al. (2009),
using the methodology of Conroy & van Dokkum (2012). This
fit simultaneously determines the best-fitting velocity disper-
sion, age, and metallicity, along with the redshift. Unfortu-
nately, the S/N of the spectrum (≈5 per Å) is too low for stable
constraints on these parameters, even when the elemental
abundance ratios are fixed to the Solar values. The red line in
Figure 2 is the best-fitting FSPS model, after matching its
continuum shape to that of DF 44.

4. STRUCTURE

The Keck V-band image of DF 44 is shown in Figure 1(c). In
Figure 1(d) we show a version of the image that was smoothed
adaptively, to bring out the low surface brightness emission at
large radii. This smoothing was done for display purposes only;
the analysis was done on the original, unsmoothed image. We
note that the Dragonfly image of DF 44 (see vD15) reaches
fainter surface brightness levels than the Keck image but is
difficult to interpret due to confusion with neighboring objects.

The galaxy has a regular, elliptical morphology, and there is no
evidence for tidal features, spiral arms, or star-forming regions,
at least down to μ(V)∼28 mag arcsec−2.
We fit elliptical isophotes to the image to measure the

surface brightness profile and to determine whether there is
evidence for isophotal twists or other irregularities. Prior to the
fit, all other objects in the image were masked carefully. The
sky background was determined from empty areas just outside
of the region displayed in Figure 1 and subtracted. The 1σ
uncertainty in this background is approximately

∼ −μ V( ) 29 mag arcsec 2and is propagated into the errors in
the surface brightness profile.
The surface brightness profile of DF 44 is shown in

Figure 3(a). The surface brightness is approximately constant
at μ(V) ≈ 24.6 mag arcsec−2 within r = 3″, and then falls off to
reach μ(V) ≈ 28 mag arcsec−2 at r = 20″. The inner profile,
highlighted in the inset, is influenced by the point-spread
function (PSF). We corrected the profile for the effects of the
PSF following the procedure outlined in Section 3 of Szomoru
et al. (2012). First, a 2D Sérsic (1968) model, convolved with
the PSF, was fitted to the image using GALFIT (Peng
et al. 2002). Then, the residuals of this fit were added to an
unconvolved 2D Sérsic model, and the surface brightness
profile was measured from this PSF-corrected image. The solid
symbols in Figure 3(a) show this PSF-corrected profile.
The gray line shows the best-fitting Sérsic (1968) model.

Note that this model has a constant ellipticity and position
angle. It is a good fit to the observed profile: the rms in the
difference between the solid points and the gray solid line is
0.08 mag. The Sérsic index of this model is n = 0.89 ± 0.06,
and the best-fitting effective radius is = ″ ± ″r 8. 9 0. 6e . At the
distance of the Coma cluster of =D 98A Mpc this corresponds
to = ±r 4.3 0.3e kpc. The total observed magnitude of the
model is =m 18.9V , and the absolute magnitude is

= −M 16.1V . These results are consistent with our earlier
measurement based on shallower CFHT data; specifically, if we
force n= 1 we find re = 4.5 kpc, compared to re = 4.6 kpc
from the CFHT data (vD15).

Figure 2. Spectrum of DF 44, obtained in 5400 s with LRIS on the Keck I telescope. Top panel: two-dimensional spectrum. The left axis indicates the position along
the slit, in arcseconds. Bottom panel: one-dimensional spectrum, extracted from the 2D spectrum (black line). The spectrum was smoothed with a 4.6 Å box car filter.
The red line shows the smoothed best-fitting model spectrum. The galaxy has an early-type spectrum and a redshift of cz=6280±120 km s−1. The histogram on the
right shows the redshift distribution of Coma, from Mobasher et al. (2001). The red line marks the redshift of DF 44.

7 http://www.sdss2.org/dr3/algorithms/spectemplates/index.html
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and the gold-coated 1200 lines mm−1 grating blazed at
9000 Å in the red arm. With a 1″.5 wide long slit, this
configuration gives a spectral resolution of σinstr = 2.5 Å in the
blue and σinstr = 0.85 Å in the red, corresponding to 170 km s−1 at
λ = 4500 Å and 30 km s−1 at λ = 8500 Å. The slit was
approximately aligned with the major axis of the galaxy. The
total integration time was 5400 s, divided over six exposures. The
galaxy was moved along the slit in between exposures.

The blue and red spectra were reduced using standard
techniques for long slit spectroscopy (see, e.g., van Dokkum &
Conroy 2012 for an example using a similar instrumental setup
as employed here). Sky OH emission lines were used for
wavelength calibration and rectification in the red. In the blue,
an arc spectrum taken immediately after the science exposures
was used for this purpose. The wavelength coverage was
3065–5560 Å in the blue and 7590–9220 Å in the red. Sky
subtraction was done by fitting a linear function in the spatial
direction. The galaxy was masked in the fit. One-dimensional
(1D) spectra were extracted by summing rows in the two-
dimensional spectra. The extraction regions are ≈11″ and
correspond approximately to the rows where the flux is at least
30 % of the peak. Extraction with optimal weighting, or using a

smaller or larger aperture, does not improve the quality of the
1D spectrum. A relative flux calibration was obtained using
observations of the spectrophotometric standard Feige 110
(Hamuy et al. 1992).
We also obtained V-band imaging of DF 44, using the blue

arm of LRIS. A total of 1080 s was obtained over the two
nights, distributed over six dithered 180 s exposures. The data
were reduced using standard techniques. In addition to a
domeflat, a sky flat was used to correct for remaining variation
in the background. As the galaxy was imaged on independent
regions of the detector, the sky flat was created from the six
science exposures themselves. The FWHM seeing in the final,
combined image is 1″.0. The image was calibrated using SDSS
g and r photometry of stars in the DF 44 field, using V = g −
0.52(g − r) − 0.03 (Jester et al. 2005).

3. REDSHIFT MEASUREMENT

The LRIS spectrum of DF 44 is shown in Figure 2. Only the
blue side spectrum is shown, as the red spectrum has much lower
S/N per resolution element. No absolute calibration of the
spectrum was attempted, but the relative flux as a function of
wavelength is correct to ∼10% (as determined from the residuals

Figure 1. Imaging of DF 44. Location of DF 44 with respect to neighboring galaxies ((a); CFHT image) and with respect to the center of the Coma cluster ((b);
Dragonfly discovery imaging). Panels (c) and (d) show the newly obtained Keck LRIS V-band image, before and after adaptive smoothing. Panels (e) and (f) show
the best-fitting single component GALFIT model (Peng et al. 2002) and the residual after subtracting this model from (d).
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Quick inspection of Subaru data in hand
Similar galaxies very abundant

that re from SExtractor and GALFIT were occasionally very
inconsistent; we use SExtractor’s re for identification and
GALFIT’s re for studies of structural properties.) We excluded
objects with high central concentrations (mostly high-z
galaxies) by removing those whose mean SB within re deviates
largely from the SB at re. This constraint, r( ) 0.8e eN N� � ,
left 1779 candidates.

