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Introduction

• Ultra Diffuse Galaxies (UDGs) : 

- 暗くて (MV ~ -13) 大きい (~ kpc) 銀河

- Dragonfly によって偶然発見

• dwarf elliptical や dwarf spheroidal, ultra 
compact dwarf とも違う種族？

• 関連するトピック

- missing satellite problem

- star formation quenching

- 再電離

- Pop III

4 Jang & Lee
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Fig. 4.— (a) Effective radius vs. absolute V total magnitude of the Virgo UFD1 (large starlet symbol) in comparison with those for other
stellar systems. (b) The V -band central surface brightness vss absolute V total magnitude of Virgo UFD1. Circles and lenticular symbols
for the giant ellipticals and bulges in spiral galaxies, downward triangles for the UCDs, pentagons for the Milky Way globular clusters,
squares and diamonds for the local group satellites and UFDs, and upward triangles for the dwarfs in M81 and M106 and the low surface
brightness galaxies in M101, and small starlet for Virgo dSph-D07.

These results show that the distance modulus of Virgo
dSph-D07 is 0.25± 0.06 (=1.88± 0.49 Mpc) larger than
that of intracluster stars. The distance modulus of Virgo
UFD1 is 0.11±0.07(=0.85±0.51Mpc) smaller than that
of Virgo dSph-D7, but 0.14 ± 0.06 (=1.02 ± 0.47 Mpc)
larger than the intracluster stars. These difference are at
the level of 2σ. These results show the following. First,
Virgo UFD1 is indeed a member of the Virgo cluster.
Second, Virgo UFD1 may be ∼1 Mpc behind the intra-
cluster stars, but ∼1 Mpc closer than Virgo dSph-D07.

3.4. Basic Parameters of Virgo UFD1

We derived integrated properties of this galaxy from
surface photometry. We masked out bright galaxies and
bright stars that appear to be non-members of the galaxy.
Then we derived the surface photometry of the galaxy
using the ELLIPSE task in IRAF. Figure 3 displays the
surface brightness and integrated magnitude profiles for
Virgo UFD1 as a function of mean radius (r =

√
ab). We

also plotted the radial density profile of detected stars,
which is roughly consistent with the surface brightness
profiles. The surface brightness profiles of Virgo UFD1
are almost flat in the inner region and decline steeply
in the outer region, which is very similar to those of
Virgo dSph-D07 (Durrell et al. 2007). We fit the sur-
face brightness profiles with the King model (King 1962)
and the Sérsic law (Sersic 1968). From the V -band King
model fit, we derive the core radius, rc = 1.′′5 ± 0.′′1
(120±8 pc), the tidal radius, rt = 3.′′0±0.′′3 (239±24 pc),
and the concentration parameter, c = 0.30± 0.05. From
the V -band Sérsic law fit, we obtain the effective radius
reff = 1.′′02 ± 0.′′09 (81 ± 7 pc), and the central surface
brightness, µV,0 = 26.37± 0.05, and n = 0.56± 0.06.
The integrated magnitude profile becomes constant at

r ! 3′′. We derived an apparent total magnitude of
the galaxy, V = 24.66 ± 0.08 for the aperture radius
3.′′0. From this, we obtained an absolute magnitude,
MV = −6.5 ± 0.2, whose error includes the errors due
to photometry and distance measurement. We also esti-

TABLE 1
Basic Parameters of Virgo UFD1

Parameter Valuea

R.A.(2000) 12h28m06.s061
Dec(2000) 12◦33′47.′′61
Type UFD
Distance, (m −M)0 31.08 ± 0.05 (16.4 ± 0.4 Mpc)
Total magnitude, V T 24.66± 0.08
Total color, V T − IT 1.06± 0.10
Ellipticity, e = (a− b)/a 0.1± 0.1
Absolute magnitude, MV −6.5± 0.2
Position angle 130◦ ± 10◦

Core radius (rcore), V, I 1.′′5± 0.′′1, 1.′′5± 0.′′1
Tidal radius (rtidal), V, I 3.′′0± 0.′′3, 3.′′1± 0.′′3
Sersic Index (n), V, I 0.56 ± 0.06, 0.52± 0.05
Effective radius (reff ), V, I 1.′′02± 0.′′09, 1.′′01± 0.′′09
Central surface brightness 26.37 ± 0.05, 25.34± 0.04

a Derived in this study

mated total magnitude of the galaxy, integrating the lu-
minosity of the resolved red giants and unresolved stars
assuming luminosity function with a power-law index
α = 0.3, obtaining V ≈ 25.0. This value is similar to
the value derived from integrated photometry. Thus,
Virgo UFD1 is much smaller and fainter than the clas-
sical dSphs in the Local Group and smaller and fainter
than any known Virgo galaxies. Table 1 lists the basic
parameters of Virgo UFD1 derived in this study.

