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ABSTRACT

This dissertation focuses on the detection of low surface brightness (LSB) galax-
ies via a variety of methods across several different environments. The detection
of LSB galaxies is important for a number of reasons, such as solving problems
with current cosmology models on small scales; probing the nature of dark matter
and galaxy evolution models; and allowing investigation of new and unexpected
phenomena in the low surface brightness Universe. Despite the importance of LSB
objects, the robust and well-quantified detection of LSB objects has proven to be
challenging. This is motivated by the need to reconcile cosmological theory (in the
form of simulations) with observations of near-field and small-scale structure in
the Universe. LSB dwarf galaxies are an ideal medium to test theoretical predic-
tions for cosmology, galaxy evolution, and dark matter and to impose constraints
upon them via observations. Observing dwarf galaxies in different environments
allows the testing of different theoretical predictions.

I will discuss how I have detected LSB galaxies across different environments,
initially through targeting radio sources without optical counterparts, and then
through the development and testing of an LSB galaxy detection algorithm for
use in optical imaging data. This algorithm was used on 9 square degrees around
M101, finding 38 new LSB dwarf candidates. Some of these candidates were then
observed with HST to determine if they are associated with M101 or if they are
background LSB galaxies. These observations extended the satellite LF for M101
down to MV =−7.4 and the resulting satellite LF was compared to that of other Lo-
cal Volume galaxies. This comparison found far greater scatter in the satellite LFs
than predicted by theory and showed tentative links between galactic environ-
ment, star forming fraction and the satellite LF; also unpredicted by theory. I also
report on the first direct observational evidence of a tidal formation mechanism
for UDGs via the detection of NGC 2708 Dw1 and NGC 5631 Dw1 with associated
stellar streams.
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CHAPTER 1
INTRODUCTION

The focus of my dissertation has been the detection of low surface brightness
(LSB) galaxies via a variety of methods across several different environments. The
detection of LSB galaxies is important for a number of reasons, such as solving
problems with current cosmology models on small scales; probing the nature of
dark matter and galaxy evolution models; and allowing investigation of new and
unexpected phenomena in the low surface brightness Universe. Despite the im-
portance of LSB objects, robust and well-quantified detection of them has proven
to be challenging, particularly in wide-field surveys.

This is motivated by the need to reconcile cosmological theory (in the form of
simulations) with observations of near-field and small-scale structure in the Uni-
verse. Observing dwarf galaxies in different environments allows the testing of
different theoretical predictions.

In this chapter, we will first discuss current cosmological models, the differences
between these models and observations, and what observations of dwarf galax-
ies can tell us about the properties and distribution of dark matter. We will then
discuss the satellite luminosity function, how it can be used to to examine the cos-
mology models and what the scatter in the luminosity function can reveal about
a galaxy’s history. We will discuss what an ultra diffuse galaxy is and some of
the properties of this unique class of galaxy. Finally, we will discuss the history of
searches for LSB galaxies and the techniques used in these searches.

1.1 The ΛCDM model

The Λ Cold Dark Matter (ΛCDM) model is our current best model for under-
standing the Universe [213]. Based on observational results, this model assumes a
Universe composed of ∼70% dark energy, denoted by Λ [213, 112]. This dark en-
ergy causes the acceleration of the expansion of the Universe. While the physical
mechanism underpinning dark energy is currently unknown this is not important
to the model which only supposes the effect of dark energy on the rest of the Uni-
verse. The remaining ∼30% of the total mass-energy budget of the Universe is

1
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composed of matter, with regular energy in the form of photons being a negligible
contribution and ∼85% of this (or ∼25% of the total) is composed of dark matter
[213, 112]. This is matter that does not interact electromagnetically and can only
be observed via its effect on baryonic matter through gravitational interaction. The
final∼5% of the mass-energy of the Universe is made of the baryonic matter that is
generally known from the standard model of particle physics [213]. While not all
of the particles that make up the standard model of particle physics are baryons,
within astronomy the term baryonic matter is generally used to denote all matter
described by the standard model. This is because baryons make up the vast ma-
jority of the mass of this type of matter and the physics of baryon fusion within
atomic nuclei dominate the physics of this form of matter.

The dark matter in the ΛCDM model is considered to be cold (CDM) because it
is non-relativistic in the early Universe [134], and therefore has negligible internal
energy. This causes it to collapse rapidly following its formation in the early Uni-
verse and therefore doesn’t suppress structure formation on any scale relevant to
astronomical observations [110]. In contrast, hot dark matter would be a particle
that remains relativistic until the present time. While this was an area of intense
study until the mid-1980s, it has been ruled out on the basis of general phase-space
arguments [263], the large-scale distribution of galaxies [285], and properties of
dwarf galaxies [165]. Between these two extremes is warm dark matter, which im-
poses a delay on the collapse time as they start as semi-relativistic particles which
slow and cool as the Universe expands. This means they are supported by internal
energy reservoirs for a period after the Big Bang.

The primary observational difference between warm and cold dark matter mod-
els is the smallest scale of structure in the Universe, with hotter dark matter hav-
ing more internal energy. This means that there must be a critical mass of matter
needed to overcome the internal energy and induce gravitational collapse, and
dark matter halos below this critical mass will not collapse to form galaxy style
structures. This means that the warmer the dark matter, the greater the suppres-
sion of small scale structure [42].

Another potential dark matter model is self interacting dark matter (SIDM, some-
times called collisional dark matter; [245]). In SIDM while the dark matter doesn’t

2



Texas Tech University, Paul Bennet, May 2020

Figure 1.1. Comparison of dark matter simulations: Models of different forms
of dark matter. The upper panels show the universe at high redshift (early times)
and the lower panels at the present time. The left panels show hot dark matter. The
center panels warm dark matter and the right panels cold dark matter. Note that
the colder the dark matter the smaller the smallest visible structures. Illustration
credit to Ben Moore at the University of Zurich.

interact with baryonic matter, it does interact with itself via an energy exchange
mechanism. This is unlike the cold/warm/hot dark matter models above which
describe collisionless dark matter. This self-interaction means that in sufficiently
dense regions dark matter will behave as a fluid rather than a rarified gas which
is the predicted behavior in low densities [245]. SIDM doesn’t affect the smallest
scale of substructure, however it does impact the density and dynamics of these
small systems, as the in the core of these systems the density may become high
enough for the dark matter to behave like a fluid changing the dynamics in the
core [281]. The limitations on this model come from the dense cores of galaxy clus-
ters which show no evidence of the dark matter behaving in a fluid-like manner
under these conditions [138].

3
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The simulation of baryonic matter is more complicated than dark energy or dark
matter due to the fact that it interacts with multiple sources of energy. This there-
fore involves more complicated physics, such as star formation, feedback and the
reionization of the Universe. Therefore, until recently many ΛCDM models did
not model the baryonic matter separately and assumed it would follow the distri-
bution of the the easier to simulate dark matter.

The ΛCDM model is considered to be phenomenological at present [42], as the
physics behind dark matter and dark energy are currently unknown and remain
areas of intense debate in theoretical physics. In spite of this, it has been used
to model the Universe on large scales extremely effectively. When compared to
the large scale structure in the Universe observed in wide area surveys (such as
the Sloan Digital Sky Survey, SDSS, [29]) there are strong similarities between the
simulations and the observed structure [106, 246]. These similarities include the
cosmic web, the grouping and clustering of galaxies and the size of the most mas-
sive galaxies within the Universe ([246]; see 1.2).

However these successes at large scales have been tempered at smaller scales
(∼1 Mpc) which show a series of differences between the simulations and the ob-
served Universe [42], which are collectively referred to as the small-scale problems
of ΛCDM. Some of these problems include the ’too big to fail’ problem, where the
largest observed satellites around the Milky Way (MW) are smaller than predicted
[e.g. 35, 36]; the ‘core-cusp’ problem, where the center of dwarf galaxies are insuffi-
ciently dense compared to simulations [e.g. 95, 191]; and the observation of planes
of satellites around M31, the MW and Centaurus A (Cen A) which are not pre-
dicted in simulations [e.g. 205, 123, 196]. The most prominent of these problems is
the ‘missing satellites’ problem [e.g. 190, 148] which will be expanded upon below.
Some of these problems can be relieved by using warm dark matter [38] or SIDM
[220] in place of cold dark matter. However, as of the time of writing, no single
model has been able to explain all of the small scale problems without loosing the
large scale successes of the ΛCDM model. For more details on the small scale prob-
lems of the ΛCDM model, and potential solutions, read the recent review [42] and
the references therein.

4
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Figure 1.2. Comparison between ΛCDM model and observations at large scales:
The small slice at the top shows the CfA2 ‘Great Wall’, with the Coma cluster at
the centre. Drawn to the same scale is a small section of the SDSS. The wedge
on the left shows one-half of the 2dFGRS, which determined distances to more
than 220,000 galaxies in the southern sky out to a depth of 2 billion light years.
The SDSS has a similar depth but a larger solid angle and currently includes over
650,000 observed redshifts in the northern sky. At the bottom and on the right,
mock galaxy surveys constructed using semi-analytic techniques to simulate the
formation and evolution of galaxies within the evolving dark matter distribution of
the ‘Millennium’ simulation are shown, selected with matching survey geometries
and magnitude limits. This is Figure 1 from [246].

5
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1.1.1 The Missing Satellites problem

The ‘missing satellites’ problem refers to the fact that ΛCDM simulations show
that a dark matter halo with a similar mass to the MW’s halo should possess high
hundreds to low thousands of sub-halos [e.g. 190, 148]. At the time of the earliest
ΛCDM simulations in the late 1990s, the MW only had 12 known satellites, with
the faintest having an absolute magnitude ofMV = −8 [190]. This 2 orders of mag-
nitude difference between simulations and observations has been a open problem
within astronomy ever since.

In recent years the problem has become less severe. This has been achieved by
attacking the problem from several different angles. The first is observationally
[e.g. 260, 261, 153, most recently around the MW], where large-scale digital sky
surveys have allowed the observation of dwarf galaxies far dimmer than those
observed on photographic plates over large sky footprints. This new class of dwarf
is called Ultra Faint Dwarfs (UFDs, MV&−7.7, or L.105 L�, using the definition of
[239]). Initial searches were conducted with the SDSS, and more recently in other
surveys such as the Dark Energy Survey (DES, [82]), Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS, [156, 155]) and Magellanic Satellites
Survey (MagLiteS, [260]), among others. The number of newly discovered UFDs
has steadily climbed over the past 20 years as new areas of sky, particularly in the
southern hemisphere, have been observed or as new telescopes push the limits
on the dimmest dwarf galaxies detectable. Now the MW has over 60 confirmed
satellites [177] with the dimmest having an absolute magnitude of MV = −0.8

[120]. Wewe have also pushed the minimum surface brightness detectable, with
several new dwarfs with mean surface brightness as low as µ(g)=32.3 mag/arsec2

[119], far dimmer than any previously known object.
The other main method to reconcile the ‘missing satellites’ problem has been

through the ΛCDM simulations themselves. With increasing computational power,
it has become possible to simulate the baryonic physics that affects baryonic matter
[e.g 89, 209, among others], rather than running dark matter-only simulations and
assuming the baryonic matter follows the same distribution [190]. The incorpora-
tion of baryonic physics allows the simulations to more closely match observations
by integrating the effects of star formation, stellar feedback and gas modeling. This
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Figure 1.3. Milky Way Satellites by position and discovery date: Confirmed satel-
lites of the MW (as of October 2016) plotted in galactic cartesian coordinates. The
MW is the grey disk. Irregular dwarf galaxies are depicted as blue squares. The
‘classical’ dwarf spheroidals are depicted in pink circles, new dwarf spheroidals
discovered since 2005 are in orange circles. The size of the shape is determined by
the absolute magnitude of the object. Modified from an illustration from Tohoku
University/NAOJ.

allows the simulation to predict the luminosity of the resulting galaxy, which al-
lows astronomical observations of regular galaxies to be directly compared with
simulations, rather than through the dark matter halos. The use of these models
to varying degrees of sophistication has allowed modelers to find galaxies with
satellite populations very similar to those found in the Local Group (LG) around
the MW and M31 [41, 232, 284]. However, these models have large degrees of un-
certainty with the baryonic physics used and there are no strong constraints on
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several key elements of these models, such as feedback efficiency or star formation
rates in low metallicity environments [e.g 89, 209, among others]. Because these
are not well constrained by observations, it is possible that these models are using
incorrect parameters and over fitting to the observations of the LG which may not
be representative of the Universe as a whole.

Observations of the Virgo cluster have shown that the ‘missing satellites’ prob-
lem is much less of a problem, with the total number of halos within the cluster
closely matching ΛCDM predictions [190]. This indicates that the ‘missing satel-
lites’ problem may not be universal and may be limited to galaxy groups, or it may
only come into effect at some luminosity or mass cut off that is below the limiting
magnitude of the Virgo cluster. This inconsistency is further reason as to why more
observations are required.

1.1.2 Dark Matter in Dwarf Galaxies

Dwarf galaxies are excellent laboratories for studies into the properties of dark
matter. This is because these systems have the highest proportion of dark matter
to baryonic matter among currently known galaxies [1, 165, 148, 35]. This dark
matter domination makes them a unique class of object with which to determine
the properties of dark matter.

It is particularly important to examine dwarfs across multiple environments, as
these different populations allow us to test different predictions from cosmology
and galaxy evolution models. Isolated dwarfs will be more responsive to internal
mechanisms and present undisturbed dynamics compared to those which have
undergone interactions with nearby massive halos, as is the case with satellite
galaxies [233]. This allows a switch away from objects which are dominated by
the nearby massive host and towards ‘pristine’ isolated galaxies [181, 250]. The
importance of examining dwarf galaxies away from massive galaxy groups is that
in groups the evolution of satellite dwarf galaxies is dominated by interactions
with massive central galaxies. This means they give relatively little information as
to how dwarf galaxies evolve without this overwhelming influence. Interactions
between an individual satellite dwarf and a central host also provide a way to test
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cosmology and galaxy evolution theories [244, 284], in addition to the information
to be gained from the satellite system as a whole as explained above.

The scale of dwarf galaxies can also provide information on the type of dark
matter present within our Universe. As explained above, if dark matter is warm
then there should be a cut off mass where there are no galaxies below this or no
galaxies with dark matter halos [42]. So far observations have found no evidence
of a cut off mass within Local Group dwarf galaxies [177, 79]. However, there are
only reliable mass estimates for galaxies down to ∼108M� [27] (equating to a dark
matter particle mass of >5.2 keV [103]), so it is important to produce tools that can
detect galaxies below this mass, and examine them in sufficient detail to produce
reliable mass estimates.

This is also important as dwarf galaxies can tell us a great deal about the early
Universe. In this period all galaxies would be small isolated dwarfs before they as-
sembled into the large scale structure seen today [31]. Faint dwarf galaxies provide
constraints on galaxy evolution, dark matter and cosmology. By characterizing
their resolved stellar populations, it becomes possible both to obtain present-day
structural parameters for these galaxies and characterize their star formation his-
tories (SFHs), providing constraints on their past [37, 250].

Knowing the star formation history of isolated dwarfs is also important for our
understanding of the epoch of reionization [31]. Current models of reionization
show that the known galaxy count lacks the power to completely reionize the Uni-
verse in the time allowed from cosmological observations [34]. This gap can be
filled by ultraviolet photons emitted from a large number of small halos. However,
current observations suggest that, dwarf galaxies this small do not emit ultraviolet
to the degree required to close the gap on cosmic reionization [219, 34]. Finding
these objects and identifying their star formation history is therefore critical to un-
derstanding star formation throughout the Universe.

1.2 The Satellite Luminosity Function

The satellite Luminosity Function (LF) is a way of quantifying the luminosity of
the members of a galaxy group and comparing it to others. This cumulative func-
tion tracks how many members of a galaxy group are above a certain luminosity

9



Texas Tech University, Paul Bennet, May 2020

[65]. This is closely related to the satellite mass function, which serves the same
purpose but uses the satellite halo mass as the defining characteristic rather than
luminosity [190]. The satellite LF is often reported by observers, as luminosity is a
directly measurable physical quantity when combined with distance information.
Deriving the mass of an object from observables is a harder process that requires
more information, such as velocity dispersion from spectroscopic observations of
a galaxy’s stellar population or globular clusters [e.g. 273]. The satellite mass func-
tion is more often reported as the results of a simulation, because the mass can be
pulled directly from the simulation, whereas the luminosity depends on numerous
factors that are computationally expensive to simulate in detail, particularly for
smaller objects [89, 209]. This difference often makes comparisons between simu-
lations and observations difficult. Despite these difficulties in converting between
the mass and luminosity functions, this conversion is possible and therefore these
quantities can be used as an important point of comparison between observations
and simulations.

As it characterizes the satellite system of a central galaxy, the satellite LF has been
a primary method for examining the missing satellite problem (see 1.1.1) in obser-
vations. Until recently, most of this work has been focussed on the Local Group
[177, 229, 66, 82, 146, 145, 152, 156, 155, 173, 68, 80, 262, 49, 201, 153, 260, 175, 178].
However, in recent years there has been a sustained observational effort focussed
around the examination of resolved stellar populations around nearby Local Vol-
ume galaxies to detect new dwarf galaxies and populate the satellite LF. This work
has covered the M81 [56, 242], Cen A [65, 200] and M94 [241] groups. These obser-
vations have shown that there is significant variation in the satellite LF between
galaxies which are in a similar mass range. However, stellar populations can only
be resolved in ground-based data out to ∼4 Mpc [179] and all MW-mass galaxies
within this limit have been observed [142]. This limit is caused by atmospheric
turbulence or ‘seeing’, for more details on this please see 7.3.3. Thus, new tech-
niques are required to obtain a statistically significant number of galaxy groups to
provide a robust comparison to theory.
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1.2.1 The Scatter in the Luminosity Function

A key prediction from the ΛCDM model that can be compared to observations
once a sufficient sample of similar-mass galaxies has been observed is the scatter
in the satellite LF [216, 111, 162]. This scatter traces the differences both in the star
formation between the satellites of a galaxy and the difference in the number of
dark matter subhalos around the central massive halos.

Measuring the scatter in the substructure properties among MW-like halos can
be used to understand if the Local Group has unusual substructure properties, and
to help guide simulations that are addressing ΛCDM’s so-called problems. Initial
results in this arena are exciting – the Satellites Around Galactic Analogs [SAGA;
101] survey has found that the halo to halo scatter in bright satellite numbers is
higher than expected from abundance matching with Local Group dwarf galaxies.
SAGA also found many examples of star forming dwarf satellites, in contrast with
the dwarf population in the Local Group.

Additionally, a recent search for faint satellites around M94 (D=4.2 Mpc), an-
other MW analogue, found only two satellites [241] withM?>4×105 M� compared
to the eight systems found around the MW [177]. Comparison between other ex-
amined galaxy groups and the Local Group show M81 being richer than either the
MW or M31 [56], while Cen A shows a similar function to M31 [65]. These com-
parisons and thier implications will be explored in more depth in Chapters 5 and
6.

It is also important to examine the galaxy groups to the dimmest possible limit-
ing magnitude, since at the bright end of the satellite LF the number of objects is
small and therefore the statistical power is low (e.g. the 8 satellites around the MW
withM?>4×105 M� is∼3σ discrepant from zero. This provides additional motiva-
tion to explore the faint end of the LF where the number of satellites is larger and
therefore the statistics are more robust. Despite the large observational effort, the
number of MW-like systems studied is still small, and further work is needed to
quantify the observed range in substructure properties in a statistically significant
way.
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1.2.2 Affects of the Accretion History and Galactic Environment on the
Luminosity Function

Simulations show that central galaxy mass is the overwhelming variable in de-
termining its satellite LF [89, 209]. This indicates that the environment and ac-
cretion history of the galaxy has a relatively minor impact in determining the LF
(though non-negligible, see [167]). This is due to the fact that the accretion his-
tory of large galaxies should be similar, as they have similar mass and individual
events will have been averaged out over the age of the Universe. Therefore while
the current situation for any individual galaxy will be different, the total accretion
history of similar-massed galaxies over the age of the Universe should be broadly
similar [193, 31].

The star formation history of the dwarf galaxies within the satellite system should
also be broadly similar. This is because the central galaxy should quench all dwarf
galaxies within its virial radius shortly after their first infall, by stripping the dwarf’s
reservoir of neutral hydrogen via ram pressure stripping. Once the neutral gas has
been stripped, there is no source of gas within the dwarf and any gas that may be
accreted from the environment will be lost to the same pressure that stripped the
original gas reservoir1. With no neutral hydrogen, star formation ceases within the
dwarf galaxy [244].

This cessation of star formation in dwarf galaxies within the virial radius of a
massive host is important, because star forming objects have a higher luminosity
to mass ratio compared to non-star forming objects [244]. This widens the gap
between the LF and the mass function described above.

However, observations have thrown this clear theoretical picture into doubt.
Observations around M94 show dwarf galaxies undergoing active star formation
within the virial radius of M94 [241] and the scatter between similarly massed
galaxies as larger than that seen in simulations [101]. It is therefore important to
understand how the satellite luminosity function changes with primary halo mass,
environment and morphology.

1There will be some replenishment of the dwarf’s interstellar medium via mass loss from red
giant stars, however this contribution is relatively small compared to the overall mass of the dwarf.
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1.3 Ultra-Diffuse Galaxies

Ultra-Diffuse Galaxies (UDGs) are a class of low surface brightness galaxies with
large half-light radii. While UDGs have been in the astronomical record for several
decades [e.g. 230, 44, 125, 71, 62, among others], recent work has found hundreds
of examples in cluster environments [277, 150, 185, 195, 287, 270], along with lower
density group [68, 254, 184, 221, 243, 59] and field examples [17, 163, 135].