The final step was removal of spurious objects by visual
inspection. Most spurious detections were due to the crowding
in the cluster, such as faint tidal tails and galaxy blending, as
well as distant edge-on disk galaxies, artifacts at image edges,
and optical ghosts. To minimize human error, the four authors
separately went through all postage stamp images. After this
step and removal of duplications based on their coordinates,
854 UDG candidates were left on which at least three of us
agreed. The full catalog will be published by M. Yagi et al.
(2015, in preparation).

4. ULTRA-DIFFUSE GALAXY CANDIDATES

The 854 UDGs candidates from Subaru are visually
comparable to the Dragonfly UDGs. Figure 2 shows a sample
6 6a q a field, showing the Subaru (green circles) and Dragonfly
(yellow) UDGs. Their low SBs are evident compared to the
surrounding galaxies, including major galaxies in the cluster
and distant background ones. Their large sizes are also clear

when compared to the 20´ diameter of the circles ( 9.5 kpc_ at
d 97.5 Mpc� ). The greater number of detections, compared to
Dragonfly, may be due to the superior seeing (less blending)
and higher signal-to-noise ratio.
The majority of the 854 candidates are most likely UDGs in

the Coma cluster. One of them has been spectroscopically
confirmed as a cluster member (van Dokkum et al. 2015b). The
control SDF field has virtually no counterparts—only 13 were
left after the SExtractor-based selection, twelve of which were
obvious image artifacts or tails of bright galaxies. The last one
appeared to be a blend of multiple objects. Hence, contamina-
tion by non-cluster members is rare and negligible. Note,
however, that some negligible number of contaminations might
still exist. For example, the third object from the top in Figure 2
may be a background spiral galaxy. Despite this significantly
increased sample, the UDGs are still a minor population in the
Coma cluster (Yamanoi et al. 2012).
In the literature, we found that many of the Subaru UDGs

had been cataloged, albeit as more compact objects; Adami
et al. (2006a) found 248 of 309 that lay within their coverage,
and Yamanoi et al. (2012) 232 of 240. Among them, only 17
were classified as low SB galaxies (Adami et al. 2006b). Their
large extents and low SBs were revealed for the first time in this
study. We note that 11 out of the 12 Dragonfly UDGs within
their field were also cataloged in Adami et al. (2006a), but
none were classified as low SB (Adami et al. 2006b).

Figure 2. Subaru BRi color image of the 6 6_ a q a region ( 170 170 kpc2_ q region at d 97.7 Mpc� ), shown in cyan in Figure 1(a). The Dragonfly and Subaru
UDGs are marked respectively with yellow and green circles with a diameter of 20´ ( 9.5 kpc_ ).
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Dragonfly UDG vs Subaru UDG

that re from SExtractor and GALFIT were occasionally very
inconsistent; we use SExtractor’s re for identification and
GALFIT’s re for studies of structural properties.) We excluded
objects with high central concentrations (mostly high-z
galaxies) by removing those whose mean SB within re deviates
largely from the SB at re. This constraint, r( ) 0.8e eN N� � ,
left 1779 candidates.

The final step was removal of spurious objects by visual
inspection. Most spurious detections were due to the crowding
in the cluster, such as faint tidal tails and galaxy blending, as
well as distant edge-on disk galaxies, artifacts at image edges,
and optical ghosts. To minimize human error, the four authors
separately went through all postage stamp images. After this
step and removal of duplications based on their coordinates,
854 UDG candidates were left on which at least three of us
agreed. The full catalog will be published by M. Yagi et al.
(2015, in preparation).

4. ULTRA-DIFFUSE GALAXY CANDIDATES

The 854 UDGs candidates from Subaru are visually
comparable to the Dragonfly UDGs. Figure 2 shows a sample
6 6a q a field, showing the Subaru (green circles) and Dragonfly
(yellow) UDGs. Their low SBs are evident compared to the
surrounding galaxies, including major galaxies in the cluster
and distant background ones. Their large sizes are also clear

when compared to the 20´ diameter of the circles ( 9.5 kpc_ at
d 97.5 Mpc� ). The greater number of detections, compared to
Dragonfly, may be due to the superior seeing (less blending)
and higher signal-to-noise ratio.
The majority of the 854 candidates are most likely UDGs in

the Coma cluster. One of them has been spectroscopically
confirmed as a cluster member (van Dokkum et al. 2015b). The
control SDF field has virtually no counterparts—only 13 were
left after the SExtractor-based selection, twelve of which were
obvious image artifacts or tails of bright galaxies. The last one
appeared to be a blend of multiple objects. Hence, contamina-
tion by non-cluster members is rare and negligible. Note,
however, that some negligible number of contaminations might
still exist. For example, the third object from the top in Figure 2
may be a background spiral galaxy. Despite this significantly
increased sample, the UDGs are still a minor population in the
Coma cluster (Yamanoi et al. 2012).
In the literature, we found that many of the Subaru UDGs

had been cataloged, albeit as more compact objects; Adami
et al. (2006a) found 248 of 309 that lay within their coverage,
and Yamanoi et al. (2012) 232 of 240. Among them, only 17
were classified as low SB galaxies (Adami et al. 2006b). Their
large extents and low SBs were revealed for the first time in this
study. We note that 11 out of the 12 Dragonfly UDGs within
their field were also cataloged in Adami et al. (2006a), but
none were classified as low SB (Adami et al. 2006b).

Figure 2. Subaru BRi color image of the 6 6_ a q a region ( 170 170 kpc2_ q region at d 97.7 Mpc� ), shown in cyan in Figure 1(a). The Dragonfly and Subaru
UDGs are marked respectively with yellow and green circles with a diameter of 20´ ( 9.5 kpc_ ).
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The very central field has a higher variation of
27.8 mag arcsec−2 since the field is contaminated by the outer
envelope of bright galaxies.

