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Pre 1923: The Realm of the Nebulae
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80 years later…
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Bothun et al. 1997

The Hidden Galaxy Population
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sLow-surface-brightness galaxies  
(LSBGs) 
• Surface brightness fainter than night sky  

• Span all galaxy types and environments 

• Underrepresented in previous optical surveys 

dark night sky
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The Hidden Galaxy Population

LSBGs as a testing ground for LCDM… 

Weinberg et al. 2014

How do dwarf galaxies occupy dark matter halos?



Image credit: Pieter van Dokkum

The Latest Craze: Ultra-Diffuse Galaxies (UDGs)



Image credit: Pieter van Dokkum

• UDGs have Mstellar ~107 M⊙ spread over reff ~ 1.5-5 kpc 

• UDG-like objects known to exist for decades  
(e.g., Sandage & Bingelli 1984; Dalcanton et al. 1997) 

Ultra-Diffuse Galaxies (UDGs)

The Latest Craze: Ultra-Diffuse Galaxies (UDGs)
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~1000 UDG candidates in Coma!
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UDGs common in rich clusters 
New UDGs also found in….

Virgo

Fornax

… and 8 low-z clusters: 

(Mihos et al. 2015)

(Munoz et al. 2015)

(van der Burg et al. 2016)
… and 8 low-z clusters: 

(van der Burg et al. 2016)

R. F. J. van der Burg et al.: The abundance and spatial distribution of ultra-di↵use galaxies in nearby galaxy clusters

Fig. 6. Abundance of UDGs as a function of halo mass, for two di↵erent
size cuts. Solid lines: best-fitting power-law relations between number
density and halo mass, for each size cut. Dotted lines: relations corre-
sponding to the ±1� uncertainties on the power-law index.

Table 4. Number of UDGs with projected R < R200.

Cluster Raw countsa Correctedb

A85 313 189 ± 21
A119 221 147 ± 17
A133 207 110 ± 17
A780 173 81 ± 16
A1781 62 29 ± 10
A1795 288 180 ± 20
A1991 97 46 ± 12
MKW3S 85 51 ± 11

Notes. Each cluster shows a significant overdensity of the galaxies con-
sidered. (a) Raw numbers, neither corrected for incompleteness, nor
background subtracted. (b) After subtracting the background from the
CFHTLS fields, matched in depth, for the same redshift and matched
in unmasked area. Poisson errors, which are given, dominate over
the field-to-field variance that we measure from the four spatially-
independent CFHTLS fields.

size becomes substantial compared to the intrinsic size of the
galaxies. Given that the e↵ect is small, we do not attempt to cor-
rect for this in the current study.

Figure 6 shows the abundance of UDGs, as a function of
halo mass (cf. Tables 1 and 4). This shows a clear correlation be-
tween the abundance of UDGs and their host halo masses, with a
best-fit power-law relation of N / M0.93± 0.16. When increasing
the size cut, we find that the overall abundance decreases, but
the slope remains similar within the uncertainties. So even the
largest, most di↵use galaxies seem to be abundant in each of the
eight clusters. The abundance drops rapidly when we consider
larger and larger galaxies at these surface brightnesses. Next, we
quantify the underlying size distribution.

5.1. Size distribution

The discovery of large and di↵use galaxies in the Coma and
Virgo clusters leads us to question whether they are part of a
continuous size distribution, or whether they are a population
that is isolated in parameter space (size versus surface bright-
ness). Figure 6, in which the abundance for di↵erent size-cuts is

Fig. 7. Measured size distribution of galaxies in the central projected
R200 for the studied clusters, before (grey) and after (black) statistical
field subtraction. Blue and red points: measured sizes for galaxies split
over two bins of mean e↵ective surface brightness, also after correction.
In this size-range, the data are well described by a power-law index of
–3.40 ± 0.19 (in bins of equal logarithmic size).

shown, starts to address this question, but the way our sample is
constructed allows a more quantitative approach.

The number density of the selected galaxies in the ensem-
ble cluster with R < R200, as a function of their e↵ective radii,
is shown by the grey points in Fig. 7. In this figure, we re-
strict ourselves to surface brightnesses of 24.4 < hµ(r, re↵)i <
26.0 mag arcsec�2, since we are highly complete in this region of
parameter space (cf. Fig. 1b). The figure suggests that there is a
continuous distribution of galaxies in the size-surface brightness
plane, and shows that the number density of UDGs in a certain
size bin is always dominated by the smaller galaxies in the bin.