4. DISCUSSION AND CONCLUSION

4.1. Comparison with Other Dwarf Galaxies

In Figure 4 we compare the structural parameters
of Virgo UFD1 and those for other dwarf galaxies
in the nearby universe: Local Group dwarfs includ-
ing dSphs and UFDs (McConnachie 2012; Sand et al.
2012; Tollerud et al. 2013), dwarf galaxies in nearby
galaxies (M81 group (Chiboucas et al. 2013) and M106
(Kim et al. 2011)), low surface brightness galaxies
in M101 (Merritt et al. 2014), and Virgo dSph-D07

この辺りの銀河を発見

(Jang+ 2014)
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ABSTRACT

We report the discovery of 47 low surface brightness objects in deep images of a 3◦ ×3◦ field centered on the Coma
cluster, obtained with the Dragonfly Telephoto Array. The objects have central surface brightness µ(g, 0) ranging
from 24–26 mag arcsec−2 and effective radii reff = 3′′–10′′, as measured from archival Canada–France–Hawaii
Telescope images. From their spatial distribution we infer that most or all of the objects are galaxies in the Coma
cluster. This relatively large distance is surprising as it implies that the galaxies are very large: with reff = 1.5–4.6 kpc
their sizes are similar to those of L∗ galaxies even though their median stellar mass is only ∼6 × 107 M⊙. The
galaxies are relatively red and round, with ⟨g − i⟩ = 0.8 and ⟨b/a⟩ = 0.74. One of the 47 galaxies is fortuitously
covered by a deep Hubble Space Telescope Advanced Camera for Surveys (ACS) observation. The ACS imaging
shows a large spheroidal object with a central surface brightness µ475 = 25.8 mag arcsec−2, a Sérsic index n = 0.6,
and an effective radius of 7′′, corresponding to 3.4 kpc at the distance of Coma. The galaxy is not resolved into
stars, consistent with expectations for a Coma cluster object. We speculate that these “ultra-diffuse galaxies” may
have lost their gas supply at early times, possibly resulting in very high dark matter fractions.

Key words: galaxies: clusters: individual (Coma) – galaxies: evolution – galaxies: structure

1. INTRODUCTION

While there have been tremendous advances in deep, high-
resolution imaging surveys over the past decades (e.g., Scoville
et al. 2007; Heymans et al. 2012), the low surface brightness sky
remains relatively unexplored. The Dragonfly Telephoto Array
(Abraham & van Dokkum 2014) was developed with the specific
aim of detecting low surface brightness emission. It is comprised
of eight Canon 400 mm f/2.8 II telephoto lenses which all image
the same part of the sky, forming what is effectively a 40 cm f/
1.0 refractor. Four of the lenses are equipped with a Sloan Digital
Sky Survey (SDSS) g filter and four with an SDSS r filter. The
lenses are attached to cameras that provide an instantaneous
field of view of 2.◦6 × 1.◦9, sampled with 2.′′8 pixels.

The main science program of Dragonfly is a deep imaging
survey of a sample of nearby galaxies (see van Dokkum et al.
2014; Merritt et al. 2014). In the late spring of 2014 we
interrupted this survey to observe the Coma cluster. The main
goal of the Coma observation is to accurately measure the
luminosity and color of the intra-cluster light (ICL). We are also
looking for streams and tidal features, inspired by the beautiful
deep imaging of the Virgo cluster of Mihos et al. (2005).