The data were reduced in a standard way (Yagi
et al. 2002, 2010). We used self-sky flat images, subtracted
sky background locally in each small grid (256 256 pixel2q ;
51. 7 51. 7´ q ´ ), used the WCSTools (Mink et al. 2002) for
astrometry, and applied a photometric calibration (Yagi
et al. 2013) using the Sloan Digital Sky Survey (SDSS)-III
DR9 catalog (Ahn et al. 2012). The grid size for the
background subtraction was larger than the expected size of
UDGs ( 30 15 kpc� ´ _ ). The Galactic extinction in the R
band varies from 0.016 to 0.031 mag across the 18-field
mosaic (Schlafly & Finkbeiner 2011). We adopted the
Galactic extinction value at the center of each field and
neglected variation within each field. The final photometric
error is 0.11 mag. More details of the data reduction
procedure will be presented in M. Yagi et al. (2015, in
preparation). In addition, we used the Suprime-Cam B, i, and
Hα reduced images (see Figure 1) by Yagi et al. (2010) and
Yamanoi et al. (2012).

We also analyzed a control field for comparison. The R band
data of one Suprime-Cam pointing, 1/18 of the Coma field,
were taken from the Subaru Deep Field (SDF) project
(Kashikawa et al. 2004). We used only a part of the raw
SDF exposures taken in 2008 June to make the background
noise comparable to that in the Coma fields. The 1σ
background noise in a 2´ aperture is 28.6 mag arcsec−2. For
consistency we started from the raw data and matched data
reduction parameters.

3. IDENTIFICATION

Our goal is to find UDGs in the Subaru images. Forty of the
47 UDGs discovered by Dragonfly are within the Subaru R
band coverage based on their coordinates (van Dokkum
et al. 2015a). All were detected significantly (with the faintest
one, DF27, off by 12. 5´ from the published coordinate) and
their structures were resolved in the Subaru images. The
detection threshold was approximately 27.3 mag arcsec−2 in the
R band. We describe our selection procedure for the final
catalog of 854 UDGs in the Coma cluster. We found no
counterparts in the control field.
We ran SExtractor (version 2.19.5; Bertin & Arnouts 1996)

on individual mosaic frames with a fixed detection threshold of
27.3 mag arcsec−2 in R. We removed a first set of spurious
detections using SExtractor’s “FLAGS 4� ” and
“PETRO_RADIUS 0. ”� This initial catalog had 2,627,495
objects, including duplicates in the overlap regions of adjacent
mosaic frames (∼30%). We used the Dragonfly UDGs as the
fiducial set in adjusting parameters for selection of UDG
candidates, but could not use exactly the same selection criteria
as van Dokkum et al. (2015a) due to the difference in image
quality. We applied constraints on R magnitude and size,
“18 MAG_AUTO 26”� � and “FWHM(Gaussian) 4� ´”
(i.e., all Dragonfly UDGs satisfy this condition), which left
7362 objects.
The reported effective radius of the Dragonfly UDGs is

r 3. 2e 2 ´ (using re from GALFIT; Peng et al. 2002). However,
in the resolved Subaru images we found that an alternative
constraint, SExtractor’s r 1. 5e 2 ´ , captures all the Dragonfly
UDGs. We therefore used r 1. 5e � ´ and a mean SB of

r( ) 24eN � to choose UDG candidates. (Note that we found

Figure 1. The 2. 86 2. 90q◦ ◦ ( 4.87 4.94 Mpc2_ q ) area centered on the Coma cluster, the same area as in Figure 1 of van Dokkum et al. (2015a). (a) Image from the
Digitized Sky Survey. The white borders show the 18 fields covered in the Subaru R band (Okabe et al. 2014), which have the total area of 4.1degree2, about one-half
of the Dragonfly coverage. Red indicates the area analyzed by Yamanoi et al. (2012). Yellow outlines the area analyzed by Yagi et al. (2010) using the Subaru B, R,
Hα, i bands. Cyan indicates the area in Figure 2. The center of the cluster ( J2000B , J2000E ) = (12:59:42.8, +27:58:14) is marked with a green cross (White et al. 1993).
(b) The same area as in (a), showing the distribution of the 854 Subaru UDGs (circles). The MW-sized UDGs, with large effective radii ( 1.5 kpc� ), are shown in
blue. The Subaru field coverage in R is enclosed with the solid line. The 47 Dragonfly UDGs are indicated with red crosses.
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White: R-band

Yellow: B, R, i, Hα
Red: B, R

Subaru Archival Data

Supreme-Cam
(Subaru Prime Focus Camera)

FOV: 34x27 arcmin2

Reduced using a larger grid (51.7”) for sky subtraction



Identification - Tuned parameters to find all Dragonfly UDGs

• SExtractor
• Detection threshold of 27.3 mag arcsec-2

• Remove spurious detections -astronomical objects should have
• FLAGS < 4

• PETRO_RADIUS>0

• 2,627,495 candidates (~30% overlap regions of adjacent frames)

• Constraints on R-mag and size
• 18 < MAG_AUTO < 26

• FWHM(Gaussian) > 4” (~1.9kpc)

• 7362 candidates

• UDGs should have
• Large: re>1.5” (~0.7kpc)

• Low surface brightness: <µ(re)>  > 24

• Not centrally-concentrated: µ(re)-<µ(re)> < 0.8

• 1779  candidates

• Eye-based removal
• Optical ghosts & image edges

• Tidal tails & galaxy blending

• 854 objects

Stellar halos
Tidal tail of 
larger galaxy

Edge-on disks

Small peaks on 
outskirts of 
bright objects 



Subaru UDGs
854 found (132 shown here)



Internal Structures
GALFIT → Round, smooth, exponential, not disturbed

Figure 3. Examples of GALFIT results drawn from the groups of largest-size UDGs, lowest surface-brightness UDGs, and nucleated UDGs.

Figure 4. Structural properties of UDGs. (a) Histograms of Sérsic index n, (b) axis ratio b a, and (c) central SB R( )0N with their medians, averages, and standard
deviations. Black lines are for all 854 UDGs, while blue are for 332 MW-sized UDGs alone. (d) Effective radius vs. R magnitude. The parameters of the UDGs
(crosses; red for the Dragonfly UDGs) are derived with GALFIT. Normal galaxies (circles)—spestroscopically confirmed Coma members (Mobasher et al. 2001)—
are also plotted for comparison (from Komiyama et al. 2002, with the conversion R(AB)-R(Vega) = 0.21). Dotted, diagonal lines show constant SBs ( eN s) from 23 to
29 mag arcsec−2 with a 1 mag arcsec−2 interval for the case of an exponential profile (note 1.820 eN N� � for n = 1). The gap between the normal galaxies and UDGs
is due to selection effects. Horizontal lines show re of PSF with an FWHM of 1.5 arcsec (Komiyama et al. 2002) and an FWHM of 0.7 arcsec (this study).
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Size-Luminosity

Figure 3. Examples of GALFIT results drawn from the groups of largest-size UDGs, lowest surface-brightness UDGs, and nucleated UDGs.