The black points are the same data, after subtracting the
background statistically, and thus correspond to the cluster pop-
ulation. Although there is only a small bias between measured
and intrinsic morphological parameters, measurement uncertain-
ties may have a significant e↵ect on the observed size distribu-
tion (Eddington 1913 bias, which is expected due to the steep
slope). Therefore, the black points also include a small correc-
tion for this bias, which is at most 40% per data point, and is
estimated in the following way. We assume a size distribution
of the form n / r↵e↵ , as motivated by the distribution of the grey
points, and give our simulated galaxies weights to emulate this
size distribution. We then perform the complete selection pro-
cess, as described in Sect. 3.2, on these simulated galaxies. The
fractional di↵erence between the intrinsic and the retrieved size
distribution of these simulated galaxies is then used to correct
the measured data points. We keep adjusting the assumed intrin-
sic slope ↵, correct and fit the data points until the slope con-
verges to ↵ = �3.40 ± 0.19 with a �2/d.o.f. = 1.12. Note that
without correction we would have obtained a similar slope of
↵ = �3.33 ± 0.22, but with a larger �2/d.o.f. = 1.77. The steep
slope that we find is in qualitative agreement with the size dis-
tribution presented in Fig. 4d of Koda et al. (2015), but note that
their distribution is not corrected for incompleteness. However, it
di↵ers from the UDGs distribution in van Dokkum et al. (Fig. 3
of 2015a), which may be due to their (partly subjective) selection
criteria.

The same analysis is performed on two subsamples with
mean e↵ective surface brightnesses of 24.4 < hµ(r, re↵)i  25.2,
and 25.2 < hµ(r, re↵)i < 26.0, indicated by the red and blue

A20, page 7 of 12
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UDGs in groups and the field 
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

(Merritt et al. 2016)

4 Leisman et al.
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Figure 2. Comparison of SDSS and deeper imaging for a UDG and two HUDS; these sources are only barely detected in SDSS,
but are located and confirmed by the position prior from ALFALFA. Left: SDSS (top) and CFHT (bottom) imaging of the
Coma cluster UDG DF17. The UDG is visible in SDSS, and remains smooth in deeper imaging. Center and Right: SDSS (top)
and WIYN pODI (bottom) imaging of two HUDS, AGC 122966 and 334315. The HUDS have a similar surface brightness to
the Coma UDG, but have significantly more complicated morphologies in deeper optical imaging. RA and Dec are in J2000
coordinates.

Di↵erences in color and profile shape further complicate
the matter, since sources detected in H i are usually star
forming, with bluer colors and clumpier morphologies
than previously reported UDGs. Thus, we choose to de-
fine a more restrictive and less restrictive sample, but
note that our choice of what constitutes “ultra-di↵use”
is somewhat arbitrary.
Specifically, we select a restrictive sample of 30 H i-

bearing ultra-di↵use sources (HUDS-R), with half light
radii rg,e↵ >1.5 kpc, µg,0 > 24 mag arcsec�2, and
Mg > �16.8 mag, and a broader sample (HUDS-B)
of 115 sources with rr,e↵ > 1.5 kpc, hµ(r, re↵)i >
24 mag arcsec�2, and Mr > �17.6 (corresponding to the
surface brightness and radius limits from van Dokkum
et al. 2015 and van der Burg et al. 2016 respectively;
since these papers do not give explicit absolute magni-
tude limits, we chose the restrictive and broad samples
to include absolute magnitudes up to that of the Small
Magellanic Cloud (SMC; see McConnachie 2012) and
2⇥ the SMC respectively, which are reasonable matches
to other limits from the literature - see, e.g., Yagi et al.
2016). We note that while most authors fit Sersic profiles
with n free, due to the low S/N of SDSS at these surface
brightnesses, we have forced our fits to have exponential
(n=1) profiles, in keeping with the average value found
for UDGs and typical H i-rich galaxies.1 We also de-
fine HUDS-BG to be the 30 HUDS-B sources that have

GALEX UV observations and fall in the 40% ALFALFA
survey analyzed by Huang et al. (2012). We discuss this
sample further in section 3.3.
Figure 1 illustrates the optical similarity of these sam-

ples to other reported UDGs, and their extreme nature
relative to other dwarfs and isolated sources from the
ALFALFA survey. The HUDS-R and HUDS-B samples
(shown with light yellow and darker orange triangles re-
spectively), occupy a similar portion of the plot to pre-
viously reported UDGs from van Dokkum et al. (2015)
and Román & Trujillo (2016a) (dark purple squares).
Other ALFALFA sources matching the distance and iso-
lation criteria applied to the HUDS are shown with con-
tours and small dark blue crosses. Dwarf irregulars from
Hunter & Elmegreen (2006) are shown as small grey
points, emphasizing the large extent of these sources rel-
ative to typical dwarfs. The HUDS for which we have
existing synthesis observations (section 3) are marked
with black diamonds.
We emphasize that the sources selected here di↵er in

important ways from, e.g., the population detected in
Coma by van Dokkum et al. (2015). Most importantly,

1 Note: some authors (e.g., Román & Trujillo 2016a) have sug-
gested that a sersic index <1 is more appropriate for UDGs - we
find that fixing n to, e.g., n=0.7 does not improve our fits, so we
elect to use n=1.0.

