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ABSTRACT

We report the discovery of 47 low surface brightness objects in deep images of a 3° x 3° field centered on the Coma
cluster, obtained with the Dragonfly Telephoto Array. The objects have central surface brightness (g, 0) ranging
from 24-26 mag arcsec ™2 and effective radii rey = 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 1s surprising as it implies that the galaxies are very large: withr.is = 1.5-4.6 kpc
their sizes are similar to those of L, galaxies even though their median stellar mass is only ~6 x 10’ 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 1imaging
shows a large spheroidal object with a central surface brightness 11475 = 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.
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Dragonfly telephoto array
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Discovery of Ultra Diffuse Galaxies
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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 2286 x 2790 area that is covered by CFHT imaging is shown. Panels at right: typical examples of the galaxies, spanning a range in brightness.
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Figure 2. Examples of structural parameter fits to the CFHT data. Each panel spans 37” x 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).
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u vs effective radius
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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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Implication for the total mass of UDGs

Figure 5. Central 0289 x 0270 (1.6 Mpc x 1.2 Mpc) of the Dragonfly image shown in Figure 1. The newly found galaxies appear to avoid the region where ICL is
detected.
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APPROXIMATELY A THOUSAND ULTRA DIFFUSE GALAXIES IN THE COMA CLUSTER
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ABSTRACT

We report the discovery of 854 ultra diffuse galaxies (UDGs) in the Coma cluster using deep R band
images, with partial B, ¢, and Ha band coverage, obtained with the Subaru telescope. Many of them
(332) are Milky Way-sized with very large effective radii of r. > 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 degree?; 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 Ha emission. Star formation
was, therefore, quenched in the past. They have exponential light profiles, effective radii r. ~ 800 pc-
5kpc, effective surface brightnesses pe(R) =25-28 magarcsec™ 2, and stellar masses ~ 1 x 10"M, -
5 x 108My. 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 diffuse 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
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F1G. 1.— The 2.86 deg x2.90 deg (~ 4.87 x 4.94 Mch) 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 degree?, 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, Ha, ¢ bands. Cyan indicates the area in Figure 2.
The center of the cluster (ay2000,952000)=(12:59:42.8,4-27:58:14) 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 (> 1.5kpc), 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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Fi1G. 2.— Subaru BRi color image of the ~ 6’ X 6’ region (~ 170 x 170 kpc? region at d = 97.7 Mpc), shown in cyan in Figure la. The
rragonfly and Subaru UDGs are marked respectively with yellow and green circles with a diameter of 20" (~ 9.5kpc).
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Structural properties of UDGs
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Fic. 4.— Structural properties of UDGs. (a) Histograms of Sersic index n, (b) axis ratio b/a, and (c) central SB puo(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) 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 (ues) from 23 to 29 mag arcsec™2 with a 1
mag arcsec” 2 interval for the case of an exponential profile (note uo = pe — 1.82 for n = 1). The gap between the normal galaxies and
UDGs is due to selection effects. Horizontal lines show r. of PSF with a FWHM of 1.5 arcsec (Komiyama et al. 2002) and a FWHM of
0.7 arcsec (this study).
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Color-magnitude diagram
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Fic. 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 Comal 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

o W AZHKEHAHITIX?

1. SN feedback 5> AGN activity 12 X 2 7 A DFEHLD (Dekel & Silk 1986; Arimoto
& Yoshii 1987),

2. ram-pressure stripping (Gunn & Gott 1972),
3. tidal-interaction and harassment (Moore et al. 1996)
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