Figure 4. Structural properties of UDGs. (a) Histograms of Sérsic index n, (b) axis ratio b a, and (c) central SB R( )0N with their medians, averages, and standard
deviations. Black lines are for all 854 UDGs, while blue are for 332 MW-sized UDGs alone. (d) Effective radius vs. R magnitude. The parameters of the UDGs
(crosses; red for the Dragonfly UDGs) are derived with GALFIT. Normal galaxies (circles)—spestroscopically confirmed Coma members (Mobasher et al. 2001)—
are also plotted for comparison (from Komiyama et al. 2002, with the conversion R(AB)-R(Vega) = 0.21). Dotted, diagonal lines show constant SBs ( eN s) from 23 to
29 mag arcsec−2 with a 1 mag arcsec−2 interval for the case of an exponential profile (note 1.820 eN N� � for n = 1). The gap between the normal galaxies and UDGs
is due to selection effects. Horizontal lines show re of PSF with an FWHM of 1.5 arcsec (Komiyama et al. 2002) and an FWHM of 0.7 arcsec (this study).
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UDGs along the Red-Sequence
Passively-evolving stellar population

5. STRUCTURAL PARAMETERS

The GALFIT package was used to measure the structural
parameters of the Subaru UDGs. The fits were made with a
single Sérsic profile (Sérsic 1968) with sky background fixed.
We used SExtractor’s segmentation images to mask surround-
ing objects. Seventy-nine of the 854 required additional manual
masks to exclude a bright compact object(s) within their
boundaries—interestingly, 67 of these appear to have compact
nuclei at their centers. We judged the fits acceptable based on
the goodness-of-fit ( 12D �O ; 75 objects were thus excluded)
and consistency between GALFIT and SExtractor measure-
ments (re from GALFIT and SExtractor consistent within a
factor of 3; 11 removed). In this section, we use the sample of
768 objects with good GALFIT results, out of which 332 have
GALFIT’s r 1.5 kpce � (i.e., MW-sized UDGs as defined in
van Dokkum et al. 2015a). We refer to the former full set of
galaxies as UDGs, and the latter as MW-sized UDGs. Figure 3
shows some examples of GALFIT results for the UDGs of
lowest SB, of largest-size, and with a compact nucleus.

Figures 4(a)–(c) show histograms of Sérsic index (n), axis
ratio (b a), and central SB ( 0N (R)). For both UDGs and MW-
sized UDGs, their average Sérsic indices n 0.9� § � –1.0
indicate an exponential profile. The distributions of axis ratio,
as well as its average b a 0.7� § � –0.8, are skewed toward a
large value; therefore, this UDG sample does not consist of
randomly oriented thin-disk galaxies in a statistical sense
(which would skew their distribution toward a low b a). The

0N (R) ranges around 23–26 mag arcsec−2. These results are
consistent with van Dokkum et al. (2015a) when the difference
in the adopted bands, SDSS g and Subaru R, is taken into
account (roughly g R 0.8� _ mag for the red-sequence
in Coma).

The Subaru UDGs are likely an extension of normal and
dwarf galaxy populations and are not, on their own, a distinct
population. Figure 4(d) shows the properties of the UDGs
(crosses) with respect to normal galaxies in Coma (circles;
from Komiyama et al. 2002). The apparent R magnitude of the
UDGs is 18–24 mag, indicating an absolute magnitude of about
−12 to −16 mag at the Coma distance. The smallest and faintest
UDGs (e.g., r 1 kpce � and M 12R � � in Figure 4(c)) overlap
with the largest and brightest dwarf galaxies and share some
properties in common with them (e.g., the exponential profile,
nucleated population; see Tolstoy et al. 2009; McConna-
chie 2012; Boselli & Gavazzi 2014). Dotted lines represent
constant SBs ( eN s) from 23 to 29 mag arcsec−2 with a
1 mag arcsec−2 interval, assuming an exponential profile. The
average SB of the Subaru UDGs is distributed from about
25 mag arcsec−2 (i.e., a cutoff due to the selection) to
28 mag arcsec−2 (due to the detection limit; this lower
boundary is lower than the pix-to-pix detection limit, because
the UDGs are extended).

The absolute magnitudes correspond to stellar masses of
M M1 10 5 107 8q � q: : if we adopt a mass-to-light ratio of

M L 3R _ . Note the M LR varies by a factor of ∼2 for ages of
4–12 Gyr and metallicities between 0.2–1.0 solar based on
calculations using Starburst99 (Leitherer et al. 1999), a single
starburst, and a Kroupa initial mass function.

6. A PASSIVELY EVOLVING POPULATION

The UDGs are distributed widely over the entire area of the
cluster with a concentration toward its center (Figure 1(b)).

This spatial correlation also supports the assumption that the
great majority are cluster members. Figure 1 nearly covers the
virial radius of the cluster (∼2.8 Mpc; 1 . 7_ ◦ ; Kubo et al. 2007),
and reveals their relatively symmetric distribution around the
center with a potential elongation toward the south west
(roughly toward NGC 4839). This symmetric, wide-spread
distribution may indicate their long history within the cluster.
The UDGs closely follow the red-sequence of a passively

evolving galaxy population on the color–magnitude diagram.
232 UDGs are in the catalog of Yamanoi et al. (2012) with
both B and R photometry. Figure 5 shows their distribution
(green). The comparison data (red and blue) show other cluster
member galaxies, as well as background galaxies, and are also
from Yamanoi et al. (2012). The red-sequence is evident, and
the solid line is a fit by Yamanoi et al. (2012). Clearly, the
UDGs lie along this red-sequence, and their B – R colors are
around 0.8–1.0 mag. This is similar to the trends found among
dwarfs and low SB galaxies in clusters (Adami et al. 2009;
Ulmer et al. 2011; Lieder et al. 2012).
No significant Hα excess was found in UDGs. 217 UDGs

are within the Subaru Hα coverage (yellow in Figure 1(a)),
which was designed to detect faint Hα emission around Coma
member galaxies (Yagi et al. 2010). Therefore, the UDGs are
not forming stars at the current epoch, as expected for passively
evolving galaxies.