Small groups
The field

(Leisman et al. 2017)

New UDGs also found in….
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Need deep + wide blind search
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Need deep + wide blind search

Ultra-LSB sources in SDSS 
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Need deep + wide blind search

Ultra-LSB sources in SDSS 

A new view with the Hyper Suprime-Cam (HSC)
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The Hyper Suprime-Cam  
Subaru Strategic Program

HSC Collaboration Meeting Kavli IPMU, Kashiwa, Japan (2016)

Image credits: NAOJ



Image credit: NAOJ

Hyper Suprime-Cam



M31



M31 2x magnified 



M31 8x magnified 



M31 32x magnified 
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Hyper Suprime-Cam Survey

Figure credit: A. Nishizawa

Wide Deep Ultra-Deep
Area 1400 deg2 27 deg2 3.5 deg2

Filters grizy grizy+2NBs grizy+2NBs
Depth (i-band) 25.9 26.8 27.4

5 years, 300 Nights
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1.5 Our data, our collaboration

Figure 1.2.: The limiting magnitudes (in r) and solid angles of the HSC-Wide, Deep, and Ultradeep (UD) layers,
compared with other existing, on-going, and planned surveys. The three layers are complementary to each other,
and each of the three layers covers a significantly wider area than do other on-going surveys of comparable depth.

ment itself. The design of the HSC Survey with its three-layer design, and choice of survey fields,
are described in Chapter 3. The survey strategy, which is designed for highly accurate photometric
calibration, is detailed in Chapter 4. We describe the software pipelines that will analyze the
survey data in Chapter 5. Studies of both galaxies and cosmology requires determining galaxy
redshifts, which we do from their broad-band colors, as discussed in Chapter 6.

We then turn to the principal science drivers. We describe gravitational lensing techniques, with
emphasis on understanding systematics, in Chapter 7. Chapter 8 presents studies of the lensing
signal around galaxies allows one to understand galaxies in their dark matter context. Cosmological
applications of gravitational lensing are discussed in Chapter 9. Clusters of galaxies are also
important, both as a key part of the galaxy evolution puzzle, and for their cosmological implications,
as described in Chapter 10. We then go on to describe the work we can do in galaxy evolution
studies, up to z = 1.5 (Chapter 11) and up to z = 7 (Chapter 12). Quasars and Active Galactic
Nuclei (AGN) are a crucial part of this story, as described in Chapter 13. We then discuss various
transient phenomena, including Type Ia supernovae that is an additional key cosmological probe,
in Chapter 14. Two scientific areas that are further from our core science goals, but which will
have a wealth of data from our survey, are studies of the main belt and Kuiper belt of asteroids in
our Solar System (Chapter 15) and of the halo of the Milky Way (Chapter 16).

15

Hyper Suprime-Cam Survey
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Special issue of PASJ with ~40 HSC papers 
Public DR1 now available (100 deg2) !
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Our search for LSBGs

HSC Wide pointing

Carry out search in HSC  
Wide layer  

~200 deg2 with full  
Wider layer depth in gri 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Search using HSC catalog?
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Galaxy Shredding
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LSBG Detection Pipeline
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LSBG Detection Pipeline: Source Extraction

Source extraction in two steps: 
• Initial image processing with LSST codebase:  http://dm.lsst.org 
• Final source detection with SExtractor

http://dm.lsst.org
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• Model LSBG candidates as single-
component Sersic functions  

• Make selection on best-fit parameters  

• Visually inspect remaining candidates  

• Final sample size: 781 LSBGs

LSBG Detection Pipeline: Galaxy Modeling

Our LSBG definition:

re↵ > 2.500

µ̄e↵(g) > 24.3 mag arcsec�2
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LSB False Positives: Galactic Cirrus

Greco et al. 2017, ApJ submitted
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LSB False Positives: Tidal Debris? 

Greco et al. 2017, ApJ submitted
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LSB False Positives: Tidal Debris? 
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LSBG Sample



5500



LIneA Webinar, 2017 

LSBG Sample: Parameter Distributions

Bruzual & Charlot 2003
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LSBG Sample: Spatial Distribution



LIneA Webinar, 2017 Greco et al. 2017, ApJ submitted

LSBG Sample: Spatial Distribution

PRELIMINARY 
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LSBG Sample: Catalog Crossmatching
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Size-Luminosity  Relation
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What’s Next?  
Beasley et al. 2016
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What’s Next?  

Data from Harris et al. 2013

Peng et al. 2016

Beasley et al. 2016

UDGs & rich globular cluster systems

UDGs
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What’s Next?  
Counting globular clusters with HST 
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What’s Next?  
Redshifts with GMOS on Gemini
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What’s Next?  
Redshifts with GMOS on Gemini

HSC
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Greco et al. 2017, in prep.

z = 0.00747
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Progress
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Summary

We have a diverse sample of ~800 LSBGs, which we  
are actively following up from the ground and space

Special thanks to my collaborators! 
Jenny Greene, Michael Strauss, David Spergel, Andy Goulding, Lauren MacArthur, 
Robert Lupton, Alexie Leauthaud, Song Huang, and the HSC collaboration

Low-surface-brightness galaxies (LSBGs) are a significant  
yet poorly understood component of the galaxy population

Exquisite imaging afforded by HSC promises to provide  
an unprecedented view of LSBGs over 1400 deg2