1.3.1 Recent detection of UDGs

The initial UDG detection in the modern era was in the Coma cluster. This was
done with the Dragonfly Telescope array, a telescope made of several camera lenses
that was designed to be optimized for LSB astronomy. This showed the presence
of 47 large diffuse objects not in previous catalogues of the Coma cluster [277]. Ex-
amination showed them to be far larger than previously discovered LSB galaxies,
with some having similar radii to massive galaxies, such as the MW, but with only
∼1% of the luminosity. Due to the extremely large size and low surface brightness
of these objects compared to previously known galaxies they were made into a
new class, UDGs, defined as any galaxy with µ(g,0)>24.0 mags/arcsec2 and rh>
1.5 kpc [277].

Following the initial discovery in Coma (and other clusters such as the Virgo
[185] and Fornax clusters [195]), many galaxy groups were examined by a number
of different research groups to find these objects across a large mass range, such as,
the NGC 6503 [150] and NGC253 [254] groups among many others. This showed
that UDGs are not unique to the Coma cluster or only to large clusters but are
ubiquitous in galaxy groups and clusters above a certain mass.

These discoveries allowed for the formulation of a relationship, showing that the
number of UDGs scaled with the mass of a galaxy group or cluster in a power-law
relation ([221, 271]). These relations are purely observational and due to a lack of
knowledge of the formation mechanisms for UDGs (explored in more depth below
in subsection 1.3.2), constructing an analytic relationship is not possible without
more information.

Finally, UDGs have also been detected in the field, far from any galaxy group or
cluster. Due to the difficulties in detecting these faint optical sources in wide field
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surveys, these have been primarily radio-led searches to find gas-rich UDGs [163].
These searches showed that the field population is very different to the UDG pop-
ulation found in groups or clusters. The field UDGs are generally found to have
an average central surface brightness that is higher than those found in groups
(though still far lower than regular galaxies); to be a much bluer color (which is also
a property found in high surface brightness galaxies); and to possess much more
irregular morphologies than cluster or group UDGs. This work has the potential
degeneracy that these may be properties of field UDGs or these characteristics may
be linked to the large HI reservoirs these galaxies possess that allowed them to be
found in a radio-led survey. If these properties are linked to the HI reservoirs then
it is possible that gas-poor UDGs in the field are more like the known group and
cluster populations [163].

Following this, there has also been a single wide field search conducted with
∼200 square degrees of optical data from the Hyper Suprime-Cam Subaru Strategic
Program on the Subaru telescope. This located 781 LSB galaxies; however, without
distance estimates it is not possible to determine if they are UDGs [109]. Field
UDGs present a problem in distinguishing UDGs from smaller LSB dwarf galaxies,
as part of the definition of a UDG is a physical radius, which is not an observable.
Calculating a physical radius requires a combination of angular size and distance;
without distance information it is not possible to state how many of these objects
are UDGs. For LSB objects projected in and around galaxy groups and clusters,
it is assumed that any LSB object is at the distance of the group or cluster and a
physical radius is determined on this basis [277]. For the HI-rich UDGs described
above, the initial radio detection gives a velocity measurement which can be used
with the Hubble Flow to estimate a distance [163].

A final unusual point about UDGs is that they sometimes show globular cluster
(GC) counts that are consistent with those of more luminous galaxies with similar
radius. This is unusual as globular clusters tend to tightly correlate with luminos-
ity among more massive galaxies and are seen as signposts of early star formation
in the Universe. This difference between the stellar content and number of GCs
and that of the main galaxy may be an interesting hint to the origin of UDGs [274].
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1.3.2 Formation of UDGs

The formation of UDGs is a matter of considerable debate within the LSB as-
tronomy community [e.g. 289, 164]. Three main theories are espoused as possible
formation mechanisms to form these very large LSB structures and allow them to
persist even within dense environments. It is also likely that the UDG popula-
tion is not a single population with a single formation mechanism and therefore it
is possible that all of these mechanisms form different fractions of the total UDG
population across several different environments.

1.3.2.1 Primordial UDGs

The first idea posited is that UDGs are primordial objects formed in a MW sized
dark matter halo. However, some event in the early Universe, either internally
or via interaction, caused early quenching of star formation in these objects [e.g.
277, 273, 265, 75, 54]. The exact cause of this early quench has not been well char-
acterized in UDG literature, and it is possible that it could be caused by the jets
of a nearby active galactic nuclei, internal feedback from early supernovae or high
mass stars.

It has also been theorized that UDGs may be the ’high-spin’ tail of the galaxy
distribution, where the dark matter halo has significantly higher angular momen-
tum than most halos [14, 238, 7]. This high angular momentum means that the
halo and the stars within it remain puffed up and don’t collapse to form a regular
dwarf galaxy. This causes the matter to disperse and leads to the large radii and
low central surface brightness that characterize UDGs.

1.3.2.2 Puffed-up Dwarf Galaxies

Another theory is that UDGs are the product of tidal and/or ram pressure strip-
ping [e.g. 61], which can remove stars and expand the galaxy’s size [e.g. 87]; semi-
analytic calculations show that this scenario is viable for cluster UDGs [47]. In this
model a cored dwarf galaxy interacts with a more massive galaxy. This interaction
strips the dwarf of its gas and outer stellar populations while also adding more
energy to the inner core. This more energetic core puffs up but the dwarf remains
gravitationally bound.
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There is some observational evidence for a UDG ‘galaxy interaction’ formation
scenario in the radial alignment of Coma UDGs [287]; the kinematics of the glob-
ular clusters in at least one Virgo UDG [253]; and in the very elongated UDG as-
sociated with NGC 253 [Scl-MM-Dw2; 254]. Other UDG-like systems also have
suggestive features pointing to a recent galaxy interaction [e.g. 218, 149, 184, 107],
or even spatial/kinematic substructure that could result from such interactions
[e.g. And XIX; 60]. The only direct observational evidence that UDG-like objects
can form from galaxy interactions comes from a) the disrupting dwarf, CenA-MM-
Dw3, which has a rhalf=2.5 kpc and µ0=26.0 mag arcsec−2, with clear tidal streams
extending over ∼60 kpc in the outskirts of the nearby elliptical Cen A [68] and
b) VLSB-A, a nucleated Virgo UDG that has clear tidal features, and is possibly
associated with M86 [185].

1.3.2.3 Tidal Dwarf Galaxies

A final theory could be that UDGs are large examples of tidal dwarf galaxies
[275, 266]. These are galaxies formed by the expulsion of gas from a massive galaxy
during a merger event. If the ejected gas has an over-density or is shocked by
exposure to the inter-galactic medium, it can compress and produce a single burst
of star formation [for a recent review see 83]. It is thought that UDGs may represent
the very largest of this type of object [85].

As this formation channel also involves tidal interaction, the evidence for a tidal
formation mechanism discussed in above in subsection 1.3.2.2 also applies as pos-
sible evidence to this formation mechanism. To distinguish between these forma-
tion mechanisms, it should be possible to use HI and GC numbers. For a puffed-
up dwarf there should be no HI gas, as this will have been stripped by the tidal
interaction with the massive host. However, a tidal dwarf galaxy is HI rich by
definition. Tidal dwarf galaxies also have no GCs, so the presence of these objects
should mean a tidal dwarf formation channel is impossible [290].

Tidal interactions either via tidal dwarf galaxies or puffed-up dwarfs cannot be
the only explanations for these objects. The presence of field UDGs indicates that
these objects must have a non-interaction based formation channel.
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Therefore, it is likely that UDGs are not a made of a single population with a
single formation mechanism, but instead are an amalgamation of several distinct
populations with similar observational properties. More observations are needed
to determine how many distinct populations are currently grouped under the um-
brella term UDGs, the relative proportion of each population and exactly how to
these smaller populations vary in their properties.

1.3.3 Dark Matter Content of UDGs

Much work has been done on the dark matter content of UDGs. However, this
work has not found consistent conclusions, instead finding that UDGs do not seem
to have a consistent dark matter percentage between objects [for example 277, 275].

The diffuse nature of UDGs means that a lot of spectroscopic follow-up time
on large telescopes is needed to get sufficient signal [279]. This large amount of
telescope time to use traditional mass estimation techniques has led to alternate
techniques being utilized, such as measuring the velocity dispersion of the UDG’s
GCs rather than the total stellar population [274].

As under-luminous systems, it is expected that UDGs should be dark matter
rich, with a large dark matter halo supporting the large radii, even if there are few
stars. Initial observations (for example of Coma DF-44) seemed to confirm this
with UDGs being found to be rich in dark matter. However, recent results from
the NGC 1052 group have thrown this assumption into question. Two UDGs in
the group, initially NGC 1052 DF-2 [274] followed by NGC 1052 DF-4 [278], have
been shown by observations to be dark matter free. This result is still controversial
and has been questioned by several different groups [172, 88, 158, 189]. However,
this shows the need to examine more of these objects to constrain the limits on
different populations.

The differing levels of dark matter could also point to different formations, with
primordial UDGs having dark matter halos equivalent to a MW-mass galaxy [277],
puffed-up dwarfs having dark matter halos equivalent to the original dwarf galaxy
[47] and tidal dwarf galaxies having no dark matter [85].
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1.4 Previous Detection of Low Surface Brightness Galaxies

Detection of LSB galaxies has been a persistent problem in astronomy [230, 44].
Initial attempts to characterize the LSB sky began on photographic plates in the
1940s focussing on planetary nebulae [188], with early detections of LSB galaxies
starting in the mid 1960s [55]. However, the first systematic attempt to observe LSB
galaxies, as opposed to serendipitous discoveries as part of wider surveys, was
with HI data in the mid 1970s [93] and in optical data in the late 1970s and early
1980s [64, 222]. As technology and observational techniques advanced, the number
and depth of both optical and radio surveys targeting LSB galaxies increased until
the late 1990s.

The field cooled off in the 2000s due to difficulties in using large digital surveys,
such as SDSS, for LSB galaxy detection. The recent discoveries of LSB dwarfs in
resolved stellar populations in the Local Volume [58] and the rediscovery of UDGs
in new optical imaging [277] has reinvigorated the field. However, the problem of
being able to search large data sets for unresolved LSB galaxies remains and has
attempted to be solved in a number of ways that will be examined in this section.

1.4.1 Source Extractor

A useful tool for galaxy surveys for high surface brightness galaxies and stars
is the program Source Extractor (SExtractor) [26]. This is a program designed to
detect groups of bright pixels in astronomical images and determine the observa-
tional properties of the astrophysical source the pixels are associated with. It has
been the standard program for source identification in the field for many years.
However, it was designed for use on stars or bright background galaxies and is
not optimized for LSB sources. This results in the LSB objects being missed as ei-
ther they are below the detection thresholds and assumed to be background fluc-
tuations so are removed as part of the sky modeling, or many spurious sources
are detected as the detection thresholds are set sufficiently low to find LSB objects.
Other tools designed for analyzing high surface brightness objects in previous sur-
veys have similar results.

Though SExtractor has been used in LSB searches [73], for the reason listed above
it is not often used to detect LSB sources in modern LSB surveys; however, it is
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used to remove high surface brightness sources prior to a search for LSB objects,
see Chapter 3.

1.4.2 Visually led Searches

Many searches for LSB objects have been led via visual searching of the survey
data by the survey’s authors and associated research groups. While there has been
discussion of opening up this work to citizen science collaborations, in a similar
vein to Galaxy Zoo [166], so far the data sets produced have been sufficiently small
that researcher only operations have been effective, if time consuming.

This approach has the advantage of not relying on software that has tradition-
ally been poor at detecting LSB objects. However, it is a method that has a high
labor cost of time required to examine data by trained researchers. This labour
problem is exacerbated due to reliability issues, because any visual search is likely
to require multiple observers to try to avoid biases that could be introduced by
a single observer. Despite using multiple observers, these searches have funda-
mental problems with robustness and reproducibility. Due to observers being dif-
ferent and the many factors that may affect the effectiveness of the observers it is
extremely hard to construct robust completeness limits in these types of surveys,
and therefore it is not possible to say that a search found all possible targets within
a set of observational properties.

While these drawbacks are significant, due to the lack of an efficient and effective
alternative most LSB galaxy searches over the past decade have relied on visually
led search techniques, for example [58, 183, 277, 195, 185, 68, 241].

1.4.3 Wavelet based Searches

The final method we will discuss here is wavelet based. There are several al-
gorithms that use this wavelet based approach, including part of SExtractor [26],
mentioned above. Initially used in astronomy in globular cluster surveys [10], it
was then turned to find other objects such as asteroids [20] and extended X-ray
sources [223]. This method has recently been turned to finding LSB galaxies in
optical images by groups, such as the SMUDGES collaboration [9, 291, 11].
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This method uses a series of wavelet models to predict what an LSB galaxy looks
like and tries to find objects that have a similar profile to the supplied wavelets.
These algorithms tend to be very effective at finding LSB galaxies but they are
computationally intensive, requiring a lot of resources and time to examine large
areas of sky. They also are dependent on the supplied wavelets; if objects are irreg-
ular or disrupting then these are often missed due to the wavelets being based on
symmetrical patterns. For this reason they are also bad at finding unexpected LSB
objects which may vary substantially from provided wavelets [291].

Due to the high levels of computational resources required to examine even rela-
tively small areas of sky, this approach has been severely limited particularly with
wide area surveys. This problem will likely get worse as the volume of data from
future surveys outpaces improvements in computational resources and efficiency
gains from implementation. While there have been proposals to link this style of
search with machine learning, these proposals have not been implemented on ac-
tual data at this time.

1.4.4 Other approaches

While the above characterize the majority of methods in the last few years, there
have been several attempts to create a more efficient method of LSB galaxy detec-
tion due to upcoming surveys covering more of the sky than existing efforts. These
new surveys will produce vast amounts of data that will need to be swiftly ana-
lyzed, an application to which current wavelet or visually-led searches are poorly
suited. Examples of these approaches have been used in work in the Coma Cluster
[272], in Local Volume galaxy groups [52] and in the field [109].

These detection methods will be elaborated on and compared in more detail in
Chapter 3.

1.5 Dissertation Outline

In this dissertation we will discuss different methods that we have used to detect
LSB galaxies and the implications of these searches. Chapter 2 begins with discus-
sion of a initial radio-led search using the ALFALFA and GALFA-HI surveys and
the Hubble Space Telescope (HST) follow-up of these objects. In Chapter 3, we will
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describe the development of a novel detection algorithm for LSB galaxies in wide
field optical data, compare it to other detection methods and report on the results
of applying this detection algorithm to a 9 deg2 region around the spiral galaxy
M101 to test the effectiveness of the detection algorithm and characterize the M101
satellite system. In Chapter 4, these results will be followed-up with HST obser-
vations of 19 of the dwarf candidates, which will allow the characterization of
the satellite LF for M101 to MV =−8.2 and a comparison with other Local Volume
galaxy groups examined to comparable depth. In Chapter 5, we will report on
a second set of HST observations from 4 additional candidates around M101 and
extend the satellite LF of this galaxy into the UFD regime to a depth of MV =−7.4,
the first time this regime has been examined outside the LG. In Chapter 6, we will
discuss preliminary results of the application of the detection algorithm to ∼150
deg2 area of the Canada-France-Hawaii-Telescope Legacy Survey (CFHTLS) and
in particular highlight observational results which show direct evidence for tidal
formation of UDGs. Finally, we will summarize the dissertation in Chapter 7.
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CHAPTER 2
RADIO LED SEARCH FOR LSB GALAXIES

In this chapter we describe our search of publicly available ultraviolet (UV)/optical
data to find ultra-compact high velocity clouds (UCHVCs) dwarf galaxy counter-
parts. Our imaging based search has uncovered six dwarf galaxy candidates, all
of which we present spectra for. Five are confirmed to have optical velocities con-
sistent with the HI velocity, and are thus true dwarf galaxy counterparts to the
UCHVC. This initial search was reported in [225] and will be summarized in this
section. In addition to this archival data, we present HST follow-up to all found
dwarfs, focussing on the dwarfs GALFA Dw3 & Dw4.

2.1 Archival Search

Five Local Volume dwarf galaxies were uncovered during a comprehensive archival
search for optical counterparts to UCHVCs. The UCHVC population of HI clouds
are thought to be candidate gas-rich, low mass halos at the edge of the Local Group
and beyond, but no comprehensive search for stellar counterparts to these systems
had been presented. Careful visual inspection of all publicly available optical and
ultraviolet imaging at the position of the UCHVCs revealed six blue, diffuse coun-
terparts with a morphology consistent with a faint dwarf galaxy beyond the Local
Group. Optical spectroscopy of all six candidate dwarf counterparts show that five
have an Hα-derived velocity consistent with the coincident HI cloud, confirming
their association; the sixth diffuse counterpart is likely a background object. The
size and luminosity of the UCHVC dwarfs is consistent with other known Local
Volume dwarf irregular galaxies.

2.1.1 Radio Data

The advantage of HI galaxy selection is that it offers an opportunity to overcome
the incompleteness of optical detections of nearby LSB galaxies [116] (trading the
disadvantage that some LSB galaxies have little or no HI gas). HI clouds are inti-
mately tied to the history of the ‘missing satellite problem’: an early solution was
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that a subset of the high-velocity HI clouds (HVCs) observed in the Local Group
could inhabit some of the ‘missing’ dark matter halos [39, 30].

The Galactic Arecibo L-Band Feed Array HI (GALFA HI) and Arecibo Legacy
Fast Arecibo L-band Feed Array (ALFALFA) surveys provide a new opportunity
for discovering Local Volume galaxies within ∼10 Mpc. Their spatial resolutions
(∼4’ for both) and sensitivity (MHI=105–106 M� at ∼1 Mpc for both) are well-
matched to the expected HI properties of star-poor Local Group low-mass halos
[105, 207].

Saul et al. 2012 ([231]; S12 hereafter) identified a set of 27 UCHVC “galaxy can-
didates” from their GALFA-HI compact cloud catalog. These objects were selected
based on their velocity (|VLSR|>90 km/s) and lack of association with any known
HVC complex or galaxy. Most were barely resolved in the survey data, with a
median size of 5’. Adams et al. 2013 ([3] ; A13 hereafter) extracted 59 UCHVCs
from ALFALFA’s α.40 catalog based on their velocity (|VLSR|>120 km/s) and size;
the median size of the ALFALFA UCHVC catalog objects is 12’, larger than the
GALFA-HI candidates. Nonetheless, there is some overlap between the GALFA-
HI and ALFALFA UCHVC compilations – eleven ALFALFA UCHVCs are in the
GALFA-HI compact cloud catalog, but only one of these is in the “galaxy can-
didate” group identified by the GALFA-HI team. These differences indicate the
difficulty in defining what may be an intrinsically heterogeneous class of objects.
Between the two catalogs, there are a total of 85 unique UCHVCs.

2.1.2 Optical Data

We have searched all available optical and ultraviolet imaging archives for coun-
terparts to the UCHVCs. In the optical, these include the Digitized Sky Survey
(DSS), the Sloan Digital Sky Survey (SDSS Data Release 10; [4]), the Subaru SMOKA
data archive (Baba et al. 2002) and the Canada France Hawaii Telescope Megacam
archive (utilizing the MegaPipe data products; [113]).

In the ultraviolet, we have made extensive use of the Galaxy Evolution Ex-
plorer (GALEX; [171]) archive, which is especially good for uncovering young
star-forming regions, as is expected for any gas-rich dwarf galaxy the UCHVCs
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may harbor. We also searched for Swift UltraViolet and Optical Telescope (UVOT)
imaging coincident with our UCHVC candidates, but none were found.

Our search is focused on diffuse counterparts to the UCHVC sources, rather
than resolved stars. As our guide, we used the visual appearance of Leo P in the
SDSS archive – blue in color (due to recent star formation), blobby and diffuse,
with possible O-stars or unresolved HII regions. When multiple optical bands are
available, color images were made, facilitating a search for blue counterparts. We
confined our visual search for these features to within the ∼1 arcmin positional
uncertainty of the UCHVC’s position (see A13 and S12), rather than searching the
entire extent of the HI cloud, similar to what has been done in past searches for
optical counterparts to HI clouds (e.g. [118]).

Despite this ∼1 arcmin search radius, diffuse dwarfs that were ∼2-3 arcmin off-
set from the HI position would have been recognized during the visual inspection
of the images, but none were found. All sources in optical bands with an ap-
parent size 5” were flagged, but most of these extended objects appeared to be
background objects and were discarded, with clear spiral/elliptical morphologies,
rather than the diffuse nature that we expected. Diffuse galaxies with known ve-
locities that did not agree (∆v>1000 km/s) with the UCHVC velocity were also
discarded.

2.1.2.1 Supplemental Imaging

GALFA 044.7+13.6+528 (GALFA Dw3): Inspection of the DSS image at the posi-
tion of this HI cloud reveals a clear LSB dwarf candidate, which we have dubbed
GALFA Dw3. As such, we imaged the field on 26 October 2014 (UT) with Magel-
lan/Megacam with exposures of 8×300s in r and 7×300s in g. The dwarf is only
semi-resolved and crowded in the central regions, and we are unable to accurately
determine the stellar population, or measure a TRGB distance. [225]

GALFA 086.4+10.8+611 (GALFA Dw4): DSS imaging at the position of this UCHVC
showed a clear candidate dwarf galaxy. Follow-up imaging of this dwarf candi-
date was taken with APO/SPICAM on 17 November 2014 (UT) in g and r band,
with exposures of 4×450s in each filter. We note that the seeing was poor (4”) and
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variable, and so no resolved structure is apparent in this dwarf beyond two ‘blobs’
[225].