7. DISCUSSIONS

We report the discovery of ∼1000 UDGs in the Coma
cluster, about 40% of which are MW-sized. The new UDG
sample is by no means complete, but already contains 10–20
times more than previously known (van Dokkum et al. 2015a).
None of the UDGs show a signature of tidal distortions; this is
our selection criteria, but indicates that this sample of UDGs
are not likely recently disrupted tidal debris.
The UDG population, compared to brighter galaxies, is

elevated in the Coma cluster, although a small number of large,
low-SB galaxies are known in the field (Dalcanton et al. 1997;
Burkholder et al. 2001; Impey et al. 2001). If the UDG-to-

Figure 5. Color–magnitude diagram using B and R band photometry. The
green points are 232 UDGs observed both in B and R with Subaru (the
Dragonfly UDGs are circled), and the red and blue are red and blue galaxies
taken from the Coma1 field of Yamanoi et al. (2012) which includes cluster
members as well as background galaxies. Due to saturation, most giant galaxies
are not included, but the red-sequence is evident. The UDGs clearly follow the
red-sequence population of the Coma cluster.
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Spatial Distribution in the Coma cluster

Centrally-concentrated and relaxed
→ Majority - very likely long-time Coma cluster members

The very central field has a higher variation of
27.8 mag arcsec−2 since the field is contaminated by the outer
envelope of bright galaxies.

The data were reduced in a standard way (Yagi
et al. 2002, 2010). We used self-sky flat images, subtracted
sky background locally in each small grid (256 256 pixel2q ;
51. 7 51. 7´ q ´ ), used the WCSTools (Mink et al. 2002) for
astrometry, and applied a photometric calibration (Yagi
et al. 2013) using the Sloan Digital Sky Survey (SDSS)-III
DR9 catalog (Ahn et al. 2012). The grid size for the
background subtraction was larger than the expected size of
UDGs ( 30 15 kpc� ´ _ ). The Galactic extinction in the R
band varies from 0.016 to 0.031 mag across the 18-field
mosaic (Schlafly & Finkbeiner 2011). We adopted the
Galactic extinction value at the center of each field and
neglected variation within each field. The final photometric
error is 0.11 mag. More details of the data reduction
procedure will be presented in M. Yagi et al. (2015, in
preparation). In addition, we used the Suprime-Cam B, i, and
Hα reduced images (see Figure 1) by Yagi et al. (2010) and
Yamanoi et al. (2012).

We also analyzed a control field for comparison. The R band
data of one Suprime-Cam pointing, 1/18 of the Coma field,
were taken from the Subaru Deep Field (SDF) project
(Kashikawa et al. 2004). We used only a part of the raw
SDF exposures taken in 2008 June to make the background
noise comparable to that in the Coma fields. The 1σ
background noise in a 2´ aperture is 28.6 mag arcsec−2. For
consistency we started from the raw data and matched data
reduction parameters.

3. IDENTIFICATION

Our goal is to find UDGs in the Subaru images. Forty of the
47 UDGs discovered by Dragonfly are within the Subaru R
band coverage based on their coordinates (van Dokkum
et al. 2015a). All were detected significantly (with the faintest
one, DF27, off by 12. 5´ from the published coordinate) and
their structures were resolved in the Subaru images. The
detection threshold was approximately 27.3 mag arcsec−2 in the
R band. We describe our selection procedure for the final
catalog of 854 UDGs in the Coma cluster. We found no
counterparts in the control field.
We ran SExtractor (version 2.19.5; Bertin & Arnouts 1996)

on individual mosaic frames with a fixed detection threshold of
27.3 mag arcsec−2 in R. We removed a first set of spurious
detections using SExtractor’s “FLAGS 4� ” and
“PETRO_RADIUS 0. ”� This initial catalog had 2,627,495
objects, including duplicates in the overlap regions of adjacent
mosaic frames (∼30%). We used the Dragonfly UDGs as the
fiducial set in adjusting parameters for selection of UDG
candidates, but could not use exactly the same selection criteria
as van Dokkum et al. (2015a) due to the difference in image
quality. We applied constraints on R magnitude and size,
“18 MAG_AUTO 26”� � and “FWHM(Gaussian) 4� ´”
(i.e., all Dragonfly UDGs satisfy this condition), which left
7362 objects.
The reported effective radius of the Dragonfly UDGs is

r 3. 2e 2 ´ (using re from GALFIT; Peng et al. 2002). However,
in the resolved Subaru images we found that an alternative
constraint, SExtractor’s r 1. 5e 2 ´ , captures all the Dragonfly
UDGs. We therefore used r 1. 5e � ´ and a mean SB of

r( ) 24eN � to choose UDG candidates. (Note that we found

Figure 1. The 2. 86 2. 90q◦ ◦ ( 4.87 4.94 Mpc2_ q ) area centered on the Coma cluster, the same area as in Figure 1 of van Dokkum et al. (2015a). (a) Image from the
Digitized Sky Survey. The white borders show the 18 fields covered in the Subaru R band (Okabe et al. 2014), which have the total area of 4.1degree2, about one-half
of the Dragonfly coverage. Red indicates the area analyzed by Yamanoi et al. (2012). Yellow outlines the area analyzed by Yagi et al. (2010) using the Subaru B, R,
Hα, i bands. Cyan indicates the area in Figure 2. The center of the cluster ( J2000B , J2000E ) = (12:59:42.8, +27:58:14) is marked with a green cross (White et al. 1993).
(b) The same area as in (a), showing the distribution of the 854 Subaru UDGs (circles). The MW-sized UDGs, with large effective radii ( 1.5 kpc� ), are shown in
blue. The Subaru field coverage in R is enclosed with the solid line. The 47 Dragonfly UDGs are indicated with red crosses.

2

The Astrophysical Journal Letters, 807:L2 (6pp), 2015 July 1 Koda et al.

Koda et al. 2015



Radial Distribution in the Coma cluster
Follows the distribution of normal galaxies in Coma

32 Yagi et al.

FIG. 26.— Surface density profile of Subaru UDGs in black dots. The errorbars show Poisson error. Red crosses show the surface density profile of giant member
galaxies of Coma cluster selected from SDSS DR12 with offset of +0.5 dex for comparison with that of Subaru UDGs.