A visual inspection of the reduced images revealed a large
number of faint, spatially resolved objects. The nature of these
objects was not immediately obvious, as they are not listed
in existing catalogs of faint galaxies in the Coma cluster (e.g.,
Ulmer et al. 1996; Adami et al. 2006). Furthermore, they seemed
to be too large to be part of the cluster: typical dwarf galaxies
have effective radii of a few hundred parsecs, which corresponds
to much less than a Dragonfly pixel at the distance of Coma
(DA = 98 Mpc; DL = 103 Mpc).4

Expecting that the objects would turn out to be isolated
dwarf galaxies in the foreground of the cluster, we decided

4 Assuming cz = 7090 km s−1 (Geller et al. 1999) and a Hubble constant of
70 km s−1 Mpc−1.

to perform a (mostly) objective selection with the aid of SDSS
and archival Canada–France–Hawaii Telescope (CFHT) data, as
described in the next section. Surprisingly, as we show below,
the objects turn out to be associated with the Coma cluster after
all, and represent a class of very large, very diffuse galaxies.
Only a handful of similar objects were known from previous
studies (Impey et al. 1988; Bothun et al. 1991; Dalcanton
et al. 1997).

2. IDENTIFICATION

2.1. Candidates in the Dragonfly Data

The Coma cluster was observed for 26 hr, obtained over
25 nights in the period March–May 2014. The images were
reduced using standard techniques, as described in van Dokkum
et al. (2014) and Merritt et al. (2014), and projected onto
a common astronometric frame with 2.′′0 pixels. Owing to
large dithers between individual exposures, the final g and
r images span 3.◦33 × 3.◦33, centered on α = 12h59m48.s8,
δ = 27◦58′51′′. The FWHM image quality varies somewhat
over the field, but is typically ≈6′′. The limiting depths in the
images depend on the spatial scale; on the 10′′ scales relevant
for this Letter the 1σ limits are µ(g) ∼ 29.3 mag arcsec−2 and
µ(r) ∼ 28.6 mag arcsec−2.

We used SExtractor (Bertin & Arnouts 1996) to create an
initial catalog of 102,209 objects in the Dragonfly field. The g
and r images were summed to increase the signal-to-noise ratio
(S/N) in the detection image. For each object two magnitudes
were measured: one based on the flux in SExtractor’s “AUTO”
aperture, and one in an aperture with a fixed diameter of
6′′. Objects were flagged as possible low surface brightness
galaxies (LSBs) if their aperture magnitude is in the range
20 < AB < 23 and the difference between the AUTO and
aperture magnitude exceeds 1.8. The latter criterion rejects
isolated stars and compact galaxies, leaving 6624 objects that
are faint and extended at the Dragonfly resolution.

1

Dragonfly の観測により coma cluster で47個もの 
diffuse galaxies を新たに発見した
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Dragonfly telephoto array

• University of Toronto の装置

• 主目的 : 近傍銀河の diffuse 成分を見る

• spatial resolution ~ 6 arcsec, µlimit ~ 29.3 mag 
sec-2, FoV ~ 3×3 deg2

• 市販の Canon 400mm lenses を10本

- unprecedented nano-fabricated coatings 
with sub-wavelength structure on optical 
glasses.

- 10本のカメラで同じ場所を観測するこ
とで余計な光を取り除ける

- 安い

http://www.dunlap.utoronto.ca/instrumentation/dragonfly/

15年6月17日水曜日
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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.

2.2. Rejection Using SDSS and CFHT

The vast majority of the 6624 objects are not LSBs but groups
of neighboring galaxies, or stars and galaxies, that are single
objects at the Dragonfly resolution. 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 spatial
resolution to identify faint groups of galaxies. We obtained
CFHT imaging of the Coma field from the Canadian Astronomy
Data Centre. A 3◦×3◦ field was imaged with a 9-pointing mosaic
in the g and i bands (Head et al. 2014). Exposure 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 created 37′′ × 37′′