2.1.3 Results

Our search uncovered six strong dwarf galaxy candidates, of these six, five clearly
exhibit Hα with a velocity consistent with that of the UCHVC, confirming them as
dwarf counterparts. The sixth object (GALFA 162.1+12.5+434), with a single faint
emission line, is likely not associated with the coincident UCHVC. For more details
of the spectroscopic follow-up of these objects see [225]. For these five dwarfs, we
assign names according to the discovering HI survey, in order of increasing right
ascension; e.g. GALFA Dw1, GALFA Dw2, etc. Two of these, GALFA Dw1 and
GALFA Dw2, were identified previously by [252] as Pisces A and Pisces B, respec-
tively. A third, ALFALFA Dw1, was identified and spectroscopically confirmed by
[18] and named SECCO–1 – we confirm its optical velocity is consistent with the
UCHVC velocity.

2.2 ALFALFA Dw1

HST imaging of ALFALFA Dw1 (AGC 226067, SECCO–1, [18]; GO 13735; PI
Sand) was taken with ACS [96] in the F606W (2196 s) and F814W (2336 s) filters
on 2015 April 26, as well as the Wide Field Camera 3 (WFC3) in the F275W filter
(2470 s) on 2015 July 7. The WFC3 F275W data contained only a handful of low
S/N sources, and we will not consider it further. For the F606W and F814W data,
multiple exposures were taken in each filter to remove cosmic rays, but we did not
dither to fill in the chip gaps, as this was not necessary to fully image ALFALFA
Dw1 [227].

The color magnitude diagram (CMD) of ALFALFA Dw1 reveals a complex and
exclusively young stellar population. This shows a population of faint, blue stars
consistent with a young main sequence population along with a second redder se-
quence consistent with being red-helium burning stars. The are no stars consistent
with an old RGB population [227]. The brightness of RHeB stars in optical CMDs
is directly dependent on the age of the star [182], which we will use to constrain the
stellar population in AGC 226067. The dimmest RHeB stars correspond to an age
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of∼50 Myr, while the two bright stars at the top of the sequence (F814W=22−22.5)
correspond to RHeB stars of∼7-8 Myr. We infer an approximate stellar population
with age range of ∼7-50 Myr for ALFALFA Dw1 [227].

Based on these HST results and other results in the literature on this object, there
is circumstantial evidence that ALFALFA Dw1 is a distant star-forming remnant of
the ram pressure stripping event in the M86 subgroup, as recent simulations have
predicted [137, 257]. This work was reported in [227] and that paper should be
read for more details.

2.3 GALFA Dw1 & Dw2

The observations of GALFA Dw1 & Dw2 were taken as part of HST program
GO-13745 (Cycle 22, PI Tollerud, executed Oct 30 to Nov 8 2014). GALFA Dw1 &
Dw2 were observed for a single orbit each with ACS/WFC, using the F606W and
F814W filters. For GALFA Dw1 the total exposure times were 1092 and 1040 s for
F606W and F814W, respectively, and for GALFA Dw2, 1072 and 1020 s [250].

TRGB distances were derived for GALFA Dw1 & Dw2 finding both to be Lo-
cal Volume galaxies beyond the Local Group with distances of 5.64+0.15

−0.13 Mpc and
8.89+0.75

−0.85 Mpc respectively. Star formation histories for these objects were derived
from their CMDs using techniques from [283], this showed both galaxies have had
recent bursts of increased star formation in the recent past (≤300 Myrs). This in-
crease in star formation is hypothesized to be from these objects falling from the
Local Void onto higher density filamentary structure (the cosmic web, [21]). This
work was reported in [250] and that paper should be read for more details.

2.4 GALFA Dw3 & Dw4

I led the follow-up for the dwarf galaxies GALFA Dw3 & GALFA Dw4 and there-
fore present observations of the dwarf galaxies GALFA Dw3 & GALFA Dw4 with
the Advanced Camera for Surveys (ACS) on the Hubble Space Telescope (HST).
For both objects these images clearly resolve into stellar populations which show
a Red Giant Branch, blue plumes, irregular morphologies, and HII regions with
young star clusters. We use the TRGB method to determine these galaxies’ dis-
tances, this shows they are Local Volume Dwarf galaxies, with distances of 7.87+0.26

−0.25
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Mpc and 3.13+0.17
−0.15 Mpc respectively. Both galaxies were initially discovered in the

GALFA-HI survey and as a result are gas rich, they also show evidence of ongoing
star formation through both UV and Hα images and are therefore both dwarf ir-
regulars (dI). These results are still preliminary and are in need of further analysis.

2.4.1 Data Overview

The observations of GALFA Dw3 & Dw4 were taken as part of HST program
GO-14676 (Cycle 24, PI Sand, executed September 05 and 06 2016). GALFA Dw3 &
Dw4 were observed for a single orbit each with ACS/WFC, using the F606W and
F814W filters. We did not dither to fill in the WFC chip gap, as each dwarf easily
fit onto one chip. The total exposure time was 1062 s for each filter on both GALFA
Dw3 & Dw4. Color composites of these observations are shown in Figure 2.1.

We perform PSF-fitting photometry on the provided .flt images using the DOLPHOT
v2.0 photometric package (with the ACS module), a modified version of HSTphot
[76]. For this work we use the suggested input parameters from the DOLPHOT’s
User Guide1, including corrections for charge transfer efficiency losses. Quality
cuts are then applied using the following criteria: the derived photometric errors
must be≤0.3 mag in both bands, the sum of the crowding parameter in both bands
is≤1 and the squared sum of the sharpness parameter is≤0.075. Detailed descrip-
tions of these parameters can be found in [76]. For this analysis, we correct these
magnitudes for foreground extinction and reddening using the [234] calibration
of the [235] dust maps (we note that GALFA Dw4 suffers from significant extinc-
tion due to its proximity to the plane of the Galaxy). Where relevant, we estimate
photometric uncertainties using Artificial Star Tests (ASTs) in a CMD box covering
the RGB and blue plume features for our galaxies. The fake stars have a similar
color-magnitude distribution to that of the observed sources, except for a deeper
extension at faint magnitudes (down to ∼2 mag fainter than the faintest real re-
covered stars), so as to take into account those faint objects that are upscattered in
the observed CMD due to noise. Their photometry is derived exactly in the same
way as for the real data, and the same quality cuts and calibration are applied. The
resulting CMDs can be seen in Figure 2.2.

1http://americano.dolphinsim.com/dolphot/dolphotACS.pdf
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We have also determined whether the images suffer from crowding. Examina-
tions of the found point sources seem to indicate that this is not a problem for
GALFA Dw3, with no obvious crowding and most visible point sources found
during the DOLPHOT analysis. GALFA Dw4 requires more careful examination,
as it was possible there were crowding issues in the star forming region in the
Southeast end of the dwarf. To examine this region standard DOLPHOT changes
are made to examine crowded regions, namely using the FitSky parameter=3, for
more details please see the DOLPHOT’s User Guide. This crowded photometry
was then compared to the standard photometry in the affected region. This com-
parison concluded that the crowded photometry was unnecessary and that the
regular photometry was effective in all regions of GALFA Dw4.

Data from the Galaxy Evolution Explorer (GALEX; [171]) were also used to check
for UV emission from GALFA Dw3, as this can be a strong indicator of recent star
formation. These data were either part of the All-Sky Imaging Survey; see [192] for
details. GALFA Dw4 is outside the GALEX footprint and therefore no conclusions
can be drawn about its recent star formation via this method.

As GALFA Dw4 was outside the GALEX footprint, UV images from SWIFT
UVOT were taken to determine the UV emission from Dw4. Due to the high levels
of extinction around Dw4 (see Table 2.1) these images are much deeper than the
equivalent GALEX images of Dw3.

Supplemental narrow band imaging of GALFA Dw3 & Dw4 in Hydrogen αwere
taken by Prof. J. Salzer on the WIYN 0.9-m telescope on 21 July 2017 (UT).

2.4.2 Tip of the Red Giant Branch Distances

To determine distances to these resolved dwarf galaxies, we make use of the
TRGB technique [e.g., 70, 160]. The peak luminosity of the RGB is a standard can-
dle in the red bands, because it is driven by core helium ignition and so it pro-
vides a useful distance estimate for galaxies with an old stellar component which
are close enough that the RGB can be resolved. To determine TRGB magnitudes,
we adopt the methodology described in [65]. Briefly, the photometry is first cor-
rected to account for the color dependence of the TRGB [130]. Then the field (back-
ground+foreground) contamination as derived from a dwarf-free region of the
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Figure 2.1. Images of GALFA Dw3 and Dw4: Color composite of F606W/F814W
HST ACS imaging of the dwarf galaxies GALFA Dw3 (left panel) and GALFA Dw4
(right panel). Images are 1.2’x1.2’. North is up, east is left.

ACS field-of-view is statistically subtracted from the dwarf’s CMD. The luminos-
ity function for RGB stars with colors in the range 0.8 < (F606W −F814W )0 < 1.3

is computed, and a model luminosity function (convolved with the appropriate
photometric uncertainty, bias and incompleteness function derived for the obser-
vations) is fit to it with a non-linear least squares method. The uncertainties are
derived by re-computing the TRGB for 100 realizations of the statistical decontam-
ination process.

Using the HST data this process was applied to GALFA Dw3 and Dw4, deriv-
ing distance moduli of 29.48±0.07 and 27.48±0.11, which equates to distances of
7.87+0.26

−0.25 Mpc and 3.13+0.17
−0.15 Mpc respectively. However this only includes the sta-

tistical uncertainty on the TRGB magnitude, while for GALFA Dw3 and Dw4 the
uncertainty in this distance measurement is dominated by uncertainty in the fore-
ground extinction. Including the uncertainty in this extinction we derive distances
of 7.87+0.26

−0.25 Mpc and 3.13+0.17
−0.15 Mpc (see Table 2.1).
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Figure 2.2. Color-Magnitude Diagrams for GALFA Dw3 and Dw4:
F606W/F814W CMD for the dwarf galaxies GALFA Dw3 (left panel) and GALFA
Dw4 (right panel). Magnitudes are corrected for foreground extinction. Only ob-
jects with star-like morphologies are shown (i.e., DOLPHOT object type=1 or 2).
Black dots are stars within the dwarfs, red dots are stars from an equal-sized con-
trol field. The black line indicates the best fit for the TRGB, the dashed gray lines
indicated the 1σ error. This is only using the statistical uncertainty from the deriva-
tion of the TRGB magnitude and does not include extinction uncertainty. The Pur-
ple line indicates the best fit for the main sequence stars in each dwarf and are
cut at the turnover for each galaxy, corresponding to 300 Myrs for Dw3 and 1 Gyr
for Dw4. The dashed black line is the 50% completeness limit. Representative er-
ror bars for individual stars are shown on the right. These colored lines show the
best fit models for the RGB stars in each dwarf. The [Fe/H] in the legend refers
to the abundance of iron relative to hydrogen compared to the Sun on a log scale.
More iron relative to hydrogen indicates a higher metallicity, which corresponds
to later episodes of star formation as the hydrogen gas that forms the stars as been
enriched by heavier elements from the previous generation of stars.
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Table 2.1. Properties of GALFA Dw3 & Dw4

GALFA Dw3 GALFA Dw4
R.A. (J2000) 02:58:56.5±0.6 05:45:44.7±0.5
Dec (J2000) +13:37:45.4±0.5 +10:46:15.7±0.3
GALFA ID 044.7+13.6+528 086.4+10.8+611

Distance Modulus (mag) 29.48±0.07 27.48±0.11
Distance (Mpc) 7.87+0.26

−0.25 3.13+0.17
−0.15

mV (mag) 16.6 15.7
MV (mag) -12.9 -11.8

E(B−V) 0.134 0.531
AF606W 0.322 1.334
AF814W 0.207 0.811

rh (”) 12.62±1.2 6.82±0.06
rh (pc) 481±46 103±9

Ellipticity 0.54±0.03 0.58±0.05
Position Angle (deg) 56.4±1.7 100.4±1.8

HIvLSR (km/s) 528.59±18.90 614.53±40.83
HαvLSR (km/s) 503±35 607±35

Stot(Jy km/s) 11.1 14.0
MHI (M�) 1.62×108 3.23×107

2.4.2.1 Comparison to Previous Work

GALFA Dw4 was examined in [8] as part of a study into the peculiar velocities
of galaxies at the edge of the Local Group. As part of this they found a TRGB
distance of 2.97±0.37 Mpc, however this reported value doesn’t match with the
distance modulus implied in that work (28.16±0.25) which equates to a distance of
4.29+0.51

−0.47 Mpc. Neither of these values is consistent with the distance we derive in
this work (see Table 2.1).

The CMD published in [8] is also inconsistent with the one we have shown in
Figure 2.2. While this is partially explained by a difference in methodology (in [8]
the star forming regions were masked to prevent contamination of the RGB by scat-
tered main sequence stars) the differences go beyond this. The RGB reported in [8]
is redder than is found in this work and the completeness is dimmer. We believe
that these differences can be explained by incorrect extinction correction on the
part of the [8] team. Most of the galaxies examined in [8] were observed as part of
HST proposal 15150 (Cycle 25, PI R. Tully) and were observed in the near-infrared
with WFC3/IR in both F110W & F160W filters. This is a different observing strat-
egy than was used for GALFA Dw4 (ACS/WFC F606W and F814W, see Section
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2.4.1) and requires different extinction correction [234]. If the data for GALFA Dw4
are processed using the corrections for the WFC3/IR F110W & F160W filters the
produced CMD matches the version published in [8]. Therefore we conclude that
this was likely what happened and that the [8] results are incorrect.

2.4.3 Structural Parameters

Using the HST imaging we can update the structural properties of these dwarf
galaxies from those reported in [225].

The observed properties of the resolved candidates were determined with the
maximum-likelihood technique of [174] using the implementation of [229]. This
is for illustrative purposes only and while likely correct in broad strokes it prob-
ably underestimates the error due to the irregular morphology of the dwarfs, this
caveat is more important with Dw4 than Dw3. The stars selected for the structural
analysis are those consistent with the RGB as seen in Figure 2.2. We fit a standard
exponential profile plus constant background to the data, with the following free
parameters: the central position (RA0, DEC0), position angle, ellipticity, half-light
radius (rh) and background surface density. Uncertainties on structural param-
eters were determined by bootstrap resampling the data 1000 times, from which
68% confidence limits were calculated. Key derived parameters are shown in Table
2.1. This use of the RGB stars alone is also likely to cause issues with the derived
properties, particularly for Dw4. This is because while RGB stars are the most
common type of star seen in both dwarfs, the RGB stars do not trace the younger
populations, which are concentrated in the HII regions in the case of Dw4 (see
Figure 2.3). This caveat is less important in Dw3 as this object shows less spatial
variation between different populations of stars with all stars following a similar
pattern (again, see Figure 2.3).

The absolute magnitude of the dwarfs is derived via aperture photometry. An
elliptical aperture equal to the half-light radius is placed on the dwarf and all light
inside summed. This sum is then doubled and converted to a magnitude to get the
total apparent magnitude of the dwarfs.

These numbers were then checked via aperture photometry. Initially an aperture
is drawn at the center of the dwarf and then expanded in small steps out to a large
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radius such that the contribution from the dwarf is negligible and only the back-
ground is detected. The enclosed light is then used to calculate a magnitude for
the dwarf. This magnitude and brightness profile are then used to derive a half-
light radius. For Dw3 this broadly confirms the results of the more sophisticated
tests described above with a slightly larger half-light radius than the maximum-
likelihood technique due to the MS stars being slightly more concentrated in the
center line of Dw3 than the RGB stars are. However, for Dw4 the aperture pho-
tometry produces a significantly larger half-light radius and brighter magnitude
than the maximum-likelihood technique. We will use the number derived from
the maximum-likelihood technique for the rest of this work, however it is impor-
tant to note it may underestimate the size of Dw4.

Furthermore, these observed parameters can be converted to physical parame-
ters using the distance determination from the TRGB method discussed in §2.4.2.
These physical parameters can also be found as part of Table 2.1.

From these properties we can see that these dwarfs broadly fit on the Local
Group size-luminosity relations with a bit of scatter. This can be seen in Figure
2.4. Dw3 fits neatly into the Local Group size-luminosity relation and has similar
properties to objects within the Local Group that are not satellites of the MW or
M31. Dw4 appears to have a higher surface brightness than many of these objects,
but has analogues at the edge of the Local Group in GR8 and UGC4879. We will
discuss these comparisons more in §2.4.5.2.

This higher luminosity for more isolated objects at the edge the Local Group
is likely explained by the levels recent star formation in both objects as a young
stellar population would be brighter than an old one and recent star formation is
unusual within Local Group dwarf galaxies [244].

2.4.3.1 HI mass

HI mass for GALFA Dw3 and Dw4 can be calculated using the HI flux from
the GALFA survey [231] and the distances derived in §2.4.2. This is done via the
standard equation for an optically thin gas [117]:

MHI = 2.356× 105(DHI)
2SHIM� (2.1)
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Figure 2.3. Point Source map for GALFA Dw3 and Dw4: The point source maps
for GALFA Dw3 (left) and GALFA Dw4 (right). Point sources consistent with RGB
stars are colored red, while those consistent with MS stars are colored blue. It is
apparent that the RGB and MS stars are well mixed in Dw3 but not in Dw4, where
the density of MS stars is higher at the ends of the dwarf compared to the RGB
stars.

where DHI is the distance in Mpc and SHI is in Jy km/s. These values are re-
ported in Table 2.1.

Compared to their magnitudes both GALFA dwarfs are gas rich, with gas mass
to light ratios of ∼32 for GALFA Dw3 and ∼6 for GALFA Dw4. This matches with
expectations where isolated field objects are gas rich and star forming.

2.4.4 Star Formation Histories

It is immediately apparent from these HST images and the derived CMDs that
GALFA Dw3 & Dw4 are relatively nearby star-forming dwarf galaxies, confirming
the result of [225]. They have well-resolved stars, both show RGBs, red helium
burning stars, blue plumes, irregular morphologies, and HII regions with young
star clusters.
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Figure 2.4. Comparison between GALFA Dw3 and Dw4 and the Local Group:
Absolute V-band magnitude as a function of half-light radius for GALFA Dw3
& Dw4 (blue stars) as compared to satellites of the MW and M31 (red inverted
triangles) [177] and other Local Group objects (black squares). Pisces A & B are
shown for comparison (cyan triangles) [250], along with Leo P (green circle) [181].
The grey dashed lines are lines of constant surface brightness

.

2.4.4.1 GALFA Dw3

If the stars are plotted on spatial maps we find that in GALFA Dw3 the main
sequence stars are preferentially in the center line of the dwarf and more and con-
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centrated at the northern end of the galaxy. This is in contrast to the RGB stars
which appear to be distributed more evenly throughout the galaxy.

The RGB in the CMD shows extensive metallicity spreading, with evidence of
multiple populations of metal poor and metal rich stars. This would imply sev-
eral bursts of star formation or a history of continuous star formation through the
galaxy’s lifetime. Examination of the spatial distribution of the RGB stars of differ-
ent metallicity indicates no evidence of metallicity gradients within GALFA Dw3.
This suggests that either the star formation episodes happened throughout the
dwarf and were not spatially limited to a single area or they occurred sufficiently
long ago to allow mixing of the different stellar populations throughout the dwarf.

Isochrone matching of the apparent main sequence in Dw3 seems to indicate a
population of stars with a turn off consistent with an age of 300 Myr, while there
are a few stars that appear brighter than this turn off, and in a density higher
than in the parallel field. These can be modeled by blue supergiant stars. The
main sequence isochrone uses the same metallicity as the highest metallicity RGB
isochrone in Figure 2.2, [Fe/H]=-1.00 for Dw3.

Narrow band imaging of GALFA Dw3 & Dw4 in Hydrogen α were taken by
Prof. J. Salzer on the WIYN 0.9-m telescope on 21 July 2017 (UT). These images
are used to trace HII regions with active star formation within the last 3-5 Myrs
and can be seen in Figure 2.6. These images show that both GALFA Dw3 & Dw4
are actively star forming with GALFA Dw3 having a star forming region in the
Northeast. This matches with the concentration of main sequence stars seen in the
HST imaging.

To determine the level of recent star formation the GALEX archive was checked
at the positions of GALFA Dw3 & Dw4. GALFA Dw4 is outside the GALEX foot-
print and therefore no conclusions can be drawn about its recent star formation via
this method. However, GALFA Dw3 was observed as part of the All-sky Imaging
Survey (AIS, exposure time ∼270s). This shows elevated NUV and FUV emission,
indicating recent star formation. The detected level of NUV indicates that GALFA
Dw3 has recent star formation at a rate of 8.7±2.5x10−3M�/yr using the relation
from [124]. These GALEX data show diffuse NUV and FUV across the whole of
Dw3, though more concentrated toward the North (see Figure 2.5). This is in con-
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Figure 2.5. UV imaging of GALFA Dw3: The UV images of GALFA Dw3 from
GALEX All Sky Imaging Survey (AIS) sourced from the GALEX archive along-
side optical images from HST for illustrative purposes, see Figure 2.1. This clearly
shows the elevated UV emission from Dw3. North is up, east is left. Each image is
1.1’x1.1’. Left: Optical, Center: NUV, Right: FUV.

trast to Hα imaging which shows star formation is concentrated in a single region
at the NE end of the galaxy, with none in the rest of the galaxy.