FIG. 27.— Distribution of orientation of UDGs’ major axis relative to the clustercentric direction in 15 degree bin. UDGs whose b/a is smaller than 0.85 are used.
If the major axis aligns to the clustercentric direction, dθ = 0, and if minor axis aligns to the clustercentric direction, dθ = ±90. Note that dθ=+90 and dθ=-90 is
the same. In order to count dθ = ±90 in the same bin, the start of the bin is 7.5 deg shifted.

UDGs
Normal galaxies

Yagi et al. 2016

Normal galaxies from SDSS

• r<16mag (Mr<-19)

• 0.015<z<0.030



Survival in the Tidal Field of the Coma cluster
Ultra Dark matter-rich Galaxies?

mtotal > 3Mcluster
rtide
Rcluster

⎛
⎝⎜

⎞
⎠⎟

3

rtide = 2re = 6kpc
Rcluster = 300pc

For survival in tidal force

Cluster mass model from 
Newman et al. (2013) 

mDM /mtotal > 98%
van Dokkum et al. 2015a

We found
11 Subaru UDGs
within Rcluster=5’ (140kpc)

→ Ultra Dark Galaxies?

How do they form? 
Baryon fraction much less than
the Cosmic average (~15%)

→ Gas removed

• galactic wind?

• ram-pressure?

• tidal-interaction?

• starvation?



UDGs in Previous Catalogs?
Their Cores -YES;  Whole extents - NO

They were cataloged as small galaxies

• Adami et al. (2006a,b)’s study

• 248 out of 309 Subaru UDGs in their field

• Only 11 out of the 248 classified as LSB galaxies

• 11 out of 12 Dragonfly UDGs in their field

• Yamanoi et al. (2012)’s study

• 232 out of 240 Subaru UDGs in their field



UDGs in Other 
Environments

telescope (Mihos et al. 2005 and J. C. Mihos et al. 2015,
in preparation). This survey covers 15.1 (16.3) degree2

down to a per-pixel limiting surface brightness of 29.0
(28.5)mag arcsec−2 in B (V) with a pixel scale of 1″. 45 pixel−1.
Throughout the imaging a myriad of small LSB objects can be
seen; however, our interest here was to find the most extreme
objects with isophotal sizes of 2RV,29 1′ and central surface
brightnesses 2m 26.5V ,0 . Because objects at such LSB and
large angular size typically contain many compact, high surface
brightness contaminants (foreground stars and background
galaxies), automated detection algorithms are extraordinarily
difficult to employ, and often miss true objects while making
false detections due to instrumental noise, scattered light, or
diffuse galactic cirrus. Rather than using automated detection,
two of us (J.C.M. & J.J.F.) each made visual searches of the
imaging, independently identifying three of these extreme
LSBs—two in the Virgo cluster core, approximately halfway
between M87 and M86, and a third 2° south of M87, toward
the M49 subcluster. Subsequent inspection of the deep NGVS
imaging (Ferrarese et al. 2012) confirms all objects, providing
deep *u giz data9 with sub-arcsecond seeing.

Figure 1 shows the deep Burrell Schmidt and NGVS
imaging of our extreme Virgo LSBs. The right panel shows the
location of the objects within Virgo, taken from from Mihos

et al. in preparation. The middle panels show the Schmidt
imaging both at full resolution, and after masking discrete
sources and median filtering in 9 × 9 pixel (13″ × 13″) scales.
The rightmost panels show expanded views of the NGVS
imaging, similarly processed to 1″ pixel−1 scales. The objects
are clearly visible in both data sets. While this paper focuses on
the largest LSB objects, many more smaller objects exist
throughout Virgo; one example can be seen in the middle
panels directly east (left) of VLSB-A: a small LSB galaxy
originally identified in NGVS imaging (Figure 15 of Ferrarese
et al. 2012).
To extract surface brightness profiles of these sources, we

first use IRAF’s objmasks task to mask the brightest of the
compact sources in and around each object. The sources are
likely background contaminants; NGVS imaging resolves
many of them into background galaxies, and we detect no
excess of compact sources over the surrounding field in either
VLSB-A or -C (VLSB-B does appear to have a slight excess,
discussed in Section 3). We then calculate surface brightness
profiles using both the average and median pixel intensities as a
function of radius (Figure 2). Using an average includes the
light from the fainter unmasked sources, while a median
essentially traces the diffuse light alone. We fit Sersic models to
the median surface brightness profiles; the fits are shown in
Figure 2, and the derived structural parameters given in
Table 1. Ellipticity estimates for VLSB-B and -C come from
GALFIT modeling; VLSB-A is too low in surface brightness to

Figure 1. Optical imaging of the Virgo LSBs, with north up and east to the left. The leftmost panel shows objects’ locations within the full footprint of the Burrell
Schmidt imaging survey, while the middle panels show the Schmidt imaging both at full resolution, and masked and rebinned to show faint structure. The rightmost
panels show the NGVS imaging smoothed to 1″ resolution.

9 All magnitudes have been corrected for foreground extinction (Schlegel
et al. 1998), and NGVS magnitudes are given in the CFHT MegaCam system.
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UDGs in group environments 9

Figure 8. The Dragonfly field of view is shown in greyscale, with zoom insets showing the locations of the four LSBGs. The color images
were created using CFHT g- and r-band data.

5.1. UDGs outside of the cluster environment

The minimum distance to the four unresolved LSBGs
places strong lower limits on their sizes and confirms their
status as UDGs; the projected spatial distribution of the
galaxies strongly suggests that they are members of the
NGC 5473 group at a distance of ⇠ 27 Mpc, providing
further evidence that UDGs are not a phenomenon that
is exclusive to cluster environments.
Thus far, the growing observational census for the

UDG population suggests that UDGs are preferentially
associated with massive early-type galaxies, with the

presence of cluster UDGs in particular becoming increas-
ingly well documented (Impey et al. 1988; O’Neil et al.
1997a; Bothun et al. 1991; Ulmer et al. 1996; Caldwell
2006; van Dokkum et al. 2015; Davies et al. 2016; Mihos
et al. 2015; Koda et al. 2015; Muñoz et al. 2015; van der
Burg et al. 2016; Yagi et al. 2016). Additional evidence in
support of this picture comes from Muñoz et al. (2015),
who found that the non-nucleated LSBG population in
Fornax has a projected spatial distribution that clusters
around the locations of giant ellipticals (we note however,
that their sample contains very few UDGs); from van der
Burg et al. (2016), who showed that the number density

• Clusters
• Virgo - Mihos et al. 2015
• Fornax - Munoz et al. 2015
• 8 Abell clusters - van der Burg et al. 2016
• Pisces-Perseus - Martinez-Delgado et al. 2016