cutouts of all 344 candidates and used SExtractor to identify
cases where multiple moderately bright (i < 22.5) objects
are detected within 7′′ of the Dragonfly position. 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 ob-
jects in the higher resolution CFHT data. Four typical examples
spanning a range of apparent brightness are shown in Figure 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 distance
of 100 Mpc. However, as shown in Figure 1 they are strongly
clustered toward the center of the image. A Monte Carlo imple-
mentation of the Clark–Evans test gives a probability of 0.04%
that the distribution is spatially random. Moreover, the appar-
ent east–west elongation of the distribution is similar to that of
confirmed Coma cluster members (e.g., Doi et al. 1995). We
conclude that most or all of the LSBs are, in fact, at the dis-
tance of the Coma cluster and are resolved in the Dragonfly
data because they are intrinsically very large. As we show in
Section 4 this conclusion is supported by Hubble Space Tele-
scope (HST) Advanced Camera for Surveys (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 neighboring
objects masked. To increase the stability of the fits, the Sérsic
index and sky background were not allowed to vary. All galaxies
were fit three times, with the Sérsic index held fixed at n = 0.5,
n = 1, and n = 1.5. The average χ2 is lowest for n = 1

2

Discovery of Ultra Diffuse Galaxies

• SDSS と CFHT のデータを使って diffuse じゃないものや星のコンタミを取り除く

• CFHT でも実は見えていた

15年6月17日水曜日



サイズと形状の評価

• GALFIT で size を評価

The Astrophysical Journal Letters, 798:L45 (8pp), 2015 January 10 van Dokkum et al.

Figure 2. Examples of structural parameter fits to the CFHT data. Each panel spans 37′′ × 37′′. The left column shows the summed g + i images, the middle column
shows the best-fitting GALFIT models (with n = 1), and the right column shows the residuals from the fits. The size and surface brightness of the galaxy in the top
(DF1) row are close to the median of the sample. The middle row shows the smallest galaxy in the sample (DF43), and the bottom row shows the largest (DF44).

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.

4
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Figure 2. Examples of structural parameter fits to the CFHT data. Each panel spans 37′′ × 37′′. The left column shows the summed g + i images, the middle column
shows the best-fitting GALFIT models (with n = 1), and the right column shows the residuals from the fits. The size and surface brightness of the galaxy in the top
(DF1) row are close to the median of the sample. The middle row shows the smallest galaxy in the sample (DF43), and the bottom row shows the largest (DF44).

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.

4

µ vs effective radius

• SDSS では見ていなかった領域を開拓

• SDSS 銀河に比べて統計的に丸い形をしている
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本当に大きいのか？

• 距離はまだわからない

- もし前景天体であればサイズ評価が全く変わる

• 銀河の分布を見ると中心領域に集中しており, また東西に伸びる構造も
他の銀河の分布と一致 => coma のメンバーである可能性が高い

• van Dokkum+ 2015b

- 47個のうち一番視直径の大きい天体について Keck でスペクトルを
取得 => coma と同じ redshift であると確定

• 今後もっとスペクトルを取っていく予定

15年6月17日水曜日
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Figure 5. Central 0.◦89 × 0.◦70 (1.6 Mpc × 1.2 Mpc) of the Dragonfly image shown in Figure 1. The newly found galaxies appear to avoid the region where ICL is
detected.

We can estimate what the mass of the galaxies needs to be to
survive a passage within ∼300 kpc of the core of the cluster,
which is where the closest-in UDGs are located. The criterion
for survival is that the total mass mtot within the tidal radius
rtide = 2re = 6 kpc is at least mtot > 3M(rtide/R)3, with M the
mass of the cluster within radius R. Using the mass profile of
A2667 (Newman et al. 2013) as a proxy for that of Coma, we
find mtot ! 3 × 109 M⊙, or a dark matter fraction within the
tidal radius of !98%. We note that there may be UDGs closer
to the cluster core, as crowding and the ICL limit our ability to
detect them (see Ulmer et al. 1996; Adami et al. 2006, 2009).

It is not clear how UDGs were formed. It seems unlikely
that they are the product of galaxy harassment (Moore et al.
1996) or tidal stirring (Mayer et al. 2001) of infalling galaxies:
these processes tend to shrink galaxies, as the stars at larger
radii are less bound than the stars at small radii (see, e.g.,
Mayer et al. 2001). A likely end-product of cluster-induced
tidal effects are the ultra-compact dwarfs (Drinkwater et al.
2003), which have similar total luminosities and stellar masses
as UDGs but stellar densities that are a factor of ∼107 higher.5
We note, however, that the morphological evolution of infalling
galaxies is difficult to predict, as it probably depends sensitively
on the shape of the inner dark matter profile (e.g., Peñarrubia
et al. 2010). An intriguing formation scenario is that UDGs
are “failed” ∼L∗ galaxies, which lost their gas after forming
their first generation(s) of stars at high redshift (by ram pressure
stripping or other effects). If this is the case they may have very
high dark matter fractions, which could also help explain their
survival in the cluster. Future studies of these objects, as well
as counterparts in other clusters and in the field (see Dalcanton
et al. 1997), may shed more light on these issues.