This difference between tracers for different ages of star formation perhaps shows
that star formation may have been distributed more evenly throughout the dwarf
relatively recently, but has now been quenched outside of the relatively small HII
region of active star formation in the Northeast as shown in Figure 2.6. This may
support the idea that in low-mass isolated galaxies star formation is bursty, go-
ing through episodes of extremely active star formation which expels the HI gas
through feedback, as star formation wanes this feedback slows and HI gas falls
back in producing a new episode of star formation, in this case GALFA Dw3 is in
the concluding part of such a star-forming episode.

2.4.4.2 GALFA Dw4

GALFA Dw4 shows some metallicity spreading among its RGB stars, however
instead of a continuous distribution it seems to show 3 distinct RGBs each with a
different metallicity. There also seems to be no population of stars with metallicity
less than 5% solar metallicity. This may show that Dw4 has had a less active star
formation history than Dw3. With distinct bursts of star formation rather than
continuous star formation.
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It is harder to draw firm conclusions about Dw4 due to the higher levels of con-
tamination from foreground stars. This is because of the position of Dw4 in the
Galactic plane.

Isochrone matching of Dw4 seems to indicated MS stars are mostly of an age
greater than 1 Gyr, with the few objects brighter than this to be modeled as su-
pergiants. Therefore it is possible that star formation in these regions is currently
ongoing, while star formation in the main body of the dwarf has not happened
within the last 1 Gyr. The main sequence isochrone uses the same metallicity as
the highest metallicity RGB isochrone in Figure 2.2, [Fe/H]=-0.75 for Dw4.

The Hα imaging shows that GALFA Dw4 has 2 star forming regions, one at
each end of the galaxy, these can be clearly seen in Figure 2.6. These also match
the blue regions seen in the HST imaging, as shown in Figure 2.1. This strong
agreement between the different diagnostic methods for star formation reinforces
the conclusions drawn about the nature of star formation in GALFA Dw4.

As stated above GALFA Dw4 is outside of the GALEX footprint due to its po-
sition behind the galactic plane. Therefore to get UV information on this object
SWIFT UVOT observations were required. These were taken as part of prop.
1417202 (P.I. L. Hagen) to observe the UV dust extinction properties in GALFA
Dw4 (in addition to 4 other LV dwarfs), and we use these data to help derive the
star formation characteristics of Dw4.

2.4.5 Discussion

Having determined the distance (§2.4.2), structural properties (§2.4.3) and star
formation histories (§2.4.4) of both GALFA Dw3 and Dw4, we are in a position to
discuss these galaxies more fully.

GALFA Dw3 seems to show evidence of just having finished a burst of star for-
mation, however it also shows evidence of an extensive reserve of neutral hydro-
gen. It is currently unclear why the star formation episode has ended if there is
still a large reservoir of neutral hydrogen to feed the dwarf.

GALFA Dw4 shows evidence on ongoing star formation in 2 localized HII re-
gions, one at the southeast end and one at the northwest end of the dwarf, with
the former being larger and more active.
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Figure 2.6. Hα Imaging of GALFA Dw3 and Dw4: The Hα narrow band images
of GALFA Dw3 and Dw4 minus the continuum emission, alongside optical images
from HST for illustrative proposes, see Figure 2.1. This clearly shows the elevated
Hα emission from the northeast corner of Dw3. GALFA Dw4 shows more Hα
with two clear regions one at the southeast end of the dwarf and the other at the
northwest end, it is also apparent that these regions match with the blue regions
seen in the HST imaging. North is up, east is left. Each image is 1.1’x1.1’. Upper:
Dw3, Lower: Dw4, Left: Optical, Right: Hα.
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2.4.5.1 Environment

Careful examination of the environment using the NASA Extragalactic Database
(NED)2 around both GALFA Dw3 & Dw4 using the newly derived distances show
that these dwarfs are extremely isolated, confirming the result from [225]. GALFA
Dw3 shows no objects within Dproj=300 kpc (∼2.2 deg at 7.87 Mpc) and 600 km/s
or distance estimates within 500 kpc. The closest galaxy to GALFA Dw3 is NGC
1156 with a physical separation of 1.59 Mpc and a velocity separation of 155 km/s
[142].

GALFA Dw4 shows a few HI sources without optical counterparts within Dproj=300
kpc (∼5.5 deg at 3.13 Mpc) and 600 km/s or distance estimates within 500 kpc.
GALFA Dw4 is projected near to the Orion Dwarf and KH87, however these ob-
jects are more distant at D∼6.8 Mpc [8] and D∼5.5 Mpc [139] respectively, and
therefore we consider association to be unlikely. The closest object to GALFA Dw4
is the HI source HIPASS J0630+08, with a projected separation of 0.78 Mpc and a
velocity separation of 240 km/s [142]. This is an HI source with no detected optical
counterpart [78]. However as GALFA Dw4 is in the ‘zone of avoidance’ there have
been no wide field optical surveys done in the area, therefore it can not be ruled
out there there are other undetected galaxies nearby.

Therefore we conclude that both GALFA Dw3 & Dw4 are truly isolated with
no other objects close enough to influence them at the current time. This isolation
allows us to use them as probes as to how star formation and galaxy evolution
work in isolated low-mass objects.

2.4.5.2 Analogs within the Local Volume

GALFA Dw3 and Dw4 are unlike the other dwarf galaxies detected as part of the
initial survey [225]. Pisces A and B were theorized to be undergoing new bursts
of star formation as they fall into local filamentary structure after spending most
of cosmic time at the edge of the Local Void [250]. This is not the case for GALFA
Dw3 or Dw4; while both objects are isolated they are not in the Local Void, see
Figure 2.7, but embedded into low density regions ’below’ the supergalactic plane.

2http://ned.ipac.caltech.edu/
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Figure 2.7. Absolute Position of GALFA Dw3 and Dw4: The location of GALFA
Dw3 and Dw4 in the Local Volume. GALFA Dw3 and Dw4 are shown as blue
stars and labelled, as are Pieces A and B (cyan triangles), while the black dots
are a 10 Mpc volume-limited sample of nearby galaxies [142]. The coordinates
are supergalactic Cartesian with Earth at the center, oriented such that the x-axis
points towards the origin and the z-axis points towards the Local Void [157].

GR8 (DDO155/UGC8091) is a star-forming dwarf at the edge of Local Group
with a distance of ∼2.2 Mpc. It has very similar physical properties to GALFA
Dw4, this along with similar distribution of HI gas and HII regions makes it a
good analog for Dw4. GR8 shows recent star formation clumped into specific HII
regions which have had relatively constant star formation for the past 500 Myr
[256].

Similarly UGC4879 is a Local Group object (D∼1.3 Mpc) with similar physi-
cal properties to the objects found in the GALFA survey [19]. This Local Group
dwarf shows centrally concentrated star formation, along with 2 star clusters and
an asymmetry with an overdensity of young main sequence stars on the eastern
edge of the dwarf relative to the RGB population.
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2.4.6 Conclusions

In conclusion, we have presented a systematic, archival UV/optical search for
stellar counterparts to the recently uncovered HI UCHVC population. By search-
ing all available optical and ultraviolet public imaging archives – along with some
supplementary imaging – we found six compelling dwarf galaxy candidates co-
incident with HI UCHVC positions. Spectroscopic followup of all six candidates
revealed five with velocities consistent with the HI cloud. All five galaxies were
followed-up with it HST imaging. This revealed that 4 were isolated Local Vol-
ume dwarf galaxies and the final object was a distant star-forming remnant of the
ram pressure stripping event in the M86 subgroup. More analysis of the isolated
dwarf galaxies is needed before firm conclusions of their star formation history
and properties can be formed.

GALFA Dw3 is an isolated dwarf galaxies that appears to be ending a burst
of star formation across the main body of the dwarf. Meanwhile GALFA Dw4
appears to be undergoing a continuous localized version of star formation. That
two objects with very similar physical parameters appear to have very different
star forming histories shows a diversity in isolated dwarfs and demonstrates the
need to examine more of these objects in detail.
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CHAPTER 3
DISCOVERY OF DIFFUSE DWARF GALAXY CANDIDATES AROUND M101

Bennet, P.; Sand, D. J.; Crnojevic̀, D.; Spekkens, K.; Karunakaran, A.; Zaritsky, D.
The Astrophysical Journal, Volume 850, Issue 1, article id. 109, 13 pp. (2017).

We have conducted a search of a 9 deg2 region of the Canada-France-Hawaii-
Telescope Legacy Survey (CFHTLS) around the Milky Way (MW) analog M101
(D∼7 Mpc), in order to look for previously unknown low surface brightness galax-
ies. This search has uncovered 38 new low surface brightness dwarf candidates,
and confirmed 11 previously reported galaxies, all with central surface brightness
µ(g,0)>23mag/arcsec2, potentially extending the satellite luminosity function for
the M101 group by ∼1.2 magnitudes. The search was conducted using an algo-
rithm that nearly automates the detection of diffuse dwarf galaxies. The candi-
date’s small size and low surface brightness means that the faintest of these objects
would likely be missed by traditional visual or computer detection techniques. The
dwarf galaxy candidates span a range of −7.1 ≥ Mg ≥ −10.2 and half light radii
of 118-540 pc at the distance of M101, and they are well fit by simple Sérsic sur-
face brightness profiles. These properties are consistent with dwarfs in the Local
Group, and to match the Local Group luminosity function ∼10-20 of these candi-
dates should be satellites of M101. Association with a massive host is supported
by the lack of detected star formation and the over density of candidates around
M101 compared to the field. The spatial distribution of the dwarf candidates is
highly asymmetric, and concentrated to the northeast of M101 and therefore dis-
tance measurements will be required to determine if these are genuine members
of the M101 group.

This chapter is drawn from [24]. First author P. Bennet performed the develop-
ment work on the detection algorithm described in §3.3.1, the data analysis and
wrote up the results. Co-authors, K. Spekkens and A. Karunakaran performed
HI observations and analysis throughout the M101 project, and this HI work is
detailed in [144]. In addition all co-authors gave comments on the work.
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3.1 Introduction

The faint end of the galaxy luminosity function is a critical proving ground for
understanding the astrophysics of the Λ+Cold Dark Matter (ΛCDM) model for
structure formation [see 42, for a review], and significant progress is being made
on both theoretical and observational fronts. For instance, on the theoretical side,
the increase in computational power and the sophisticated treatment of baryonic
physics in the latest generation of numerical simulations has greatly improved
comparisons with dwarf galaxies in the Local Group [e.g. 41, 232, 284].

Observational progress proceeds along several avenues. In the Local Group,
dwarf galaxy discovery is undergoing another boom from wide-field optical sur-
veys such as ATLAS [e.g. 262], the Panoramic Survey Telescope & Rapid Response
System [Pan-STARRS; e.g. 155, 156], the Dark Energy Survey [DES; e.g. 16, 152]
and the Dark Energy Camera more generally [173, 146, 145, 80]. The advent of
wide-field imagers on 4m+ telescopes has allowed the search for faint satellites
in resolved stars to extend beyond the Local Group [e.g. 57, 226, 225, 66, 69, 255,
48, 242, among others]. Meanwhile, wide-field HI surveys have led to the dis-
covery of several populations of Local Volume dwarfs or dwarf candidates [e.g.
45, 225, 129, 163]. Wide-field optical spectroscopy of dwarf candidates around
Milky Way analogs has also proven effective in discovering associated satellites
[101].

Optical searches for ‘diffuse’ dwarfs well beyond the Local Group have under-
gone a renaissance, although they have long been a subject of study [e.g. 32, 125,
126, 71]. Of particular interest have been so-called ‘ultra-diffuse galaxies’ (UDGs),
which are large in size (rh&1.5 kpc), but have a very low surface brightness and
stellar mass, typically ∼108 M�. This is two orders of magnitude less than normal
galaxies of that size [277, who provided the informal UDG definition being used
here]. It may be that some UDGs are ‘failed’ galaxies which never fully formed
their stellar content as they fell into a cluster environment ([277, 288]). Other mod-
els suggest that UDGs form via internal processes: they may represent the ‘high
spin’ tail of the normal galaxy distribution [6], or may form due to strong galaxy
outflows [75]. Distinguishing between these formation mechanisms requires an
unbiased survey of UDGs in isolated environments; for instance, significant UDGs
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in the field would cast doubt on formation mechanisms which require strong en-
vironmental effects as their sole origin.

Even beyond the current excitement centered around UDGs, there would be
great utility in having a diffuse dwarf galaxy sample – not just ‘ultra’ diffuse galax-
ies – harvested from wide-field optical surveys that is sensitive to both quenched
and star forming populations. For instance, relatively nearby and recent dwarf
galaxy discoveries such as Leo P [104] and Antlia B [225] were easily seen as dif-
fuse sources in public imaging archives prior to discovery. Having a survey tool
that is sensitive across all LSB objects is important as this yields more information
about the wider galaxy and group luminosity functions than a more selective ap-
proach. Such a tool is also more sensitive to potential new classes of LSB objects.
Recent searches of large imaging datasets have also yielded significant samples
of extremely metal poor galaxies [128] via tuned searches for blue diffuse dwarf
galaxies.

In this chapter we present a diffuse dwarf galaxy detection algorithm which
we test on a ∼9 deg2 region around M101, using data from the Canada-France-
Hawaii-Telescope Legacy Survey (CFHTLS). The ultimate goal is to then apply this
algorithm on much larger public imaging datasets to ascertain the properties of
diffuse galaxies in the field in a reasonable amount of time. There have been many
previous attempts to automate the detection of LSB galaxies, through algorithms
or observational techniques [e.g. 28, 90, 282, 183, 84, 272, 94, 264, 109], and we
present a detailed comparison with other recent efforts in §3.3.2.

M101, which we will assume is at D=7 Mpc [248] throughout this work, is an
ideal test field for our diffuse dwarf detection algorithm. M101 has a similar mass
and disk scale length as the MW [248], although its stellar halo appears to be sig-
nificantly less massive [276], making a comparison of its satellite galaxy properties
with those seen in the Local Group particularly interesting. Equally pertinent for
the current work, M101 has been the subject of several other recent diffuse dwarf
searches [183, 140, 131, 197]. These searches have also pointed to the nearby, pro-
jected presence of the NGC 5485 group (D∼27 Mpc, [267]) which is its own source
of diffuse dwarf galaxies [184, 72].
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This chapter describes the discovery of 38 diffuse dwarf candidates in the M101
group by a new detection algorithm, specifically designed for modern wide-field
imaging surveys. In §3.2 we describe the data used in this chapter. In §3.3 we
discuss the creation and testing of this semi-automated algorithm to detect diffuse
galaxies. In §3.4 we present the properties and distribution of the 38 new dwarf
candidates, and how they compare to other members of the M101 group. In §3.5
we discuss these results and our conclusions.

3.2 Data Overview

We used data from the Wide portion of the CFHTLS. In particular we focussed
on a ∼3×3 deg2 square dataset from the W3 field which is spanned by the nine 1
deg2 pointings W3−1−1 to W3−3+1, using the nomenclature presented in Figure
4 of [114]. The typical exposure time for the g-band stacks was 2500s, with a pixel
scale of 0.186 arcsec per pixel. This region was chosen to be roughly centered on
M101 and to approximately match the dwarf galaxy search area of [183], as one
of our main goals is to evaluate our dwarf detection algorithm with respect to
previous work.

The fields were downloaded directly from the Canadian Astronomy Data Cen-
tre, as were the point spread functions (PSFs) for those image stacks, which were
used for measuring dwarf structural parameters and generating simulated dwarfs.
The construction and calibration of these stacks utilized the MegaPipe data pipeline
[113], and is described in detail by [114]. The 50% completeness for point sources
in the W3 fields was g≈26.0–26.5 and r≈25.7–26.2 mag [114].

Data from the Galaxy Evolution Explorer (GALEX) [171] were also used to check
for ultraviolet emission from our identified dwarf galaxy candidates, as this can be
a strong indicator of recent star formation. These data were either part of the All-
Sky Imaging Survey (AIS) or Medium Imaging Survey (MIS); see [192] for details.

3.3 Dwarf Detection Algorithm

3.3.1 Detection Algorithm

The new algorithm was developed to detect diffuse dwarf galaxies in g-band im-
ages of the CFHTLS and designed to be later applied to other surveys and archival
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Figure 3.1. Detection Algorithm Demonstration: A demonstration of the detec-
tion algorithm being applied to Dw 9 in the g band of the CFHTLS. North is up,
East is left. Panels are 1’×1’. Top Left: Original image of Dw9. Top Right: Im-
age after masking objects from the GSC and a SExtractor catalog of all objects that
have >20 pixels at >3σ above the background. Bottom Left: Image after spatially
binning the masked image on a 100x100 pixel scale. Bottom Right: Final extracted
objects at >4σ in the masked and binned data. Detected objects at this stage are
visually inspected to identify final candidates. In addition to Dw 9 a pixel is high-
lighted to the north east: this is caused by a diffraction spike, a common contami-
nant easily removed via visual inspection.
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data sets with minimal changes. A simple illustrative example of the steps in-
volved is shown in Figure 3.1.

The first step in the algorithm utilizes the Guide Star Catalog (GSC) 2.3.2 [159] to
mask foreground stars and bright background galaxies. A circular region around
each GSC source is masked; the exact size of this region depends on the reported
magnitude and was chosen to completely mask the star, although some reflected
images remain. This first stage is similar to the initial masking procedure followed
in [272].

Once these bright objects have been masked, the next step is to run SExtractor
[26] on the masked image. This identifies sources that have >20 pixels at >3σ
above the sky level, such as background galaxies; then these relatively bright pixels
are masked as well. This masking stage does not attempt to remove the extended
halos of the SExtracted objects, making this stage less aggressive than the first.
Larger background galaxies can have rings of low surface brightness material still
visible around the masked area and compact background galaxies or clusters can
escape masking entirely (see Figure 3.1).

Once both masking stages are completed, the algorithm spatially bins the re-
maining data on a 100×100 pixel scale (corresponding to ∼630×630 pc at the dis-
tance of M101). This size scale was chosen to maximize the detection of large dif-
fuse objects while remaining sensitive to smaller objects which might correspond
to the main locus of dwarf galaxies at the distance of M101. This bin size can be
varied to search for dwarf candidates at different size scales, but we keep our bin
size fixed in this work. Extreme outliers among the binned pixels are excluded
to remove artifacts that are enhanced by the binning process e.g. chip edges and
artificial satellite trails. This outlier removal is very cautious so as not to remove
candidates. This binning process allows diffuse objects to be more clearly iden-
tified: while background variations even out over large bins, diffuse objects are
enhanced and rendered point-like (see bottom left panel of Figure 3.1).

SExtractor is then run on this binned image and all pixels that are >4σ above
background are forwarded for visual inspection. This process is shown in full in
Figure 3.1.
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Visual inspection is done via a web interface which simultaneously displays the
image outputs of each of the steps described above, along with smoothed image
versions of each stage, allowing for easy identification of true diffuse candidates.
In a handful of instances, several co-authors examined ambiguous cases together.

The numbers presented in each stage of the above section were arrived at by
extensive trials and testing to maximize the parameter space probed by the algo-
rithm.

Typically the final catalogue for a 1 deg2 CFHTLS image around M101 will con-
tain ∼200 objects marked for visual inspection, of which ∼5–6 are confirmed as
strong diffuse dwarf galaxy candidates. This corresponds to a rate of 1 dwarf can-
didate per ∼35 forwarded objects, which is comparable to or better than other
semi-automated detection algorithms presented in the literature [e.g. 282, 183, 272].
False positives were mostly background galaxies and galaxy clusters (∼50%) or re-
flection halos around foreground stars (∼40%), which are especially prominent
with CFHT-Megacam. Other phenomena, such as diffraction spikes and optical
ghosts make up the remainder. Another recently published LSB detection algo-
rithm [109] is comprehensively compared in §3.3.2.

Future refinements to the algorithm – such as a variable binning size, more ag-
gressive masking of reflections and background galaxy halos, use of color infor-
mation as a number of false positive sources are limited to single filters, and the
addition of a final cut which eliminates detections which are not well fit by mod-
eling software before visual inspection – will reduce the number of false positives.

3.3.2 Simulations

To evaluate the effectiveness of our detection algorithm a series of simulated
dwarfs were injected into the stacked CFHTLS images around M101. These in-
jected dwarfs were chosen to have a Sérsic profile [237] with a constant index of
n=1, which is typical for diffuse dwarf galaxies [272, 277, 150], and are injected
in a random uniform spatial distribution in batches of 10. All simulated dwarfs
were placed at least 14.5 arcmin from the center of M101 as any candidates in this
region are undetectable due to the projection onto the disk. We did not vary the
ellipticity, and only considered circular simulated dwarfs for the main simulation.
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Figure 3.2. Algorithm Detection Efficiency: Dwarf detection efficiency as a func-
tion of magnitude and half light radius. Redder colors indicate greater detec-
tion efficiency (see color scale). The white dots indicate the properties of newly
discovered dwarfs, cyan dots indicate the dwarfs from K15, green dots indicate
the dwarfs from M14 on the apparent properties axes; those with white crosses
have been confirmed by M16 to be in the background and do not match the
absolute axes. Lines of constant central surface brightness are shown (dashed
black). The top and right axes assume a distance of 7 Mpc for M101. The dashed
white line indicates the boundary for UDGs [277] at the distance of M101, the
µ(g,0)=24mag/arcsec2 line is highlighted as the surface brightness criteria for
UDGs, included for completeness even though the UDG phase-space can be de-
fined solely by radius in this diagram.
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While moderate ellipticities do not impact the detection efficiency in comparable
simulations from other works [272] and a smaller scale test involving∼4×104 sim-
ulated dwarfs showed similar results for ellipticities up to 0.4. We will explore this
further in the future.