• Groups
• NGC253 - Toloba et al. 2016 
• NGC3413, NGC5371 - Makarov et al. 2015
• NGC5485 - Merritt et al. 2016

• Large scale structures
• Roman & Trujillo 2016

Merritt et al. 2016

Virgo cluster

NGC5485 group



UDGs in Clusters & Field from previous LSB studies
Compilation by Yagi - see Yagi et al. (2016) for details and notes

Publication                 Environment        #   Criterion (re>1.5kpc)
————————————————————————————————————————————————————————————————————————-
Sandage & Binggeli (1984)   Virgo Cluster     20   μ0 >25 B(Vega)
Impey et al. (1988)         Virgo Cluster     11   μ0 >24 V(Vega)
Impey et al. (1988)         Virgo Cluster      5   μ0 >24.5 B(Vega)
Binggeli & Jerjen (1998)    Virgo Cluster      6   μ0 >24.5 B(Vega)
Davies et al. (1988)        Abell 1367         1   μ0 =26.2 R(Vega)
Binggeli & Cameron (1993)   Virgo Cluster      8   μ0 >24.5 B(Vega)
Bergmann et al. (2003)      Pegasus Cluster    1   μ0 >24.5 B(Vega)
Gavazzi et al. (2005)       Virgo Cluster     11   μ0 >24.5 B(Vega)
Misgeld et al. (2008)       Hydra I Cluster    1   μ0 =24 V
McConnachie (2012)          Local Group        2   μ0 >24 V
Buzzoni et al. (2012)       NGC5044 Group      3   μ0 >24 g or μ0 > 24 V
Lieder et al. (2012)        Virgo Cluster      3   <μ(re)> >24.5V
Mihos et al. (2015)         Virgo Cluster      3   μ0 > 27V
Munoz et al. (2015)         Fornax Cluster     6   <μ(re)> >24 i
Makarov et al. (2015)       NGC3414 Group      1   μ0 >23.5 V
Makarov et al. (2015)       NGC5371 Group      1   μ0 >23.5 V
van Dokkum et al. (2015a)   Coma Cluster      47   μ0 >24 g
Our study                   Coma Cluster     271   

More in recent astro-ph
————————————————————————————————————————————————————————————————————————-
Bothun et al. (1987)        Field              1   Malin 1
McGaugh & Bothun (1994)     Field              1   μ0 >24.47 B(Vega)
Impey et al. (1996)         Field              8   μ0 >24 B(Vega)
Dalcanton et al. (1997)     Field              3   μ0 >24 V
Kniazev et al. (2004)       Field              5   μ0 >24.5 B
Hunter & Elmegreen (2006)   Field              6   μ0 >24 V
————————————————————————————————————————————————————————————————————————-



How did they form? — two possible origin suggested. 

Failed M✴ Galaxies - Little baryon in MW-mass halo (van Dokkum et al. 2015)

• Ram-pressure stripping (Yozin & Bekki 2015)

• Galaxy collisions (Baushev 2016)

Extreme Dwarf Galaxies 

• High spin tail of galaxies in ΛCDM (Amorisco & Loeb 2016)

• Extremely prolonged stellar feedback (di Ciento et al. 2016)

Mixture of the two or more populations? (Merritt et al. 2016)

External mechanisms

Internal mechanisms

Environmental dependence?

NO/LITTLE Environmental dependence?



Measurements of Kinematics

7 globular clusters around VCC1287 in Virgo (Beasley et al. 2016)

Hα absorption in Dragonfly 44 with Keck (van Dokkum et al. 2016)

DEEP2 pipeline (Cooper et al. 2012) include a full modeling
and subtraction of cross-talk; the use of sky lines rather than arc
lines to create the distortion model; and a careful treatment of
the background to avoid subtracting light from the large,
diffuse targets during the reduction. The 2D spectrum and the
collapsed 1D spectrum are shown in Figure 2. The signal-to-
noise ratio is 14 per 0.32Å pixel, corresponding to S/N=21
per resolution element. The dominant feature is the redshifted
Hα absorption line.

2.2. Velocity Dispersion Measurement

The velocity dispersion was determined in the wavelength
region 6580Å<λ< 6820Å. The spectrum was fitted with
high-resolution stellar population synthesis models (Conroy
et al. 2009), using an implementation of the emcee Markov
Chain Monte Carlo sampler (Foreman-Mackey et al. 2013) to
provide reliable errors that take parameter correlations into
account. The fit finds the best linear combination of three
templates, explicitly marginalizing over age and metallicity,
and uses both multiplicative and additive polynomials to filter
the continuum. After dividing them by the formal errors, the
residuals from the best fit have an rms scatter of »1.0, which
shows that the formal uncertainties correctly describe the true
errors in the data.

We find a stellar line-of-sight velocity dispersion of
s = -

+47 6
8 km s−1. The uncertainty in s2, which enters the

dynamical mass, is 0.13 dex, considerably smaller than the
uncertainty of 0.30 dex achieved for VCC 1287 by Beasley
et al. (2016). There is no evidence for rotation; any systematic

trend over ±5″ is D <v 10 km s−1, which implies that
Dragonfly44 is dispersion-dominated with 1sv 0.2. There
is also no evidence for radial variation in the velocity
dispersion. To test the robustness of the best-fit dispersion,
we varied the templates and continuum filtering; masked the
Hα line in the fit; split the data in four independent sets (the
January run, the March run, and the two nights of the April run)
and fitted those independently; and split the data in five spatial
bins and fitted those independently. In all cases, the best-fit
dispersion (or the error-weighted combination of the indepen-
dent fits) is well within s1 of our default value of -

+47 6
8 -km s 1.