We thank the anonymous referee for an excellent and con-
structive report. We also thank the staff at New Mexico Skies
for their support and Nelson Caldwell for comments on the

5 It is remarkable that both classes of objects exist in clusters at the same time.

manuscript. Support from NSF grant AST-1312376 is gratefully
acknowledged.
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Implication for the total mass of UDGs

• 銀河団の中心付近には UDGs がいない => tidal force で壊されるから？

• DM halo が生き残るためには DM mass fraction > 98% が必要
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ABSTRACT

We report the discovery of 854 ultra di↵use galaxies (UDGs) in the Coma cluster using deep R band
images, with partial B, i, and H↵ band coverage, obtained with the Subaru telescope. Many of them
(332) are Milky Way-sized with very large e↵ective radii of re > 1.5 kpc. This study was motivated by
the recent discovery of 47 UDGs by van Dokkum et al. (2015a); our discovery suggests > 1, 000 UDGs
after accounting for the smaller Subaru field (4.1 degree2; about 1/2 of Dragonfly). The new Subaru
UDGs show a distribution concentrated around the cluster center, strongly suggesting that the great
majority are (likely longtime) cluster members. They are a passively evolving population, lying along
the red sequence in the color-magnitude diagram with no signature of H↵ emission. Star formation
was, therefore, quenched in the past. They have exponential light profiles, e↵ective radii re ⇠ 800 pc-
5 kpc, e↵ective surface brightnesses µe(R) =25-28 mag arcsec�2, and stellar masses ⇠ 1 ⇥ 107M� -
5 ⇥ 108M�. There is also a population of nucleated UDGs. Some MW-sized UDGs appear closer to
the cluster center than previously reported; their survival in the strong tidal field, despite their large
sizes, possibly indicates a large dark matter fraction protecting the di↵use stellar component. The
indicated baryon fraction . 1% is less than the cosmic average, and thus the gas must have been
removed (from the possibly massive dark halo). The UDG population is elevated in the Coma cluster
compared to the field, indicating that the gas removal mechanism is related primarily to the cluster
environment.
Subject headings: galaxies: clusters: individual (Coma) – galaxies: evolution – galaxies: structure

1. INTRODUCTION

This study is motivated by the discovery of 47 ul-
tra di↵use galaxies (UDGs) in the Coma cluster by van
Dokkum et al. (2015a) using the Dragonfly Telescope Ar-
ray (Abraham & van Dokkum 2014, hereafter Dragon-
fly). This unexpected discovery revealed a new popu-
latoin of low surface brightness (SB) galaxies. Indeed,
their central SBs are very low 24-26 mag arcsec�2 in g-
band and their median stellar mass is only ⇠ 6⇥107M�,
despite their e↵ective radii re = 1.5-4.6 kpc being as large
as those of L⇤ galaxies (e.g., ⇠ 3.6 kpc for the Milky Way
(MW), calculated from Rix & Bovy 2013). van Dokkum
et al. (2015a) speculated that the UDGs probably have
very high dark matter fractions as they have survived in
the strong tidal field of the cluster.
Dragonfly is optimized to e�ciently discover faint

structures over a large field of view, but has relatively
poor spatial resolution with seeing and pixel scales of
⇠ 600 and 2.800, respectively. The above properties of
the Dragonfly UDGs were derived after their discovery
from archival Canada France Hawaii Telescope imaging.
Follow-up studies are needed to understand their nature
and origin, as well as their relationship to the cluster en-
vironment (Boselli & Gavazzi 2014, for review) and to
other more studied galaxy populations, such as dwarfs
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and low SBs, in clusters (e.g., Binggeli & Cameron 1991;
Bothun et al. 1991; Ulmer et al. 1996, 2011; Adami et al.
2006b, 2009; Lieder et al. 2012; Ferrarese et al. 2012).
Optical telescopes of larger aperture are advantageous