The injected dwarfs have g band magnitudes between 17 and 23 and half light
radii in the range 1.9-165.7 arcsec, which translates to absolute magnitudes be-
tween -12.2 and -6.2 and half-light radii of 63-5600 pc at the distance of M101. This
covers the entire parameter space of the newly detected dwarfs and tests our sensi-
tivity to UDGs at that distance. The detection algorithm described in § 3.3.1 is then
used to quantify our detection efficiency, which is detailed in Figure 3.2. In total,
∼9×105 simulated dwarfs were injected into our nine CFHTLS search fields. As
each field has slightly different properties the detection algorithm varies slightly
in effectiveness based on the field; Figure 3.2 is an average of the 9 fields around
M101.

The detection efficiency is>90% for the brighter and more compact dwarfs, with
efficiency rapidly falling to below 50% for dwarfs with µ(g,0)>28 mag/arcsec2 or
mg>22. The exception to this are dwarfs which are µ(g,0)<20.5 mag/arcsec2 for
which we have very low probability to detect. This is because they are masked by
the algorithm as the central surface brightness exceeds the threshold in the mask-
ing stage. We do not consider this to be a large problem as there is a large area
between 20.5 and 23 mag/arcsec2 of probed parameter space with no detections: if
the phase-space distribution of our targets is roughly continuous, then we expect
few objects with µ(g,0)<23.0 mag/arcsec2. This strongly suggests the dwarf pop-
ulation lies in the high detection region with virtually none in the low detection
region at brighter magnitudes.

There are however some detected lower surface brightness dwarfs that are out-
side the high detection region. The [183] objects DF-6 and DF-7 are at the edge
of the high detection region, with detection efficiency of ∼40% and ∼25% respec-
tively. This suggests the potential for other similar objects in this field that were
undetected.

These detection limits compare favorably with those in [109]: these authors
present an algorithm led search of LSB objects in ∼200 square degrees of the wide
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layer of the Hyper Suprime-Cam Subaru Strategic Program. The algorithm de-
scribed in [109] has a substantially lower false positive rate with roughly half of the
final catalogue being LSB candidates; however it also examines a smaller area of
magnitude-radius parameter space. Our algorithm has sensitivity to objects with
rh'100”, whereas the [109] objects all have rh≤14” and mostly below half that. We
also have fainter surface brightness limits with the break between high and low
detection regions at µ(g,eff)=29.2 rather than µ(g,eff)=27.4, as is the case in [109].

3.4 Results

We have applied our new diffuse dwarf detection algorithm to the CFHTLS
fields around M101, detecting a total of 49 dwarf candidates, of which 38 are new
and 11 were previously detected in other studies. All dwarf candidates project
within the virial radius of M101 (260 kpc, 2.1 deg; [183]). One of our candidates
(Dw 26) was detected in follow up HI observations carried out with the Robert
C. Byrd Green Bank Telescope, which indicates that this candidate is a massive
(MHI∼1.21x109 M�) background galaxy with velocity Vsys∼11,000 km/s (this leads
to a luminosity distance of D∼150 Mpc). The derived velocity confirms that it is an
independent background object and not associated with either M101 or NGC 5485
(see [144] for more details on this and other HI observations of M101 candidates).
This leaves 37 dwarf candidates as possible M101 group members.

Of the eleven previously known diffuse dwarf candidates, four are from [140],
and seven are from [183]. We remind the reader that four out of the seven M101
dwarf candidates found by [183] are now believed to be members of the back-
ground group NGC 5485 at D∼27 Mpc [184, 72], a fact we will return to later on in
our discussion. There are no known dwarfs in the M101 group, in our examined
magnitude range, that were not detected.

There are different naming conventions for these objects, with those from [183]
referred to as DF1-DF7 and those from [140] as DwA-DwD. We will be using Dw1-
38 for our new candidates reported in this chapter.

The detection of 49 dwarf candidates represents a significant over-density with
respect to the W3 field as a whole, which yields ∼2 strong dwarf candidates per
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Table 3.1. Previously Discovered M101 Dwarf Candidates Properties

Name R.A. Decl. mg mr rh rh Dproj Sérsic
(mag) (mag) (Arcsec) (pc) (kpc) Index

DF-1 14:03:45 +53:56:40 19.4±0.1 18.8±0.1 13.6±0.3 461±10 50.4 0.56±0.04
DF-2 14:08:37 +53:19:31 19.8±0.1 19.2±0.1 10.4±0.7 351±23 96.5 0.61±0.02
DF-3 14:03:05 +53:36:56 20.3±0.1 20.4±0.1 20.0±2.6 678±87 89.6 0.50±0.12
DF-4 14:07:33 +53:42:36 20.3±0.1 20.0±0.1 18.0±0.9 2370±120 - 0.23±0.04
DF-5 14:04:28 +53:37:00 20.8±0.2 20.6±0.2 10.8±2.6 1420±340 - 0.25±0.15
DF-6 14:08:19 +53:11:24 21.0±0.2 20.7±0.2 22.8±2.1 3000±270 - 0.26±0.20
DF-7 14:05:48 +53:07:58 20.8±0.4 21.1±0.4 28.0±14.0 3800±1900 - 1.40±0.20
Dw A 14:06:50 +53:44:29 19.5±0.1 19.0±0.1 10.9±0.2 370±8 98.7 0.55±0.02
Dw B 14:08:43 +55:10:02 20.8±0.1 20.0±0.2 7.0±0.5 236±18 140 0.57±0.08
Dw C 14:05:18 +54:53:52 20.5±0.2 19.8±0.2 7.9±1.6 269±55 76.6 1.05±0.20
Dw D 14:04:24 +53:16:11 19.5±0.1 19.2±0.1 9.2±0.5 311±16 134 0.79±0.06

square degree. This over-density strongly suggests that these candidates are asso-
ciated with either the M101 or NGC 5485 groups.

After cross-checking, we found the majority of our new candidates were too
faint to be detected in SDSS, with only 6 of the 38 being detectable. However
the detection of the brightest candidates implies that detailed examination of the
SDSS could locate LSB objects either in the field or in galaxy groups (e.g., [265]).
[197] indeed performed a visual search of the SDSS in a ∼ 330 deg square region
comprising the M101 group. They find several LSB dwarf candidates, but these
objects are all brighter than MV ∼ −10 and are located beyond the virial radius of
M101, thus their search is not directly comparable to ours.

To determine if the candidates have ongoing star formation, near-ultraviolet
(NUV) emission data from the GALEX archive were used. While it is preferable to
use far-ultraviolet to calculate a star formation rate [115], we used NUV because
more of the candidates are within the NUV footprint and this allows more consis-
tent characterization across the data set. Almost all candidates within the GALEX
footprint show no NUV excess. This lack of NUV emission indicates that these
galaxies have an upper limit of .1.7±0.5x10−3 M�/yr for recent star formation,
obtained using the relation from [124]. From this we can infer that they are passive
and are composed of old stellar populations. This is consistent with the MW satel-
lite population, where dwarfs within the virial radius have little gas or ongoing
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star formation [e.g. 244]. The exception to this is Dw 26, which shows significant
NUV excess; we have previously shown that this candidate is a background galaxy.

3.4.1 New Dwarf Properties

We have measured the observational properties for all candidates using GALFIT
[208], which can be found in Table 3.2. We chose a fitting region of 37.2” (200 pixel)
square. Any foreground or background sources within this region were masked
to minimize contamination. The largest objects from [183] required larger fitting
regions and for these objects it was also necessary to spatially bin the CFHTLS data
in 10x10 pixel bins to ensure that GALFIT could fit them correctly.

The error bars for the parameters of the dwarf candidates were determined us-
ing the procedure from [183]. In this procedure, series of 100 dwarfs with param-
eters identical to each candidate are simulated. These simulated dwarfs are then
injected into the image that the candidate was originally found in and their pa-
rameters are measured by GALFIT using the same steps as the initial detection.
The results obtained from the simulated dwarfs vary due to noise, contamination
and systematic errors, and the range of these variations is used to determine the
uncertainty in our measurements.

The 37 new dwarf candidates (named Dw 1-38, excluding Dw26) have an appar-
ent g-band magnitude range of 19.0≤mg ≤ 22.2 and half light radii between 3-16”.
After correction for extinction, this corresponds to an absolute magnitude range of
-10.2≤Mg ≤ -7.1 and half light radii of 118-540 pc at the distance of M101. The best
fits were obtained using a Sérsic or Sérsic + Gaussian profile with indices 0.5 ≤ n

≤ 1.5. Sérsic profiles have previously been shown to be a good fit for UDGs [277]
and dwarf spheroidal galaxies ([183]). For those candidates where a simple Sérsic
profile produced extremely high (>4) indices, a Gaussian was added to fit possible
nuclear structure in several of the dwarf candidates. Our search found candidates
for the M101 group down to Mg=-8.2 with 90% completeness and Mg=-7.4 with
50% completeness for galaxies with half light radii ∼3”. This is ∼1.2 magnitudes
fainter than previous surveys of the M101 group [183] [140]. As objects get larger,
we become surface brightness, rather than magnitude, limited; the limit moves
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from µ(g,0)=26 to µ(g,0)=28 depending on candidate radius. See Figure 3.2 for a
more detailed examination of completeness limits.

The lack of a UDG detection in the M101 group, despite the algorithm being
sensitive to this area of parameter space, is in keeping with expectations ([221,
271]). However there are 7 candidates which qualify as UDGs at the distance of
the background NGC 5485 group, DF 4-7, Dw A, Dw18 and Dw 32. This would be
consistent with the relation between group size and UDG number which predicts
∼5 UDGs in the NGC 5485 group.

The newly-discovered dwarf candidates fit the trend of the size-luminosity re-
lation from MW and M31 dwarfs reported in [177], as shown in Figure 3.3. Their
properties also fit onto the size-luminosity relation if they are shifted to the dis-
tance of the background NGC 5485 group, also shown in Figure 3.3. That our
dwarf candidates fall nicely onto the Local Group size-luminosity relation regard-
less of the assumed distance implies that assessing group membership solely from
this relation can lead to incorrect conclusions.

3.4.2 Comparison to Previous Work

Using CFHTLS data, we have obtained the observational properties of the can-
didates (DF1-7) reported in [183]. A comparison between these results and those
reported using Dragonfly data is shown in Figure 3.4. The half light radii are
largely consistent between the two data sets, with the exception of DF-5, which
has HST imaging [184] that shows a CFHT-like radius, though the detection by
HST is marginal. This may be due to Dragonfly detecting a LSB halo around DF5
or including unrelated background emission. However the magnitudes derived
using the CFHTLS data are consistently fainter than those reported using Dragon-
fly. A possible explanation is that due to the larger pixel scale of Dragonfly [2.8” vs
0.186” for the CFHTLS; 276], light from background objects is combined with the
light from the dwarf galaxy making it appear brighter. To test this hypothesis we
degraded the CFHT data to match the optical properties of Dragonfly and reap-
plied GALFIT: this test resulted in brighter magnitudes than the original CFHTLS
data.
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Figure 3.3. Comparison between dwarf candidates and the Local Group: Com-
parison between the properties of the newly-discovered dwarf population around
M101 and those of MW and M31 satellites (black triangles; [177]), as well as those
of the M101/NGC 5485 population reported by [183] (magenta diamonds) and
[184] (green triangles). Our new dwarf candidates are red stars, assuming a M101
distance (7 Mpc); the black arrow shows the shift in half-light radius and absolute
magnitude space if their distance were shifted to that of NGC 5485’s (27 Mpc). This
shift would also occur for those dwarfs reported in [140] (blue inverted triangles).
Lines of constant central surface brightness are shown (dashed grey).
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Figure 3.4. Comparison between Dragonfly and CFHT: A comparison between
the reported apparent values for the objects in M14 (Dragonfly) and this work
(CFHT). Left: Half light radius. Right: g band magnitude.

3.4.3 The Distribution of the New Dwarfs around M101

The new dwarf population shows a distinct asymmetry as shown in Figure 3.5.
Almost all of the candidates are grouped to the northeast of M101, with only two
of the newly discovered dwarfs to the southwest. The dwarf candidate occurrence
rate to the southwest is equivalent to∼1 dwarf candidate per square degree, which
is below the ‘background’ dwarf candidate occurrence rate of∼2 per square degree
in the CFHTLS Wide Field 3 data set (Bennet et al. in prep). However if this low
rate of dwarfs was replicated around all of M101 it would have ∼9 dwarfs total,
which is only slightly poorer than the MW in this magnitude range. A similar
asymmetry was reported in previous works [183, 140]; see also [197] for a possible
large-scale plane of galaxies around the M101 group).

The grouping of dwarfs on the northeast side of M101 can be explained by
the presence of the background NGC 5485 group [184]. If many of the proposed
dwarfs are associated with this group, it would explain the large asymmetry seen
in the candidate population. This background group contains a total of 6 bright
(MB≤-14) members [169]. Assuming that the NGC 5485 group has a luminosity
function between those of the MW/M31 [177] and that of the Virgo cluster [91],
we would expect between ∼10 and ∼30 dwarf group members in the examined
magnitude range, -13 . Mg . -10. However concluding that all or most of our can-
didates are members of the background NGC 5485 group would imply that M101
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(a MW analog in certain respects, but deficient in stellar halo; [276]) has a dwarf
population sparser than those of the MW or M31. Recent work has suggested that
the scatter in satellite numbers around MW-analogs is significant [101], and M101
may be a sparse member of the distribution.

An infalling group could be another explanation for the asymmetric distribution
of dwarfs. Groups of dwarfs are commonly seen in simulations (e.g. [77]) and ob-
servations (e.g. [269, 247]), and in this case would point to a MW analog accreting
a group of dwarfs. This idea is reinforced by the highly asymmetric HI and optical
disk of M101 ([187, 186]), which show features extending away from the disk to
the east and northeast. An infalling group would seem be in contrast to the appar-
ent inactive accretion history of the M101 group, as shown by the extremely small
stellar mass fraction reported in its stellar halo [276]. We expect that galactic halos
formed from the remains of previous accretion events between a galaxy and its
satellite system (e.g., [63]) and the small mass fraction strongly implies that these
events have previously been rare. If this were an infalling dwarf group with no
massive galaxies we would expect these dwarfs to be star-forming. Also this ex-
planation leaves the M101 group with the absence of an existing dwarf population.

3.5 Conclusions

In this chapter we have presented the development and application of a new
algorithm designed to detect LSB galaxies. The creation and testing of this algo-
rithm are described in detail in §3.3. With some additional refinement as discussed
in that section, the algorithm can be used to search large amounts of data for un-
resolved LSB galaxies. This is particularly useful for identifying LSB objects that
are not in groups with bright host galaxies allowing future searches of large scale
surveys, both in the field and galaxy clusters, to be searched faster for LSB objects
with well-characterized completeness limits.

The algorithm has been tested on a 9 deg2 region roughly centered on M101, ex-
tending the search ∼1.2 magnitudes deeper than previous work. We have discov-
ered 38 previously unreported objects and confirmed 11 previously reported LSB
objects in this region ([140], M14). These new objects have apparent magnitudes in
the range 19.0 ≤mg ≤ 22.2 and half light radii in the range 3-16”. These properties
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Figure 3.5. Position of Dwarf Candidates Around M101: Unusual distribution of
the newly-discovered dwarfs around M101. Magenta diamonds are M14 dwarfs,
green triangles are those initially reported in M14 but now believed to be mem-
bers of the background NGC 5485 group in M16. Blue inverted triangles are K15
dwarfs. Red stars are our newly-discovered dwarfs. Base image from SDSS. North
is up, East is left. Image is 3x3 degrees.

are consistent with Local Group dwarf galaxies at M101 distance (∼7 Mpc). At this
distance, they are projected within the virial radius (∼260 kpc). Their association
with a massive host is supported by the lack of NUV emission, as dwarfs within
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the virial radius of a large galaxy should be stripped of gas and have no ongoing
star formation.

No new UDGs were found in the M101 group, despite sensitivity to this area of
parameter space. This is in line with expectations, which are that a group this small
should not have a UDG population ([221, 271]). Seven of the candidates would be
UDGs if at the distance of the background NGC 5485 group. This is also consistent
with the UDG number to group size relation which predicts ∼5 UDGs in a group
this size.

The positions of these new discoveries show a skewed distribution, with almost
all objects to the northeast and only two candidates to the southwest of M101 (see
Figure 3.5). This asymmetry can be explained either by the presence of the back-
ground NGC 5485 group (which is to the northeast of M101), or if the new can-
didates are part of an infalling dwarf group. However, these explanations do not
explain the lack of an existing dwarf population around M101, whose numbers
could be on the low end of that seen among MW analogs (e.g. [101]). We will
explore this further once the membership status of our sample is in hand.

We have HST imaging and HI follow up scheduled for several of the dwarf can-
didates to study the environment of these objects. The HI observations [144] will
potentially confirm velocity with a detection, or indicate that these objects are as-
sociated with a larger galaxy by a lack of HI emission. With distances derived from
HST imaging using the Tip of the Red Giant Branch method, it should be possible
to confirm or exclude an association with M101; a lack of a detected resolved stel-
lar population would also exclude such an association. The combination of these
observations should be able to tell if objects are background or part of the M101 or
NGC 5485 groups.

In the future we will be applying the detection algorithm from this work to pub-
licly available wide-field datasets to understand the properties of diffuse dwarfs
in a range of environments.
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Table 3.2. New M101 Dwarf Candidates Properties

Name R.A. Decl. mg mr rh rh Dproj Sérsic
(mag) (mag) (Arcsec) (pc) (kpc) Index

Dw 1 14:10:59 +55:53:29 20.5±0.3 20.2±0.2 10.3±6.6 350±220 233 1.56±0.41
Dw 2 14:09:22 +55:18:14 20.6±0.1 20.5±0.1 5.52±0.39 187±13 159 1.23±0.11
Dw 3 14:08:45 +55:17:14 19.8±0.1 19.3±0.2 7.11±0.42 241±14 151 1.16±0.07
Dw 4 14:13:01 +55:11:16 20.1±0.1 19.9±0.1 6.88±0.33 233±11 201 0.80±0.08
Dw 5 14:04:13 +55:43:34 20.2±0.2 20.1±0.1 7.64±0.86 259±29 169 1.33±0.18
Dw 6 14:02:20 +55:39:17 19.9±0.1 19.4±0.1 8.34±0.37 283±12 160 0.83±0.06
Dw 7 14:07:21 +55:03:51 21.1±0.1 19.4±0.1 4.70±0.20 159.4±6.7 114 0.57±0.06
Dw 8 14:04:24 +55:06:13 19.8±0.1 19.3±0.1 5.70±0.20 193.4±6.8 94.6 0.62±0.03
Dw 9 13:55:44 +55:08:45 21.0±0.1 20.6±0.1 7.66±0.64 260±22 164 0.52±0.07
Dw 10 14:01:40 +55:00:57 22.2±0.2 21.9±0.1 4.63±0.97 157±33 85.9 0.55±0.19
Dw 11 14:10:04 +54:15:29 20.8±0.1 20.1±0.2 4.26±0.19 144.6±6.3 123 0.50±0.05
Dw 12 14:09:26 +54:14:51 20.9±0.1 20.3±0.1 4.32±0.25 146.6±8.6 112 1.02±0.10
Dw 13 14:08:01 +54:22:30 20.4±0.1 19.8±0.1 3.91±0.10 132.6±3.5 86 0.60±0.03
Dw 14 14:11:03 +53:56:50 20.9±0.1 21.6±0.1 5.76±0.30 196±10 149 0.47±0.05
Dw 15 14:09:17 +53:45:30 21.1±0.4 20.2±0.1 8.8±6.7 300±230 131 1.98±0.73
Dw 16 14:03:38 +55:39:51 21.2±0.2 20.6±0.2 4.5±1.0 152±35 161 1.42±0.25
Dw 17 13:59:13 +55:35:39 21.1±0.1 20.6±0.1 3.66±0.68 124±23 168 1.28±0.19
Dw 18 13:58:52 +55:29:27 20.8±0.3 21.4±0.2 16±12 550±390 159 3.59±0.82
Dw 19 14:10:20 +54:45:50 20.4±0.1 19.8±0.1 4.56±0.23 154.7±7.6 136 0.92±0.07
Dw 20 14:10:02 +54:25:11 21.0±0.1 20.6±0.1 3.98±0.46 135±16 122 1.04±0.16
Dw 21 14:07:57 +54:56:03 21.9±0.2 20.8±0.1 3.26±0.74 111±25 110 0.77±0.16
Dw 22 14:03:03 +54:47:12 21.2±0.1 20.8±0.1 3.41±0.31 116±11 53.6 0.91±0.11
Dw 23 14:07:08 +54:33:49 22.1±0.3 20.6±0.4 9.3±7.6 310±260 74.6 2.06±0.56
Dw 24 14:06:48 +54:23:36 21.6±0.1 20.8±0.1 2.67±0.21 90.5±7.3 64.1 0.77±0.08
Dw 25 14:09:48 +54:02:55 21.1±0.2 21.4± 0.1 6.0±2.2 204±76 123 1.60±0.37
Dw 26 14:08:50 +53:27:24 20.2±0.1 19.8±0.1 5.08±0.10 - - 0.58±0.03
Dw 27 14:12:23 +54:31:00 21.2±0.1 20.6±0.1 3.78±0.17 128.4±5.8 164 0.85±0.09
Dw 28 14:08:46 +55:05:02 20.7±0.1 20.3±0.1 4.18±0.23 141.7±7.7 133 0.91±0.08
Dw 29 14:08:10 +55:04:33 22.0±0.2 21.5±0.1 3.38±0.80 115±27 125 0.50±0.25
Dw 30 14:08:09 +53:35:45 21.0±0.1 20.5±0.1 5.80±0.29 196.9±9.9 128 0.70±0.08
Dw 31 14:07:42 +54:35:18 19.4±0.1 18.8±0.1 5.91±0.23 200.5±7.9 84.9 0.61±0.05
Dw 32 14:07:46 +54:15:26 19.0±0.1 18.8±0.1 10.70±0.25 363.1±8.5 82.1 1.17±0.03
Dw 33 14:08:34 +55:26:49 19.8±0.1 19.2±0.2 4.59±0.21 155.7±7.0 164 0.68±0.04
Dw 34 14:13:23 +54:04:52 21.3±0.1 20.4±0.3 3.57±0.70 121±24 185 1.36±0.28
Dw 35 14:05:36 +54:49:02 22.1±0.2 21.6±0.1 2.62±0.58 89±20 71.2 0.91±0.22
Dw 36 14:02:28 +54:58:59 21.4±0.1 21.0±0.1 2.46±0.29 83.4±9.8 78.6 1.08±0.17
Dw 37 13:56:10 +54:25:43 21.4±0.1 20.9±0.1 2.50±0.16 84.8±5.6 126 0.80±0.10
Dw 38 14:01:18 +54:21:14 20.1±0.1 19.8±0.1 4.33±0.16 147.1±5.5 34.1 0.72±0.04
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CHAPTER 4
HST FOLLOW-UP TO THE M101 DWARF CANDIDATES

Bennet, P.; Sand, D. J.; Crnojevic̀, D.; Spekkens, K.; Karunakaran, A.; Zaritsky, D.;
Mutlu-Pakdil, B.