3. MASS AND MASS-TO-LIGHT RATIO INSIDE R1 2

We combine the velocity dispersion with the projected half-
light radius Re to determine the dynamical mass and mass-to-
light ratio (M/L) of Dragonfly44. We re-measured the half-
light radius of Dragonfly44 using the co-added g+i Gemini
image. A 2D Sérsic fit (Peng et al. 2002) gives

=R 8. 7 0. 3e (4.3 kpc at the distance of the Coma cluster),
a Sérsic index n= 0.85, and an axis ratio =b a 0.66. These
results are fully consistent with previous measurements for this
galaxy (van Dokkum et al. 2015a, 2015b). The circularized
projected half-light radius = ´ =R R b a 3.5 kpce c e, , and
the deprojected 3D circularized half-light radius

» =r R4 3 4.6 0.2 kpce c1 2 , (Wolf et al. 2010).
For dynamically hot systems the luminosity-weighted stellar

velocity dispersion, combined with the projected half-light
radius Re, strongly constrains the mass within the 3D half-light
radius r1 2:

( ) ( )s< » ´M r r R9.3 10 , 1e1 2
5 2

with M in :M , σ in km s−1, and Re in kpc (Wolf et al. 2010).
We find ( )< = ´-

+M r r 0.71 101 2 0.17
0.26 10

:M .
This mass is much higher than expected from the stellar

population alone. Scaling the GALFIT model to the well-
calibrated CFHT images of the galaxy (see van Dokkum
et al. 2015a) and transforming from g and i to V and I, we find
total magnitudes of = -M 16.08V and = -M 17.11I for
Dragonfly44. The mass-to-light ratio within r1 2 is

( )< = -
+

: :M L r r M L48I 1 2 14
21 . As shown in Figure 3(a),

such high M/L ratios within the half-light radius are typical for
very low mass dwarf galaxies and for galaxy clusters, but not
for dispersion-dominated galaxies with the mass of
Dragonfly44.
We calculate the dark matter fraction inside r1 2 explicitly by

assuming that the gas fraction is negligible. The stellar mass of
Dragonfly44, as determined from its i-band luminosity and
g−i color (Taylor et al. 2011), is * » ´M 3 108

:M .
Therefore, the dark matter fraction inside r1 2 is =fdm
( ( ) ) ( )*< - < »M r r M M r r0.5 98%1 2 1 2 . This amount of
dark matter is sufficient to prevent disruption of the galaxy by
the Coma tidal field, at least at distances 2100 kpc from the
center of the cluster (Gnedin 2003; van Dokkum et al. 2015a;
van der Burg et al. 2016).

4. GLOBULAR CLUSTERS

The high dynamical mass of Dragonfly44 is accompanied
by a remarkable population of compact sources, which we
identify as globular clusters (see Figures 1 and 4(a)).
Figure 4(b) shows all compact objects with 1m 28V in the
combined g+i image. They were identified with SExtractor

Figure 2. Deep (33.5 hr) spectrum of Dragonfly44 obtained with DEIMOS on
the Keck II telescope. The top panel shows the 2D spectrum. The main panel is
the collapsed 1D spectrum, with the s1 uncertainties indicated in gray. A
flexible model was fitted to the spectrum to determine the stellar velocity
dispersion. The best-fitting model, with a dispersion s = -

+47 6
8 -km s 1, is

shown in red.
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σ = 33−10
+16 km/s

Mdyn (< 8.1kpc) = 4.5 ± 2.8 ×10
9Msun

M 200 ∼ 8 ×10
10Msun

comparison
with simulations

within 8.1kpc

σ = 47−6
+8 km/s

Mdyn (< r1/2 ) = 0.7−0.2
+0.3 ×1010Msun

r1/2 = 4.6 ± 0.2kpc

Mdyn
tot ∼1012Msun

NFW profile
(like MW halo)

Failed M✴ Galaxies?

Caveat (Intrinsic FWHM)
F-star:    ~500km/s
A-star: ~1,000km/s



Globular Cluster Counts
Using the Mhalo-MGCs (NGC) relation

• Massive halos

• V1287 in Virgo (Beasley et al. 2016a)

• Dragonfly 44 (van Dokkum et al. 2016)

• Dwarf-mass halos

• Dragonfly 17  (Peng & Lim 2016; Beasley et al. 2016b)

• Subaru UDGs  (Amorisco, Monachesi & White 2016)

Failed M✴ Galaxies? Extreme Dwarfs?



Intrinsic Shape from Statistical Analysis ➡ Prolate

Burkert 2016

β=0.3 β=0.6

Axis ratio
Intrinsic: β=c/a

Apparent: q
Random projections

Oblate model
overpredicts 
round UDGs
Observations

Observations

Prolate model
explains obs.

Prolate
➡ Anisotropic vel dispersion
➡ Interactions?

Model

External Perturbation

Model vs Obs

Oblate

Prolate



Preferentially Oriented toward Cluster Center
b/a<0.85 → 564 UDGs
φ = angle w.r.t the direction toward the cluster center

N
um

be
r

Yagi et al. 2016

Cluster center

φ

Entire cluster Outer >1.3 Mpc - random orientation

Middle: 1.3>R>0.7 Mpc

Inner <0.7 Mpc - toward center

Two-bin test: φ<45 vs φ>=45
—> p-value~0.04% for random orientations

No alignment detected for normal galaxies in 
our analysis of SDSS DR7.

Environmental Dependence



(# of UDGs) ∝ (Cluster mass)

van der Burg et al. 2016
Roman & Trujillo et al. 2016

Consistent analysis of 8 Abell clusters (van der Burg et al. 2016)

+ Several other measurements (caveat: heterogeneous selection criteria) 
SB ~>1-2 mag brighter than Subaru UDGs 

No Environmental Dependence?

Need larger sample, variety of environments, consistent analysis



Hyper Suprime-Cam
FoV~1.5degree

Environmental Dependence
Subaru/HSC Imaging of clusters



Environmental Dependence
Subaru/HSC Imaging of clusters

8 clusters observed in r-band



The Coma Cluster

Virial diameter ~ 2.6deg (4.2Mpc)

HSC 7-point mosaic











UDGs in Coma by HSC

• Census of UDGs including the 
faintest, most fragile UDGs

• Environmental dependence
• between clusters
• centers to beyond viral radii

• Detections of surrounding GCs

• Connections to normal & dwarf 
galaxies in param. space



A1367

A779

A634

Virial diameter ~ 2.3deg (3.7Mpc)

~ 0.9deg (1.7Mpc)

~ 0.9deg (1.4Mpc)

+ 4 more clusters observed



Summary: UDGs• Internal properties

• As large as MW, but 1/100-1/1,000 of MW’s stellar mass

• Round, smooth, exponential, not disturbed

• Red-sequence, passively-evolving stellar population

• Distribution in the Coma cluster

• Symmetric around the cluster center, similar to normal galaxies

• Failed M✴ galaxies? or Extreme dwarfs?

• Velocity dispersion measurements — Failed M✴?

• Globular cluster counts — Failed M✴? or Extreme dwarfs?

• Prolate shapes — External perturbations?

• Preferentially oriented toward the cluster center — External perturbations?

• New Subaru HSC survey of local clusters of galaxies

• Census including faintest, most fragile UDGs

• Larger sample, variety of environments, and consistent analysis