for a resolved study of this population. Yamanoi et al.
(2012) used the Subaru Prime Focus Camera (Suprime-
Cam; Miyazaki et al. 2002) on the Subaru telescope and
derived a galaxy luminosity function down to MR ⇠ �10
in Coma. Their three 340 ⇥ 270 fields include nine Drag-
onfly UDGs. All of the nine were easily found in their
catalog, being resolved spatially in the images. There-
fore, Subaru imaging can identify this new galaxy pop-
ulation e�ciently and permits an investigation of their
internal properties. Several archival Subaru images are
available for the Coma cluster (Yagi et al. 2007; Yoshida
et al. 2008; Yagi et al. 2010; Okabe et al. 2010, 2014). In
this Letter, we use the archival Subaru data and report
the discovery of 854 UDGs, implying ⇠ 1000 UDGs after
scaling for the Dragonfly field-of-view.
We adopted m � M = 35.05 (Kavelaars et al. 2000)

as the distance modulus of the Coma cluster, which cor-
responds to an angular diameter distance of 97.5Mpc
(100 = 0.47 kpc) 5. The full catalog of the Subaru UDGs
will be published in Yagi et al. (in preparation). We use
the AB-magnitude system in this work.

2. DATA

The raw R band images from the Suprime-Cam were
obtained from the Subaru data archive (Baba et al.
2002). Suprime-Cam has a mosaic of ten 2048 ⇥ 4096
CCDs and covers a wide field of 340⇥270 with a pixel scale
of 0.20200. An eighteen-pointing mosaic with Suprime-

5 We adopted the Cosmological parameters of (h0,⌦M ,
⌦�)=(0.71, 0.27,0.73) from Larson et al. (2011).
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Fig. 1.— The 2.86 deg⇥2.90 deg (⇠ 4.87⇥ 4.94Mpc2) 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 4.1 degree2, about 1/2 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, H↵, i bands. Cyan indicates the area in Figure 2.
The center of the cluster (↵J2000,�J2000)=(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 e↵ective 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.

Cam was taken by Okabe et al. (2014) and covered about
4.1 deg2 (Figure 1). The seeing was 0.6-0.800, typically
0.700. Integration times for the 18 fields were not the
same, resulting in variations in background noise, i.e.,
28.3-28.7mag arcsec�2 (1�) in a 200 aperture (equivalent
to 30.0-30.4mag arcsec�2 in a 1000 aperture, ⇠ 1 mag
deeper than van Dokkum et al. 2015a). The very cen-
tral field has a higher variation of 27.8mag 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 pixel2;
51.700 ⇥ 51.700), used the WCSTools (Mink 2002) for as-
trometry, 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 (< 3000 ⇠ 15 kpc). The Galactic extinction in
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 pho-
tometric error is . 0.1 mag. More details of the data
reduction procedure will be presented in Yagi et al. (in
preparation). In addition, we used the Suprime-Cam B,
i, and H↵ 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 June 2008 to
make the background noise comparable to that in the
Coma fields. The 1� background noise in a 200 aperture
is 28.6mag 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, o↵ by 12.500 from the pub-
lished coordinate) and their structures were resolved in
the Subaru images. The detection threshold was approx-
imately 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 de-
tection threshold of 27.3 mag arcsec�2 in R. We re-
moved a first set of spurious detections using SExtrac-
tor’s ”FLAGS < 4” and ”PETRO RADIUS > 0”. This
initial catalog had 2,627,495 objects, including dupli-
cates in the overlap regions of adjacent mosaic frames
(⇠ 30 %). We used the Dragonfly UDGs as the fidu-
cial set in adjusting parameters for selection of UDG
candidates, but could not use exactly the same selec-
tion criteria as van Dokkum et al. (2015a) due to the
di↵erence in image quality. We applied constraints on
R magnitude and size, ”18 < MAG AUTO < 26” and

すばる観測

• 視野内の全ての Dragonfly (DF) 天体 (40個) をすばるでも検出

• definition of UDGs

- 18 < MR < 26, FWHM > 4 arcsec, µe - <µ(re)> 0.8

• 全部で 854 個の ultra diffuse galaxy を発見

• control field では13個のみ
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• すばるで数が増えたのは seeing と S/N が向上したから