The Astrophysical Journal, Volume 885, Issue 2, article id. 153, 15 pp. (2019).

We have obtained deep Hubble Space Telescope (HST) imaging of 19 dwarf
galaxy candidates in the vicinity of M101. Advanced Camera for Surveys (ACS)
HST photometry for 2 of these objects showed resolved stellar populations and
Tip of the Red Giant Branch (TRGB) derived distances (D∼7 Mpc) consistent with
M101 group membership. The remaining 17 were found to have no resolved stellar
populations, meaning they are either part of the background NGC 5485 group or
are distant low surface brightness (LSB) galaxies. It is noteworthy that many LSB
objects which had previously been assumed to be M101 group members based on
projection have been shown to be background objects, indicating the need for fu-
ture diffuse dwarf surveys to be very careful in drawing conclusions about group
membership without robust distance estimates. In this work we update the satel-
lite luminosity function (LF) of M101 based on the presence of these new objects
down to MV =−8.2. M101 is a sparsely populated system with only 9 satellites
down to MV≈−8, as compared to 26 for M31 and 24.5±7.7 for the median host in
the Local Volume. This makes M101 by far the sparsest group probed to this depth,
though M94 is even sparser to the depth it has been examined (MV =−9.1). M101
and M94 share several properties that mark them as unusual compared to the other
Local Volume galaxies examined: they have a very sparse satellite population but
also have high star forming fractions among these satellites; such properties are
also found in the galaxies examined as part of the SAGA survey. We suggest that
these properties appear to be tied to the wider galactic environment, with more iso-
lated galaxies showing sparse satellite populations which are more likely to have
had recent star formation, while those in dense environments have more satellites
which tend to have no ongoing star formation. Overall our results show a level of

62



Texas Tech University, Paul Bennet, May 2020

halo-to-halo scatter between galaxies of similar mass that is larger than is predicted
in the Λ Cold Dark Matter (ΛCDM) model.

This chapter is drawn from [22]. First author P. Bennet performed the data anal-
ysis and wrote up the results. This work was based on an HST proposal with
co-author D.J. Sand as the principal investigator. Co-authors, K. Spekkens and
A. Karunakaran performed HI observations and analysis throughout the M101
project, and this HI work is detailed in [144]. In addition all co-authors gave com-
ments on the work.

4.1 Introduction

Observations on large scales (&10 Mpc) are consistent with a Universe domi-
nated by dark energy and cold dark matter, along with a small contribution from
baryons – the so-called ΛCDM model for structure formation [e.g. 212]. Despite
this success, challenges remain on smaller, subgalactic scales where straightfor-
ward expectations for the faint end of the galaxy luminosity function are not met
[see 42, for a recent review] including the ‘missing satellites problem’ [e.g. 190,
148], ‘too big to fail’ [e.g. 35, 36] and the apparent planes of satellites around nearby
galaxies [e.g. 205, 123, 196].

Significant progress has been made in reconciling these small-scale ΛCDM ‘prob-
lems’ on both the theoretical [41, 232, 284] and observational [e.g. 260, 261, 153,
most recently around the Milky Way, MW] fronts, although the focus has been on
the Local Group and its satellite system. Ultimately, to fully test the ΛCDM model
for structure formation, studies beyond the Local Group are necessary in order to
sample primary halos with a range of masses, morphologies and environments.
This work is now beginning in earnest using wide-field imaging datasets, as well
as spectroscopy, centered around primary galaxies with a range of masses [e.g.
56, 226, 228, 67, 198, 68, 48, 255, 72, 242, 101, 241, 65, see also Chapter 3]. Field
searches are also uncovering a plethora of faint dwarf galaxy systems using a va-
riety of techniques [e.g. 252, 225, 163, 108, 291].

One opportunity is to measure the dispersion in substructure properties among
MW-MWlike halos, partially to understand if the Local Group has unusual sub-
structure properties, and to help guide simulations which are addressing ΛCDM’s
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so-called problems. Initial results in this arena are exciting – the Satellites Around
Galactic Analogs [SAGA; 101] survey has found that the halo to halo scatter in
bright satellite numbers is higher than expected from abundance matching ex-
pectations. SAGA also found many examples of star forming dwarf satellites,
in contrast with the dwarf population in the Local Group. Additionally, a recent
search for faint satellites around M94 (D=4.2 Mpc), another MW analogue, found
only two satellites with M?>4×105 M� in comparison to the eight systems found
around the MW [241]1. At the bright end of the satellite LF the number of objects
is small and therefore the statistical power is low (e.g. the 8 satellites around the
MW is ∼3σ discrepant from zero), this provides additional motivation to explore
the faint end of the LF where the numbers of satellites is larger and therefore pro-
duce more robust statistics. Despite the large observational effort, the number of
MW-like systems studied is still small, and further work is needed to quantify the
observed range in substructure properties.

Here we present HST follow-up to 19 dwarf galaxy candidates recently discov-
ered around M101 [to which we assume a distance of D=7 Mpc throughout this
work; 161, 248], both to determine their membership status and to construct a satel-
lite LF. M101 is an excellent system for comparing with our own Local Group, as
its stellar mass [∼5.3×1010 M�; 276] is similar to that of the MW to within the un-
certainties [e.g. 180]. M101 also has an ‘anemic’ low-mass stellar halo [276] that
nonetheless shows signs of past galaxy interactions [e.g. 186]. Measuring the di-
versity of satellite populations around MW-like systems is a main driver for this
work.

An outline of the chapter follows. In §4.2, we give context and an overview of
recent dwarf galaxy searches around M101, and how our 19 dwarf targets were
selected for follow-up. In §4.3 we describe the HST photometry and artificial star
tests. In §4.4 we present the properties of the dwarf populations around M101; we
also discuss the statistical properties of the population of M101 dwarf candidates
that were not observed by HST. Next, in §4.5 we discuss the luminosity function of
the M101 system and compare it to other nearby Local Volume galaxies and those
found in the SAGA survey. We also compare the dwarf star forming fractions

1Note there are also 14 additional dwarf candidates with velocities consistent with M94 [142],
however these objects were outside of of the search radius in [241].
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within these groups and explore a potential correlation between host environment
and star formation fraction within the satellites. Finally, we summarize and con-
clude in §4.6.

4.2 Dwarf Candidates Around M101

Although traditionally thought to have a relatively poor satellite galaxy popu-
lation [e.g. 40], dwarf galaxy searches around M101 have been reinvigorated by
the surge in interest in the low surface brightness (LSB) universe. Using a set of
specially designed telephoto lenses, the Dragonfly team identified seven new dif-
fuse dwarf galaxy candidates in a ∼9 deg2 region around M101 [183]. Out of these
seven dwarf candidates, three were identified as true M101 dwarfs based on their
HST-derived tip of the red giant branch (TRGB) distance [M101 DF1, M101 DF2,
and M101 DF3; 72]; the remaining four were found to be background sources, per-
haps associated with the elliptical galaxy NGC5485, at D∼27 Mpc [184]. Other
small telescope searches have also identified M101 dwarf candidates in recent
years, with [140] reporting on four additional objects [DwA through DwD; see
also 131]. A search based on Sloan Digital Sky Survey imaging identified six ad-
ditional dwarf galaxy candidates around M101 [197], although these objects were
beyond the nominal virial radius of M101 in projection [∼260 kpc; 183].

Following on from these dwarf searches, in Chapter 3 we used data from the
Wide portion of the Canada France Hawaii Telescope Legacy Survey (CFHTLS) to
perform a semi-automated search for dwarfs in a ∼9 deg2 region around M101,
both to compare with previous work, and to develop a robust algorithm which
could then be applied to even larger wide-field public imaging datasets. This
search found all of the previously identified dwarf candidates within its footprint,
along with 39 additional dwarf candidates. One key aspect of this CFHTLS semi-
automated search is that it conducted extensive simulations with fake dwarf galax-
ies implanted into the data, thus providing well-defined dwarf galaxy complete-
ness limits. It is from this set of candidate dwarfs that the 19 targets in the current
work are drawn from.

We note that a single dwarf candidate in the CFHTLS sample, Dw26, was re-
ported to have an HI detection at vsys=11,000 km s−1, indicating that it is a back-
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ground galaxy at D≈150 Mpc. Other than this object, no further distance informa-
tion was reported in Chapter 3, making any conclusions about M101’s satellite LF
difficult.

Some distance information for the dwarf candidates around M101 can be gleaned
through the technique of surface brightness fluctuations [SBF; 258, 259, 46, 50].
Using a new calibration of the SBF technique based on TRGB distances, [51] found
that two of the dwarf candidates in Chapter 3 are likely satellites of M101 (DwA
and Dw9), while two others (Dw15 and Dw21) are promising targets for follow-
up. This SBF analysis of the M101 dwarfs used the same CFHTLS data that was
used for the original detection in Chapter 3.

In the current chapter we present HST results for 19 of the dwarf candidates
reported in Chapter 3, four of which were first identified by [140]. We list these ob-
jects in Table 4.1 and 4.2. As we discuss below, these 19 dwarfs are a representative
sample of the entire diffuse dwarf candidate population around M101. After deter-
mining the membership status of these dwarf candidates, we construct the satellite
LF for M101, and compare it with other MW analogues to get an initial measure
of the halo-to-halo scatter in this population. A plot of the spatial distribution of
M101 dwarfs and dwarf candidates is shown in Figure 4.1 for reference.

4.3 HST Data and Photometry

We obtained HST images (GO-14796; PI: Crnojević) of 19 of the dwarf candi-
dates around M101 that were found as part of Chapter 3. This HST follow-up was
obtained via the Wide Field Camera (WFC) of the ACS. Each target was observed
for one orbit split evenly between the F606W and F814W filters (exposure time of
∼1200 s per filter). We did not dither to fill in the ACS chip gap, as our dwarf
candidates easily fit onto one of the chips.

We perform PSF-fitting photometry on the provided .flt images using the DOLPHOT
v2.0 photometric package (with the ACS module), a modified version of HSTphot
[76]. For this work we use the suggested input parameters from the DOLPHOT
User Guide2, including corrections for charge transfer efficiency losses. Quality
cuts are then applied using the following criteria: the derived photometric errors

2http://americano.dolphinsim.com/dolphot/dolphotACS.pdf
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must be≤0.3 mag in both bands, the sum of the crowding parameter in both bands
is≤1 and the squared sum of the sharpness parameter is≤0.075. Detailed descrip-
tions of these parameters can be found in [76].

We also performed artificial star tests to assess our photometric errors and in-
completeness in the HST data. For these tests, artificial stars are distributed evenly
across the image and in color-magnitude parameter space, extending up to 2 mag-
nitudes below the faintest stars in the original CMD (after quality cuts) to ac-
count for objects that may have been up-scattered by noise. For each image we
inject a total of 10 times the number of stars detected in the real data, after qual-
ity cuts, ensuring useful statistics. These artificial stars are injected one at a time
by DOLPHOT so as not to induce crowding. Then quality cuts are used with the
same criteria as the original image. These tests found the 50% completeness limit
for F814W to be≈26.9 mag and for F606W to be≈27.5 mag and this was found to
be consistent across all HST images.

We correct the derived magnitudes for foreground extinction on a star-by-star
basis using the [234] calibration of the [235] dust maps.

4.4 The Dwarf Candidate Population

Of the 19 objects projected around M101 that were selected for HST follow-up,
we see two distinct populations. The first group resolves into stars as is expected
for a member of the M101 group (D∼7 Mpc), and consists of two targets, DwA
and Dw9. Meanwhile the other 17 targets appear as unresolved diffuse emission,
indicating that the TRGB is too faint to be detected in our HST imaging, and that
they are in the background. Beyond this, there are a further 23 diffuse dwarfs from
Chapter 3 that were not imaged with HST, and we statistically assess their M101
membership status in §4.4.3. The spatial distribution of all of the resolved and
diffuse dwarfs around M101 are shown in Figure 4.1.

The 50% completeness limit for the HST observations is at F814W=26.9 mag, a
value that is consistent across all of the data. Given a MTRGB

I ≈−4.0 mag [98, 215,
and references therein], we can estimate that any undetected TRGB must have a
distance modulus &30.9 mag and therefore a distance of &15.1 Mpc for our unre-
solved dwarf candidate population. While some of the fainter targets in the unre-
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Figure 4.1. Spatial Map of the M101 Group: Spatial map of the M101 group and its
surrounding region, as well as the background NGC 5485 group, which is nearby
in projection. M101 satellites are shown in red, with dots showing previously con-
firmed members and stars the newly confirmed members; M101 itself is labelled
and shown by the large red dot. NGC 5485 group members are shown by grey
dots, NGC 5485 and NGC 5473 (the secondary, large member of the NGC 5473
group) are labelled and shown by the large dots. Unresolved objects as seen in the
HST data in this work are shown by blue triangles; these may be NGC 5485 group
members or background galaxies. The LSB objects that were not targeted by HST
are shown by hollow circles. North is up, east is left.
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solved population are hard to see in the HST imaging, all are visible after spatial
binning or smoothing. As an illustration of the difference between the resolved
and unresolved dwarf samples, we present color images along with point source
maps in Figures 4.2 & 4.3.

In addition to the 19 objects we observed with HST we also examine the HST
data for the unresolved objects from [184] to update the photometry of these dif-
fuse dwarfs using our techniques. Meanwhile we adopt the [72] distances and
luminosities of M101 DF1, DF2 and DF3 – the resolved dwarfs from the Dragonfly
survey.

These two populations, resolved and unresolved, will be used to analyze the
M101 LF.

To enable comparisons between HST, CFHTLS (see Chapter 3) and Dragonfly
[183] we convert many of our measurements to the V band. To convert between
the F606W and V band we adopt the method from [224] (mV =mF606W+0.194), and
for the conversion between the g and V band (for the CFHTLS and Dragonfly data)
the method from [133] is used:

mV = mg − 0.58× (mg −mr)− 0.01 (4.1)

4.4.1 Resolved objects: DwA & Dw9

Here we discuss the physical and star formation properties of the two resolved
dwarfs in our HST sample, DwA and Dw9; these properties are tabulated in Ta-
ble 4.1.

To determine distances to the resolved objects, we make use of the TRGB tech-
nique [e.g., 70, 160]. The peak luminosity of the reg giant branch (RGB) is a stan-
dard candle in the red bands, because it is driven by core helium ignition and so
it provides a useful distance estimate for galaxies with an old stellar component
which are close enough that the RGB can be resolved. To determine TRGB magni-
tudes, we adopt the methodology described in [65]. Briefly, the photometry is first
corrected to account for the color dependence of the TRGB [130]. Then the field
(background+foreground) contamination as derived from a dwarf-free region of
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the ACS field-of-view is statistically subtracted from the dwarf’s CMD. The lumi-
nosity function for RGB stars with colors in the range 0.8 < (F606W −F814W )0 <

1.3 is computed, and a model luminosity function (convolved with the appropriate
photometric uncertainty, bias and incompleteness function derived for the obser-
vations) is fit to it with a non-linear least squares method. The uncertainties are
derived by re-computing the TRGB for 100 realizations of the statistical decontam-
ination process. Using this method for the two objects that are resolved into stars
in our HST dataset, DwA and Dw9, we obtain TRGB distances of 6.83+0.27

−0.26 and
7.34+0.39

−0.37 Mpc respectively, confirming their association with the M101 group (D ∼
7 Mpc). We show the CMDs for DwA and Dw9 in Figure 4.4, along with the TRGB
placement for each.

The resolved stellar populations of DwA and Dw9 both appear to be consistent
with a stellar population of old, metal poor RGB stars (&10 Gyr). In the bottom
panels of Figure 4.4 we plot isochrones [170] with an age of 12.7 Gyrs. From the
CMDs, both dwarfs seem to host stars with mean metallicities of [Fe/H]≈−1.5;
the color spread seen in the RGB stars (as derived from a simple Gaussian fit to the
RGB sequence) is slightly larger than the photometric uncertainties derived from
the ASTs. This could be explained by some intrinsic metallicity spread, however
the origin and implications of the spread are beyond the scope of this work. DwA
has a small population of stars above the TRGB, indicative of asymptotic giant
branch stars with intermediate ages (∼2–5 Gyrs based on their magnitudes); such
populations are often seen in similarly faint dwarf galaxies in other systems [e.g.
Dw2 in Centaurus A; 65].

Both DwA and Dw9 were not detected in deep NUV GALEX imaging [171] –
this lack of NUV emission indicates that these galaxies have an upper limit of
.1.7±0.5x10−3 M�/yr for recent star formation, obtained using the relation from
[124]. We have performed follow-up HI observations of DwA with the Robert C.
Byrd Green Bank Telescope [144] and find no significant HI signal along the line-
of-sight to DwA (Dw9 was not observed). We place stringent 5 σ upper-limits on
its HI mass, log(MHI/M�)<5.75, and its gas-richness, MHI/LV =0.68 M�/L�. The
lack of both HI gas and NUV flux is consistent with the old, metal-poor stellar
population of DwA.
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The structural properties of the resolved candidates were determined with the
maximum-likelihood technique of [174] using the implementation of [229]. The
stars selected for the structural analysis are those consistent with the RGB as seen
in Figure 4.4. We fit a standard exponential profile plus constant background to
the data, with the following free parameters: the central position (RA0, DEC0), po-
sition angle, ellipticity, half-light radius (rh) and background surface density. Un-
certainties on structural parameters were determined by bootstrap resampling the
data 1000 times, from which 68% confidence limits were calculated. Key derived
parameters are shown in Table 4.1. Our HST-derived half-light radii are slightly
larger than those found in the ground-based CFHTLS data, likely due to the supe-
rior detection of outlying stars at HST depths and resolution.

The absolute magnitude of the dwarfs is derived via the procedure laid out in
[65]. We simulated a well-populated CMD for each dwarf using Padova isochrones
[170] with an age of 12.7 Gyr and metallicity of [Fe/H]=−1.5 for each target, as-
suming a Kroupa IMF [154]. This simulated population of stars is then convolved
with the photometric errors derived from the artificial star tests. We then drew
stars randomly from this fake stellar population, scaling the number of stars such
that it matched the number seen in the RGB region for our observed dwarfs. The
flux from the drawn stars was summed along the entire luminosity function, in-
cluding stars too faint to be detectable in our HST data, in order to account for the
faint unresolved component of each galaxy. This process was repeated 100 times
to assess our uncertainties. Measurements were converted to the V -band using
the prescriptions in [224]. In Table 4.1 we show our derived absolute magnitudes,
stellar masses, and we also show our brightness measurements derived from the
CFHTLS ground-based data set, as presented in Chapter 3; the data agree to within
the errors.

From the properties derived above we can see that these M101 dwarf galaxies,
including the dwarfs from [72], fit into the Local Group size-luminosity relation,
see Figure 4.6.
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Table 4.1. Confirmed M101 Dwarfs

Name DwA Dw9
R.A. (J2000) 14:06:49.9±1.0” 13:55:44.8±3.0”
Decl. (J2000) +53:44:29.8±0.8” +55:08:45.6±2.1”

mV (CFHTLS) (mag) 19.2±0.1 20.8±0.1
mV (HST) (mag) 19.6±0.2 21.0±0.2
MV (HST) (mag) −9.5±0.2 −8.2±0.2

rh (CFHTLS) (arcsec) 10.92±0.23 7.66±0.64
rh (HST) (arcsec) 12.6±1.2 10.8±2.4

rh (HST) (pc) 417±40 384±85
µ(V,0) (mag arcsec−2) 26.0±0.3 27.2±0.5

Mass (M�) 7.0±0.4×105 2.0±0.1×105

Ellipticity 0.33±0.06 ≤0.37
Distance (Mpc) 6.83+0.27

−0.26 7.34+0.39
−0.37

Projected Distance from M101 (kpc) 100 160

4.4.2 Unresolved objects

The 17 remaining dwarf galaxy candidates imaged with HST all had unresolved,
diffuse emission and are thus in the background and not associated with M101. We
remeasured the observational properties of these diffuse dwarfs with the HST data
using GALFIT [208], and the procedure outlined in Chapter 3, including inserting
simulated diffuse dwarf galaxies to assess our uncertainties. We also followed
this procedure on the unresolved objects from [184] and found successful fits for
all objects aside from DF6, where aperture photometry was used instead. When
using GALFIT all parameters were left free. The HST images were often spatially
binned to increase the signal in each pixel and facilitate the GALFIT measurements;
the results are reported in Table 4.2. Comparisons between HST and the CFHTLS
measurements presented in Chapter 3 are shown in Figure 4.7, highlighting a good
agreement between the values derived from the two datasets.

As can be seen in Figure 4.1, many of the 17 diffuse HST dwarfs are projected
near the background NGC 5485 group. This is a bimodal group focused around
the massive elliptical galaxies NGC 5485 and NGC 5473 at D∼27 Mpc [268]. This
background group shows a large number of spectroscopically confirmed satellites
among the population brighter than our diffuse dwarf sample [168], and we fur-
ther constrain its LF in §4.5.

72



Texas Tech University, Paul Bennet, May 2020

Figure 4.2. Resolved Dwarf Images: Left: Colorized image cutouts of the resolved
dwarf candidates from HST/ACS, DwA and Dw9. Right: Point sources identified
by DOLPHOT after quality cuts. Images are 1.0’x1.0’, north is up, east is left. DwA
and Dw9 contrast with the other dwarfs in our sample which have no overdensity
of stellar objects at their position; see Figure 4.3.

Finally we note that target Dw15, which was regarded as a possible M101 group
member after the SBF measurements of [51], was found to be unresolved in our
HST data (see bottom row of Figure 4.3). The SBF measurements successfully show
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Figure 4.3. Unresolved Dwarf Images: Left: Colorized image cutouts of two un-
resolved, background dwarfs from HST/ACS, Dw3 and Dw15. Right: Plots of all
the point sources found by DOLPHOT after quality cuts. Images are 1.0’x1.0’,
north is up, east is left. There is no apparent overdensity of stars at the position of
each dwarf; only DwA and Dw9 show such an overdensity (see Figure 4.2). These
dwarfs also show no overdensity when only considering sources consistent with
being RGB stars. The images of Dw3 and Dw15 are representative of the 17 total
dwarf candidates that only show diffuse emission in HST imaging.
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Figure 4.4. Color-Magnitude Diagrams for DwA and Dw9: The CMD for the re-
solved M101 dwarfs, DwA (left) and Dw9 (right). Black dots are point sources
centered on each dwarf, while the red dots are stars from an equal area region on
the other ACS chip. The upper black line indicates the TRGB magnitude and 1σ
uncertainty. The lower dashed line indicates the 50% completeness limit. Photo-
metric uncertainties are shown along each CMD.

that 14 of the 16 remaining unresolved objects are not M101 group members, with
the final 2 (DwB and DwC) being regarded as unlikely M101 group members but
not completely excluded. This shows that while the SBF technique reported in [50]
is a powerful tool, it is still vital to obtain HST quality follow-up of fainter diffuse
dwarf systems to verify their identity and thus refine this promising technique.
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Figure 4.5. Isochrones compared to DwA and Dw9: The resolved CMDs of DwA
(left) and Dw9 (right), with theoretical isochrones at an age of 12.7 Gyr overplotted
with varying metallicities [170]. Old stellar populations with a mean [Fe/H]≈−1.5
are consistent with the data. Photometric uncertainties are shown along each
CMD.

4.4.3 Objects not targeted by HST

Twenty-three dwarf candidates from the Chapter 3 sample were not observed
by HST and therefore have unknown distances, aside from Dw26 which was con-
firmed to be a background galaxy via HI observations [144]. The untargeted objects
have mean properties (e.g. apparent magnitude and half light radius) that are con-
sistent with the mean properties of the diffuse dwarfs targeted with HST to within
∼1σ. The observational properties of the untargeted objects as derived from the
CFHTLS data are reported in Table 2 of Chapter 3.
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Table 4.2. Unresolved M101 Dwarf Candidates

Name R.A. Decl. mV mV mF606W mF814W rh rh
(CFHTLS) (HST) (HST) (HST) (CFHTLS) (HST)

(mag) (mag) (mag) (mag) (arcsec) (arcsec)
DwB 14:08:44 +55:10:02 20.3±0.1 20.7±0.7 20.5±0.7 19.6±0.6 6.95±0.54 6.2±1.6
DwC 14:05:18 +54:53:52 20.2±0.2 20.9±0.8 20.8±0.8 20.2±0.8 7.90±1.6 5.1±2.7
DwD 14:04:25 +53:16:11 19.3±0.1 19.6±0.6 19.4±0.6 19.8±0.2 9.16±0.47 8.8±1.8
Dw1 14:11:00 +55:53:29 20.5±0.3 20.0±0.4 19.8±0.4 19.2±0.5 10.3±6.6 10.9±2.1
Dw2 14:09:22 +55:18:14 20.5±0.1 20.6±0.4 20.4±0.5 20.3±0.6 5.52±0.39 5.8±2.1
Dw3 14:08:46 +55:17:14 19.5±0.1 19.7±0.5 19.5±0.5 19.1±0.5 7.11±0.42 5.7±1.8
Dw4 14:13:02 +55:11:16 20.0±0.1 20.1±0.1 19.9±1.0 19.8±0.4 6.88±0.33 7.4±0.8
Dw5 14:04:13 +55:43:34 20.1±0.2 20.6±0.5 20.4±0.5 20.0±0.6 7.64±0.86 3.7±1.1
Dw6 14:02:20 +55:39:17 19.6±0.1 19.6±0.4 19.4±0.4 18.8±0.5 8.34±0.37 7.4±1.3
Dw7 14:07:21 +55:03:51 20.1±0.1 21.2±0.3 21.0±0.3 20.6±0.3 4.70±0.20 3.9±0.5
Dw8 14:04:25 +55:06:13 19.5±0.1 19.6±0.4 19.4±0.4 18.9±0.5 5.70±0.20 6.2±1.6

Dw10 14:01:40 +55:00:57 22.0±0.2 22.1±0.6 21.9±0.6 21.7±0.9 4.63±0.97 3.2±1.2
Dw11 14:10:05 +54:15:29 20.4±0.1 20.2±0.8 20.4±0.8 19.8±0.7 4.26±0.19 5.5±0.7
Dw12 14:09:26 +54:14:51 20.5±0.1 20.8±0.4 21.0±0.4 19.9±0.3 4.32±0.25 2.9±0.3
Dw13 14:08:01 +54:22:30 20.0±0.1 19.9±0.6 20.1±0.6 19.3±0.4 3.91±0.10 3.6±0.5
Dw14 14:11:03 +53:56:50 21.2±0.1 20.4±0.8 20.6±0.8 19.9±1.0 5.76±0.30 6.2±1.3
Dw15 14:09:18 +53:45:30 20.6±0.4 20.9±0.5 21.1±0.5 20.4±0.9 8.80±6.70 8.0±2.0
DF4 14:07:33 +54:42:36 20.1±0.1 19.9±0.1 19.7±0.1 19.4±0.2 17.9±0.9 16.7±1.7
DF5 14:04:28 +55:37:00 20.7±0.2 20.8±0.2 20.6±0.2 19.9±0.3 10.8±2.6 8.9±0.9
DF6 14:08:19 +55:11:24 21.0±0.2 21.0±0.3 20.8±0.3 21.2±0.3 22.8±2.1 22.8±2.8
DF7 14:05:48 +55:07:58 21.0±0.4 20.6±0.3 20.4±0.3 19.2±0.3 28.0±14.0 12.2±1.8

We statistically assess the membership status of the untargeted diffuse dwarfs
as a population, based on the HST observations already made. For this we exclude
Dw26 from the sample, as we already know its distance (D∼150 Mpc) due to its
HI detection.

If we assume that the 19 objects chosen for HST follow up are a representative
sample of all the LSB objects detected in Chapter 3, then we can determine the
number of untargeted objects that are associated with M101 via a series of hyper-
geometric distributions [292]. Hypergeometric distributions describe a population
of size N with a fixed number of successes K (in this case K would be the number of
LSB objects that are associated with M101), where k successes are found for every n
drawings from the population. This is done without replacing previously observed
objects back into the population (which would represent a binomial distribution).
We use these distributions to determine the likelihood of having 2 ’successes’ in
19 observations, for various underlying populations with N fixed at 41 (the total
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Figure 4.6. Comparison between confirmed M101 dwarfs and the Local Group:
Absolute V -band magnitude as a function of half-light radius for M101 dwarf
galaxy members as compared to the Local Group and ultra-diffuse galaxies in the
Coma and Virgo clusters. The previously known classical M101 group members
[248] are shown in purple circles and the updated properties for the new M101
dwarf satellites from this work and from [72] are shown as red stars. The new pop-
ulation of faint M101 dwarfs is consistent with the size-luminosity relation found
in Local Group dwarfs. The data for the MW and M31 dwarf galaxies (black points
and triangles, respectively) come from: [177, 229, 66, 82, 146, 145, 152, 156, 155, 173,
68, 80, 262, 49, 201, 153, 260]. The Coma and Virgo diffuse galaxy properties (gray
diamonds and black asterisks, respectively) are from [185, 277].

population of objects reported in Chapter 3 once Dw26 is excluded) and K allowed
to have any value between 2 and 24 (with a minimum of 2 M101 detections from
DwA and Dw9 and a maximum of 24 if all untargeted objects were M101 dwarfs).
Once the likelihood of each population is determined, we construct a normalized
probability function for the values of K. This function is then used to calculate the
mean and standard deviation for K. These results show that the total LSB popu-
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Figure 4.7. Comparison between HST and CFHT: For the 17 diffuse dwarfs im-
aged with HST, we compare our HST derived V-band magnitudes (left) and half
light radii (right) with the ground-based CFHTLS measurements made using the
techniques of [24]. The measurements made using the two different sets of data
are largely consistent.

lation from Chapter 3 has 5.1±2.3 ‘successes’. As we have already detected two
objects associated with M101, this implies that of the remaining 22 untargeted LSB
objects 3.1±2.3 could be associated with the M101 group and 18.9±2.3 could be
unresolved and either associated with the NGC 5845 group or distant background
galaxies.

Another method to estimate the distances of the untargeted LSB objects in Chap-
ter 3 is through the surface brightness fluctuations (SBF) method reported in [51].
These distances show a total of four possible M101 dwarfs (Dw21, Dw22, Dw23
& Dw35) among the non-targeted LSB objects from Chapter 3, as their reported
distances are consistent with the M101 group to within 1 σ. However there are sig-
nificant uncertainties on these distances and no firm conclusions about the group
membership of these objects were drawn by [51]. There are a further 4 objects
(Dw19, Dw24, Dw31 & Dw32) that have reported distances behind the M101 group,
but are consistent with M101 group membership within 2σ. From this we can con-
clude that there are plausibly ∼4 M101 dwarfs among the untargeted candidates,
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with an extreme upper limit of 8 new group members. These numbers are broadly
consistent with the results from the statistical method explained above.

All of these untargeted objects fall on the Local Group size-luminosity relation
if they are assumed to be at either M101 (D∼7 Mpc) or NGC 5485 (D∼27 Mpc)
distance.

The effect that the two different methods used to statistically determine group
membership have on the M101 LF is discussed further in Section 4.5.1, and can
be seen in Figure 4.8. On the other hand the LF of the NGC 5485 group shows
no significant variation between the two methods and therefore this will not be
discussed further.

4.4.4 M101 Dwarf Galaxy Completeness

We have examined the dwarf galaxy completeness around M101 on both the
bright and faint ends. For a bright limit on the completeness of the Chapter 3
sample, we tested the detection algorithm used in that work via artificial dwarf
galaxy simulations, to an apparent magnitude of mg=17 (Mg=−12.2 or MV =−12.5
at 7 Mpc) on the bright end.

At first blush, the bright limit of Chapter 3 suggests it is possible that bright satel-
lites of M101 (MV<−12.5) may still be undiscovered, but this is unlikely: previ-
ous studies around M101 [e.g. 142] were considered complete down to MB=−11.2
(MV =−12.1), which overlaps with the Chapter 3 bright end brightness limit, and
is explicitly complete to MV≈−20 and possibly brighter [see e.g. Figure 5 of 142].
We are exploring additional modifications to our algorithm to probe an expanded
parameter space (Bennet et al. in prep.): to date, preliminary results around M101
indicate no additional dwarf candidates up to a brightness of mg=16 (Mg=−13.2 or
MV =−13.5).

For our faint end completeness limit to M101 dwarfs, we note that the 50% com-
pleteness limits of the Chapter 3 diffuse dwarf search was Mg=−7.2, or MV =−7.5.
Several of the faintest dwarf candidates in that work were not targeted with HST,
but have SBF distances that are at least consistent with M101 (Dw21, Dw22, Dw23
& Dw35); these dwarfs should be followed up with future space-based imaging.
HST imaging is available for all diffuse dwarfs with SBF distance estimates consis-
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tent with M101 [51] and with magnitudes MV . −8.2 mag (DwA, Dw9 & Dw15):
we thus adopt this value as a conservative faint limit for our completeness.

4.5 Discussion

Understanding the behavior of the galaxy satellite LF towards the faint end is
crucial in constraining the formation and evolution of galaxies. It is also important
in furthering our understanding of the relation between the stellar and dark matter
content in dwarf galaxies.

The observed LF slope around the MW (α ∼−1.2 assuming a Schechter func-
tion, e.g., [151]) is far shallower than what is predicted based on the mass function
of dark matter subhalos from simulations (∼−1.9, e.g., [42]). Several possible ex-
planations, including observational incompleteness and/or theoretical modeling
have been proposed in the past decade to address this issue [e.g. 251, 41, 116, 232,
284, 100, 147] – the general consensus is that the incorporation of mechanisms such
as feedback, star formation efficiency and re-ionization into cosmological simula-
tions can help reconcile the differences between the observed slope of the LF and
theoretical predictions. However, such models often aim to reproduce the singular
case of the MW LF, which may not be representative. Thus, in order to test the
robustness of these models against a larger sample, it is necessary to observe the
faint end of the satellite LF of systems beyond the Local Group. Such observations
will allow us to probe the typical value of the LF slope at lower luminosities, as
well as constrain the system–to–system scatter.

4.5.1 The Satellite Luminosity Function of M101

The satellite LF for M101 was constructed by using all galaxies that are reported
to be within the projected virial radius of M101 (∼250 kpc or ∼2.05 degrees at 7
Mpc) and with confirmed distances consistent with that of M101. For this reason
we do not include the proposed M101 members DDO194 (Dproj=656 kpc, [248]) or
KKH87 (Dproj=392 kpc, [142]) as these objects are projected too far from M101. We
also do not include UGC08882, as the reported distance (D=8.3±0.8 Mpc, [217])
places the object behind M101. We do include the three faint galaxies (DF1, DF2
& DF3) found by the Dragonfly survey that were confirmed via TRGB distance
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Table 4.3. Confirmed M101 group members within 250 kpc

Name RA Dec MV Projected M101 Distance Ongoing Star
Distance (kpc) (Mpc) Formation

M101 14:03:12.5 +54:20:56 -20.8 0 6.79±0.41 Y
NGC 5474 14:05:01.6 +53:39:44 -17.6 89 6.82±0.41 Y
NGC 5477 14:05:33.3 +54:27:40 -15.3 44 6.77±0.40 Y
Holm IV 13:54:45.7 +53:54:03 -15.0 160 6.93±0.48 Y

M101 DF1 14:03:45.0 +53:56:40 -9.6 50 6.37±0.35 N
M101 DF2 14:08:37.5 +54:19:31 -9.4 97 6.87+0.21

−0.30 N
M101 DF3 14:03:05.7 +53:36:56 -8.8 89 6.52+0.25

−0.27 N
M101 DwA 14:06:49.9 +53:44:30 -9.5 100 6.83+0.27

−0.26 N
M101 Dw9 13:55:44.8 +55:08:46 -8.2 160 7.34+0.39

−0.37 N

measurements ([183, 72]). See Table 4.3 for a full list of M101 members that we
consider, including those confirmed by the current work.

In order to place the M101 LF into context, we also compile the cumulative LFs
of other Local Volume galaxies, both inside the Local Group (M31 and the MW
itself) and outside of it (M94, M81 and Centaurus A), using data from recent re-
solved stellar population studies. All of the galaxy groups have been examined for
satellites down to at least MV =−9.1, which allows for the widest possible compari-
son down to the limiting magnitude reached in the M101 survey. These hosts span
a range of masses from 2.5×1011M� for the MW [86] to 9.0×1011M� for Cen A [286]
using dynamic mass estimates for the innermost 40 kpc (where these estimates are
available). From this sample there is no evident correlation between host mass and
satellite LF, which is likely due to the relatively small mass range examined. These
galaxies also span a range of environments, from very isolated groups like M94
to groups that are actively accreting smaller galaxy groups, like suggested for the
MW and the LMC and possibly for M81 accreting M82 and NGC3077 [56]. The
galactic environment seems to be more important in predicting the galaxy LF as
will be discussed in Section 4.5.2 in more detail.

For the compilation of these LFs, we have only used objects where the associa-
tion between the dwarf galaxy and the host has been confirmed via distance mea-
surements. We do not include dwarfs fainter thanMg=−7.2 (MV =−7.5), which cor-
responds to the 50% completeness limit for the survey of M101 reported in Chap-
ter 3. Note that we consider our M101 sample complete down to MV =−8.2, as

82



Texas Tech University, Paul Bennet, May 2020

discussed in §4.4.4, but for the statistical corrections for those dwarfs not imaged
with HST we use the full Chapter 3 sample down to MV =−7.5. We also limit our
analysis to satellite galaxies within a projected distance of <250 kpc from the host,
or with 3D distance of D<250 kpc in the case of the MW.

We consider several sources for the satellite galaxies used to construct our cu-
mulative LFs, following [65]. Briefly, for the MW we adopt the updated online
2015 version of [177] – while this excludes some recent ultra-faint discoveries, they
are below the limiting magnitude of the M101 survey and are thus not considered
further. For M31 we combine the catalogues from [175] and [178]. For hosts be-
yond the Local Group, we adopt the Updated Nearby Galaxy Catalogue [142] and
the Extragalactic Distance Database3 [127], complementing these resources with
more recent work where available. More specifically, for M81 we refer to [56],
who performed a wide field survey of M81 and its satellites with CFHT/Megacam
along with HST follow-up imaging (we excluded objects that are considered tidal
dwarfs). We also include the M81 dwarf D1005+68 [MV =−7.94; 242]. For M94 we
include the new discoveries from [241], which adds two faint dwarf galaxies to the
two already known M94 satellites. There are also 12 additional objects with veloc-
ities consistent with M94 [142], however these objects are outside of our 250 kpc
limit. For Centaurus A we use the results from [65], who compile a Centaurus A LF
based on the discovery of 11 new satellites within the PISCeS survey as well as on
13 previously known dwarfs. We note that Centaurus A is an elliptical galaxy, and
it likely has a very different accretion history to that of the MW and the other spiral
galaxies that we examine here; nevertheless, its mass is considered to be compara-
ble to that of the MW within a factor of a few [e.g., 141]. Though we reiterate that
the dynamical mass estimates for these galaxies (where available) show variation
of ∼3.5 between the smallest and largest galaxies, this does not appear to correlate
with satellite number in the examined galaxy sample.

The completeness of the different surveys we consider is not easy to quantify.
Despite efforts to ensure a uniform sample, a few caveats are inevitable: i) MW
surveys suffer from incompleteness effects, mainly due to incomplete spatial cov-
erage, especially in the direction of the Galactic plane. Such effects could lead to an

3http://edd.ifa.hawaii.edu/
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underestimate of the number of faint satellites by a factor of∼3 [e.g. 116], meaning
our constructed LF for the MW is a lower limit; ii) [65] estimate the incomplete-
ness of the PISCeS survey and suggest that there might be ∼5 to 10 yet undetected
galaxies in the range −10 < MV < −8 within ∼ 150 kpc from Cen A. This should,
however, not significantly alter the slope of the derived LF. At larger galactocen-
tric distances (between 150 and 300 kpc), 13 candidates with−12 < MV < −8 have
additionally been presented by [199], but they have not been confirmed as Centau-
rus A members yet; iii) a deep search for faint satellites has not been performed
beyond the innermost 150 kpc for M94, thus the LF constructed for this host is also
likely a lower limit. A search within 150 kpc of projected distance includes over
∼80% of the virial volume for a galaxy the size of M94 (considering the 150 kpc
projected radius cone that was observed, which will have sensitivity to some satel-
lites at larger 3D radii), and the satellites themselves may be centrally concentrated
and distributed like a NFW profile. Nonetheless, we do conduct a complementary
analysis by comparing our Local Volume galaxies using only the innermost 150
kpc of projection in addition to our searches across the entire virial radius.

We perform a fit adopting a Schechter function for each cumulative LF using a
maximum likelihood estimator:

N(< M) = φ∗γ[α + 1, 100.4(M∗−M)] (4.2)

where φ∗ is the normalization density, γ represents the incomplete gamma func-
tion and depends on the slope (α) of the LF and on M∗, where M∗ is the char-
acteristic magnitude. We find the best fit values for α to be −1.25±0.05 for Cen
A, −1.19±0.06 for the MW, −1.28±0.06 for M31, −1.21±0.05 for M81, ∼−1.2 for
M94 (which was difficult to constrain, given how few satellites are in this system)
and finally −1.14±0.10 for M101 itself. These slopes are consistent with previous
literature results and with each other. We also create the LF of the ’median’ Local
Volume host (see Figure 4.8): we derive the median number of satellite members at
each 0.25 mag increment in the range−20.25≤MV≤−7.0, these are then assembled
into a ’median’ LF. We then fit this LF using the same method that was used for
the individual galaxies, obtaining a slope of α=−1.29±0.05. While the values of φ∗
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and M∗ are not well constrained, variations of these parameters within reasonable
limits do not significantly affect the best fit values for α (see [58, 204]).