• 多くは過去のカタログにも載っていたが diffuse に分類されていなかった (理由不明)

• 中心領域にもそれなりの数がいる

Ultra Di↵use Galaxies in Coma Cluster 3

Fig. 2.— Subaru BRi color image of the ⇠ 60 ⇥ 60 region (⇠ 170⇥ 170 kpc2 region at d = 97.7Mpc), shown in cyan in Figure 1a. The
Dragonfly and Subaru UDGs are marked respectively with yellow and green circles with a diameter of 2000 (⇠ 9.5 kpc).

”FWHM(Gaussian) > 400” (i.e., all Dragonfly UDGs sat-
isfy this condition), which left 7,362 objects.
The reported e↵ective radius of the Dragonfly UDGs

is re & 3.200 (using re from GALFIT; Peng et al. 2002).
However, in the resolved Subaru images we found that an
alternative constraint, SExtractor’s re & 1.500, captures
all the Dragonfly UDGs. We therefore used re > 1.500 and
a mean SB of hµ(re)i > 24 to choose UDG candidates.
[Note that we found that re from SExtractor and GAL-
FIT were occasionally very inconsistent; we use SExtrac-
tor’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 remov-
ing those whose mean SB within re deviates largely from
the SB at re. This constraint, µe � hµ(re)i < 0.8, left
1,779 candidates.

The final step was removal of spurious objects by vi-
sual 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 candi-
dates were left on which at least three of us agreed. The
full catalog will be published by Yagi et al. (in prepara-
tion).

4. ULTRA-DIFFUSE GALAXY CANDIDATES

The 854 UDGs candidates from Subaru are visually
comparable to the Dragonfly UDGs. Figure 2 shows a
sample 60 ⇥ 60 field, showing the Subaru (green circles)

すばる観測
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Structural properties of UDGs

Ultra Di↵use Galaxies in Coma Cluster 5

R-band

GALFIT

Residual

Largest Size Lowest Surface Brightness Nucleated

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

 All
Median : 0.74
Average: 0.72
Std.dev: 0.16
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Median : 0.71
Average: 0.69
Std.dev: 0.16

 All
Median : 0.83
Average: 0.88
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Median : 0.91
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 All

Median : 24.5
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Median : 24.3
Average: 24.3

Std.dev: 0.9

(d)

Fig. 4.— Structural properties of UDGs. (a) Histograms of Sersic index n, (b) axis ratio b/a, and (c) central SB µ0(R) with their
medians, averages, and standard deviations. Black lines are for all 854 UDGs, while blue are for 332 MW-sized UDGs alone. (d) E↵ective
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 (µes) from 23 to 29 mag arcsec�2 with a 1
mag arcsec�2 interval for the case of an exponential profile (note µ0 = µe � 1.82 for n = 1). The gap between the normal galaxies and
UDGs is due to selection e↵ects. Horizontal lines show re of PSF with a FWHM of 1.5 arcsec (Komiyama et al. 2002) and a FWHM of
0.7 arcsec (this study).

• UDGs は丸い (axis ratio ~ 1)

• exponential profile

• size-magnitude plane において 
distinct population ではなさそ
う

selection effect
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Color-magnitude diagram

• ほぼすべての UDGs が passive galaxy

• Hαは検出されず

Ultra Di↵use Galaxies in Coma Cluster 7

Fig. 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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Origin of UDGs
• ガスを剥ぎ取るには？

1. SN feedback や AGN activity によるガスの剥ぎ取り (Dekel & Silk 1986; Arimoto 
& Yoshii 1987), 

2. ram-pressure stripping (Gunn & Gott 1972), 

3. tidal-interaction and harassment (Moore et al. 1996)

• cluster 領域で UDGs が多いことを考えると 2., 3. が有望？

• 以下真喜屋の感想

- サイズをどう説明するのかは結局よくわからない

- バリオンガスが抜ける時に DM が引きずられる？

- ultra compact dwarf との関連は？

- 2. や 3. はむしろ銀河を小さくするはずだし, tidal tail みたいな構造は見え
ていないので 2. や 3. のシナリオは厳しそう
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