The above values for α were constructed using only confirmed M101 members,
and we explore the effects that the unconfirmed diffuse dwarfs would have on this
slope. If we include the statistically weighted objects that do not have follow-up
imaging (see 4.4.3 for details of the statistical weighting), this adds a total of ∼ 3

dwarfs over the magnitude range−7.0 ≤MV ≤ −10.2. The best fit obtained for this
LF is α = −1.16± 0.12. This potential M101 LF can be seen in Figure 4.8. However,
if instead of the statistically weighted objects we add those objects that have SBF
distances consistent with M101 membership to within 1σ (i.e., Dw21, Dw22, Dw23
& Dw35) to the M101 LF, we obtain a slope of α = −1.15±0.10. Thus it can be seen
that the inclusion of the unconfirmed M101 members only gives rise to minor LF
changes.

Figure 4.8 presents a direct comparison of the LFs for the considered Local Vol-
ume galaxies. At brighter magnitudes (MV< −12), M101 appears similar to the
other Local Volume galaxies: specifically, M101 has 4 members with MV < −12,
compared to a median value of 7.5±4.7 for the other groups. However at fainter
magnitudes these LFs show substantial variation, with each of M81, Cen A and
M31 having &20 satellites down to MV =−8.0, as compared to the 9 satellite mem-
bers of M101 down to the same magnitude. This uniqueness is borne out when
comparing M101 to the median Local Volume galaxy: at MV =−8.0, M101 has 9
members compared to 24.5±7.7 for the median. While there are large uncertainties
due to small number statistics, it is still apparent that the M101 system is unusual
and sparse. This sparseness within the M101 and M94 groups is mirrored by exam-
inations of the innermost 150 kpc only, this shows M101 with 7 members compared
to a median of 17.3±4.1.

The SAGA survey [101] reported on satellite galaxies around eight MW ana-
logues with distances in the range of 20-40 Mpc, with a limiting magnitude Mr<−12.3.
These results produced LFs that were comparable to the MW and M31. When we
extend this comparison to the galaxies in our sample we find that that the ma-
jority of the SAGA galaxies have poorer satellite systems than the median Local
Volume galaxy LF. At the SAGA survey’s limiting magnitude (MV<−12.5) the Lo-
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cal Volume galaxies have a median of 6.8±3.8 group members, this is more group
members than all but one SAGA galaxy (NGC 6181) and over half of the SAGA
sample are below the 1σ limit. Therefore we conclude that the LFs found by the
SAGA survey more closely resemble those of the M101 and M94 groups than the
MW or M31.

Our data additionally shows a lack of any M101 group members with an abso-
lute magnitude between MV =−15 to MV =−10. This area of parameter space has
been fully probed by previous work in the M101 system out to the projected virial
radius [e.g. 142, 140, 183, 24], and therefore this gap appears to be genuine – see
§4.4.4 for a discussion of our bright and faint satellite magnitude limits. The addi-
tion of the 22 objects not targeted by HST does not close this gap (if any of them
actually belong to the M101 system), but could potentially decrease the size, as the
brightest of these objects (Dw31 & Dw32) would be brighter than DF-1 (MV =−9.6)
when placed at the distance of the M101 group. However, this still results in a gap
of 4.9 mag, far larger than that observed in other comparable nearby galaxies and
the SAGA survey. The mean largest magnitude gap between any two confirmed
group members in this latter sample is 2.6±1.1 mag, which is far below the 5.4 mag
gap recorded for the M101 system (see Figure 4.11). A full examination of the the-
oretical implications of such a large gap is beyond the scope of this work [although
see 202]. However, it should be noted that this behaviour is not observed in galaxy
simulations, which tend to produce a satellite LF close to those observed in the
MW and M31, with far smaller magnitude gaps [101].

4.5.2 Satellite Population and Galactic Environment

Previous work on the environmental dependence of galaxy LFs [for a summary
see 91, and the references therein] has examined a variety of different cluster and
group environments. There have been multiple contrasting results with some stud-
ies finding consistent slopes across different mass ranges, morphologies and envi-
ronments, and others finding a density dependence on the faint-end slope of the
LFs. We find that the derived LF slopes for our galaxies are consistent with each
other within the uncertainties, and therefore in this respect do not depend upon
galactic environment.
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Figure 4.8. Local Volume Luminosity Functions: The cumulative satellite LF for
several Milky Way-like systems out to a projected radius of 250 kpc, and the con-
structed median from the set. The M101 LF is displayed with star symbols, while
the small circles indicate the LF for M101 after we include the statistical weighting
of targets not followed-up with HST (see discussion in 4.4.3). The grey dashed line
is the median of the individual galaxy measurements while the shaded region rep-
resents the 1σ scatter of the median. No attempt was made to correct any LF for
incompleteness; we consider the M101 LF complete down to MV≈−-8.2 mag for
confirmed M101 dwarfs and MV≈−-7.5 mag for potential M101 dwarfs. The data
for the group LFs come from [241] for M94 represented by the cyan squares, [65]
for Cen A represented by the green squares, [56] and [242] for M81 represented by
the magenta squares, [175] & [178] for M31 represented by the yellow squares and
[177] for the MW represented by the black squares. Note that this is a lower limit
for the MW due to incomplete spatial coverage.
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However, while the derived LF slopes are similar across all tested galaxies, M101
and M94 clearly have fewer satellite galaxies, particularly at the faint-end, suggest-
ing that the LF slope may not be the best way to compare. This sparseness might
be the result of the galactic environment as M101 and M94 are in lower density
regions, as we will now examine.

The relationship between environment and dwarf galaxy number can be quan-
tified via the tidal index parameter (i.e. density contrast, [142]):

Θ5 = log10(
5∑

n=1

Mn/D
3
in) + C (4.3)

This tidal index (Θ5) is calculated using the tidal force magnitude on a galaxy ‘i’ by
the neighboring galaxies ‘n’. This tidal force magnitude depends on the mass of
galaxy n,Mn, and the 3D separation between the galaxiesDin. C is a constant equal
to −10.96 which has been chosen such that if Θ5≤0 then the galaxy is isolated. The
tidal index is the summation of the tidal force magnitude from the five neighbors
of a galaxy where this magnitude is the highest. We find that M101 and M94 have
lower tidal indices (0.5 and -0.1 respectively) than the other Local Volume galaxies
examined which are all ≥1.0 (see Figure 4.9). For this work we draw tidal indices
from [142] where possible. A possible problem with the tidal index is that a satel-
lite galaxy is more likely to be found at the apocenter of its orbit rather than the
pericenter, causing the tidal index to be underestimated. However the use of the
5 most influential galaxies should lessen the potential impact of any individual
galaxy’s orbital positioning.

In Figure 4.9 we plot the number of satellites with MV≤−8 as a function of the
tidal index of the central galaxy, which appears to show a relationship between
tidal index and number of satellites, where the objects with larger tidal indices also
have more satellites. The exception to this proposed relation is the MW which has
the largest tidal index of the galaxies examined (2.9), however it has fewer reported
satellites than M31, M81 or Centaurus A. This could be explained by the spatial
incompleteness in surveys of the MW caused by the Galactic plane. We have also
examined a more limited sample using only satellites within 150 kpc projected
distance, this showed the same trend however with a larger scatter. This potential
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Figure 4.9. Satellite Number against Galactic Environment: The environmental
density of our target galaxies, based on tidal index [i.e. density contrast, where
smaller numbers indicate a more isolated galaxy; see 142], against number of con-
firmed satellites with MV≤−8. M101 is represented by a red star, the other Local
Volume galaxies are represented by squares. The MW (black square) is a lower
limit due to the spatial incompleteness of surveys caused by the Galactic plane.

relationship between satellite number and density deserves further attention in
future work.
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4.5.3 Star formation in Satellite Galaxies

Careful examination of the CMDs for DwA and Dw9 yield no evidence for star
formation and show objects that can be fit by a single old population of stars (see
Figure 4.4 and discussion in §4.4.1). This is supported by a lack of NUV emission
or HI gas associated with either DwA or Dw9, and is consistent with the Local
Group where galaxies less massive than the Magellanic Clouds within the virial
radius of the MW and M31 are not star forming and have no HI gas [244].

The SAGA survey [101] reported star formation in most (26 of 27) of the satellite
galaxies they found down to magnitude Mr<−12.3 around eight MW analogues,
in contrast to that observed around M31 and the MW. These dwarfs were identified
as star forming using the presence of Hα. Here, we measure the star forming
fraction of the satellite galaxies of Local Volume galaxies (M81, CenA, M94 and
M101). We have determined which dwarfs are star forming via the presence of
bright, blue main sequence stars in resolved imaging. At magnitudes brighter
than the SAGA magnitude limit (MV . −12 mag), we find that the Cen A and
M81 groups have star forming dwarf fractions that are 30% (3 of 10, [65]) and 38%
(5 of 13, [56]), respectively. This is comparable to those of the MW (40%, 2 of 5)
and M31 (20%, 2 of 10). On the other hand, we find that M94 (1 of 1, [241]) and
M101 (3 of 3) both show star formation in all satellites above the SAGA magnitude
limit. At fainter satellite magnitudes than that probed by the SAGA survey (e.g.
MV<−12), we observe no star forming dwarfs around our target host galaxies.
The one exception is M94, where we find that all recorded satellites (4 of 4) are star
forming [241] with the faintest at MV =−9.7.

This result points to a relationship between environment and star formation frac-
tion among the brightest satellites of the examined Local Volume galaxies. The
SAGA galaxies were selected to be isolated, with no galaxies within one magni-
tude and one degree in projection, and no massive galaxies (5×1012M�) within 2
virial radii [101]. These isolation requirements may have pushed their sample to-
wards galaxies in low density environments more akin to M101 or M94 than the
MW.

This relationship between environment and star formation can be examined di-
rectly by again using the tidal index parameter [142] as described in Section 4.5.2.
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In Figure 4.10 we plot the star forming fractions for the satellite galaxies against the
tidal index of the host galaxy; we do this for satellites with MV<−12 and MV<−8.
This figure shows that the objects with low tidal indices have high star forming
fractions among their satellites. Again we have also examined a sample only us-
ing satellites within 150 kpc projected distance, this yields similar trends where
galaxies with larger tidal indices have smaller star forming fractions, however the
scatter is larger due to smaller sample sizes.

The galaxies examined as part of the SAGA survey do not have published tidal
indices and these are hard to calculate without full distance information. However
we can construct strict upper limits, using the projected distance in place of the 3D
separation in equation (4.3). This gives a tidal index for the galaxy if all galaxies
were at exactly the same distance. This is a poor assumption and as a result the
tidal indices of these galaxies are likely much lower than this limit. These upper
limits show that the SAGA galaxies are likely isolated as only 2 of the 8 have upper
limits greater than the tidal index of M31 (1.8). This provides additional evidence
for the conclusion that a lower tidal index in a galaxy leads to a higher star forming
fraction in its satellites.

4.5.4 Asymmetry in the Satellite Spatial Distribution

An asymmetry among LSB candidates projected around the M101 group was re-
ported in Chapter 3. Our follow-up imaging shows that this asymmetry is caused
by the presence of the NGC 5485 group to the northeast of M101, rather than being
an innate property of the M101 group. However there is still a curious asymmetry
within the M101 group, with the majority of confirmed classical and LSB satellites
being found to the southeast. Five of the eight satellites of the M101 group are to
the southeast, compared to 2.0±1.4 that would be expected in a purely random
distribution. This asymmetry can be seen in Figure 4.1. Despite the highly asym-
metric HI and optical disk of M101 [187, 186] which show extensive features to the
northeast and east there are no extensions to the southeast.

Examination of the spatial distribution of the NGC 5485 group, on the other
hand, shows no distinct asymmetries aside from a slight overdensity to the south,
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Figure 4.10. Star Formation against Galactic Environment The environmental
density of our target galaxies, based on tidal index, against the star forming frac-
tion of satellite galaxies with MV≤−12 (left) and MV≤−8 (right). M101 is repre-
sented by a red star, the other Local Volume galaxies are represented by squares.
The gray dashed line represented the average star forming fraction measured by
the SAGA survey [101], whose galaxies do not have reported tidal indices.

which is also visible in Figure 4.1. This is likely the result of a selection effect, as
the area to the south is closer to M101 and has therefore been more widely studied.

4.6 Conclusion

In this work we have presented HST follow-up imaging of two new M101 dwarfs
(DwA and Dw9), as well as 17 additional diffuse dwarf candidates which were
unresolved and in the background. This HST imaging has allowed us to derive
updated values for the distances, luminosities, structural parameters and photo-
metric metallicities for the targeted M101 dwarfs. These values (along with the
magnitude and half-light radius of the unresolved candidates) are found to be in
broad agreement with previously reported ground based observations from the
CFHTLS, see Chapter 3. These new dwarfs have expanded the LF for the M101
group down to MV =−8.2, on the edge of the ultra-faint dwarf regime.
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Figure 4.11. Magnitude Gap: The largest magnitude gap in the satellite luminosity
function between two confirmed group members as a function of host magnitude.
The largest magnitude gap does not include the gap between the host galaxy and
the brightest satellite. The nearby Local Volume galaxy sample from the current
work are squares, whereas the SAGA [101] sample is shown as circles, M101 is
shown as a red star. The dashed line shows the mean gap size and the shaded area
the 1σ uncertainty.

Using these new objects we have constructed an updated M101 LF. We have
compared this LF to other nearby Local Volume galaxies (MW, M31, M81, M94
and Cen A) and this has shown that M101 has several unusual characteristics. The
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extension of the LF down to MV =−8 shows that the M101 group is sparse, with
a factor of ∼3 fewer satellites than M31, M81 and Cen A. This is highlighted by
the fact that M101 has 9 group members brighter than this magnitude compared
to the median value of 24.5±7.7 for other nearby groups (see Figure 4.8). We also
find that within the virial radius of M101, there are no confirmed group members
in the range −10 >MV > −15. This means that M101 presents the largest satellite
magnitude gap (5.4 mag) that has so far been observed around a MW-mass host:
the mean for MW-mass galaxies using both the local sample and the results from
the SAGA survey [101] is found to be 2.6±1.1 mag (see Figure 4.11), with both
these values being larger than predictions from simulations.

Given that M94, another relatively isolated nearby Local Volume galaxy, also
hosts significantly fewer satellites than the MW, M31, M81 and Cen A, this may
indicate an environmental trend, with the lower density groups showing far fewer
satellites than those in denser environments, this relation can be seen in Figure 4.9.
The observed level of scatter in the LFs between these similarly massive galaxies
is larger than can be explained by simulations (see [241]). It is clear that further
observations of the faint end of satellite LFs for more galaxies are required, in ad-
dition to work on simulations to try and reproduce this large scatter and apparent
density dependence.

We have further explored a possible link between a host’s galactic environment
and star forming fraction within the satellite galaxies. We have shown that groups
with tidal index <1 seem to have active star formation in all group members with
MV≤−12, in contrast to denser groups which have star forming fractions of 20-
40% among these group members. This also lines up with results from the SAGA
survey [101], where isolated galaxies were shown to have ongoing star formation
in almost all detected satellites. This is shown for satellites with MV<−12 and
MV<−8 in Figure 4.10.

The fact that many of the Chapter 3 candidates have been shown to be back-
ground objects, despite projection onto the M101 group, should be taken into con-
sideration in future, before drawing conclusions about dwarf populations around
nearby galaxies without confirmed distance estimates. The work by [51] to uti-
lize the SBF distance measurement technique and apply it to LSB galaxies has also
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proven to be promising. Deeper follow-up observations with HST are still neces-
sary to constrain the substructure properties of nearby galaxy systems.
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CHAPTER 5
EXTENDING THE M101 LF INTO THE UFD REGIME

Bennet, P.; Sand, D. J.; Crnojevic̀, D.; Spekkens, K.; Karunakaran, A.; Zaritsky, D.;
Mutlu-Pakdil, B.

Accepted for publication in The Astrophysical Journal Letters (2020)

We have obtained deep Hubble Space Telescope (HST) imaging of four faint and
ultra-faint dwarf galaxy candidates in the vicinity of M101 – Dw21, Dw22, Dw23
and Dw35, originally discovered in Chapter 3. Previous distance estimates using
the surface brightness fluctuation technique have suggested that these four dwarf
candidates are the only remaining viable M101 satellites identified in ground-based
imaging out to the virial radius of M101 (D≈250 kpc). Advanced Camera for Sur-
veys imaging of all four dwarf candidates shows no associated resolved stellar
populations, indicating that they are thus background galaxies. We confirm this by
generating simulated HST color magnitude diagrams of similar brightness dwarfs
at the distance of M101. Our targets would have displayed clear, resolved red gi-
ant branches with dozens of stars if they had been associated with M101. With
this information, we construct a satellite luminosity function for M101, which is
90% complete to MV =−7.7 mag and 50% complete to MV =−7.4 mag, that extends
into the ultra-faint dwarf galaxy regime. The M101 system is remarkably poor in
satellites in comparison to the Milky Way and M31, with only eight satellites down
to an absolute magnitude of MV =−7.7 mag, compared to the 14 and 26 seen in the
Milky Way and M31, respectively. Further observations of Milky Way analogs are
needed to understand the halo-to-halo scatter in their faint satellite systems, and
connect them with expectations from cosmological simulations.

This chapter is drawn from [23]. First author P. Bennet performed the data anal-
ysis and wrote up the results, with significant contribution from co-author D. J.
Sand. This work was based on an HST proposal with first author P. Bennet as the
principal investigator. Co-authors, K. Spekkens and A. Karunakaran performed
HI observations and analysis throughout the M101 project, and this HI work is
detailed in [144]. In addition all co-authors gave comments on the work.
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5.1 Introduction

The faint end of the satellite luminosity function is an important testing ground
for the Λ Cold Dark Matter (ΛCDM) model for structure formation [e.g. 213], and
for understanding how galaxies form in the smallest dark matter halos. Despite
many successes, challenges remain in reproducing the number, structure, luminos-
ity and distribution of faint dwarf galaxy satellites around their larger hosts [see
42, for a recent review]. Most effort has been focused on reproducing the satellite
systems of the Milky Way (MW) and M31 [see e.g. 81, for recent results] into the
‘ultra-faint’ dwarf galaxy regime (MV&−7.7, or L.105 L�, using the definition of
[239]).

The faint satellite luminosity function of nearby galaxy systems adds context to
Local Group studies, and illustrates how the satellite luminosity function changes
with primary halo mass, environment and morphology. For these reasons, several
wide-field imaging and spectroscopic surveys of nearby galaxy systems have been
initiated, across a range of central galaxy masses [56, 226, 228, 67, 198, 68, 48, 255,
24, 72, 242, 101, 241, 65, 52, 200, 22].

One focus of faint satellite galaxy studies beyond the Local Group has been
M101, which has a stellar mass similar to that of the MW (∼5.3×1010 M�; [276]),
and is at a distance of D=6.5 Mpc [which we will use throughout this work; 15]
amenable to efficient HST follow-up. This HST follow up is essential, as dwarf
galaxy candidates at this distance can be identified by their diffuse stellar light
from the ground, but to confirm their association with M101 requires resolving the
dwarf’s stars and measuring a Tip of the Red Giant Branch (TRGB) distance. For
M101, HST follow-up of many dwarf candidates has resulted in associations with
the background galaxy group, NGC 5485 (D∼27 Mpc; [184]), and its presence has
complicated interpretations of candidates from ground-based data alone.

Recent searches for M101 dwarfs started with the Dragonfly survey [183], which
ultimately uncovered three new M101 satellites with HST-derived TRGB distance
measurements [M101 DF1, M101 DF2, and M101 DF3; 72]. Other teams identified
further diffuse dwarf candidates from the ground [140, 131, 197], while a com-
prehensive, semi-automated search using data from the Canada-France-Hawaii
Telescope (CFHT) Legacy Survey identified 39 additional, new candidates, see
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Chapter 3. Taking this collection of M101 diffuse dwarf galaxy candidates, [51]
applied a new calibration of the surface brightness fluctuation (SBF) distance mea-
suring technique [50]. Out of the 43 identified dwarf candidates found by other
groups, [50] identified 2 that were very likely to be associated with M101 (DwA
and Dw9), with a further 12 whose distance uncertainties also made them possi-
ble candidates. Follow-up HST imaging of 19 dwarf galaxy candidates confirmed
that DwA and Dw9 are M101 group members, verified by their TRGB distance,
and that the remainder of their sample are all background objects, see Chapter 4.
Using the collected M101 dataset, see Chapter 4 constructed a satellite luminosity
function for M101 that is complete to MV≈−8, and showed that M101 has a very
sparse satellite population in contrast to the MW and M31. Further, in Chapter 4
we speculated that this may be due to the relative isolation of M101, as a compa-
rable system with few satellites, M94, has a similarly isolated environment [241].
Follow-up HI observations of a large sample of M101 dwarf candidates confirmed
that several were associated with the background galaxy group NGC 5485, and
that the faintest M101 satellites within the virial radius of M101 are quenched just
as those in the Local Group [144].

Here we present Hubble Space Telescope follow-up imaging of the four remaining
viable M101 dwarf candidates which are not ruled out as satellites by SBF-derived
distance limits – Dw21, Dw22, Dw23, and Dw35 – all of which were found by a
semi-automated dwarf detection algorithm (see Chapter 3), but were not previ-
ously observed in the HST study of, see Chapter 4. These four satellites are very
faint, and at the distance of M101 would correspond to absolute magnitudes be-
tween MV =−7.4 and MV =−8.1. Thus, by confirming their identity as either M101
satellites or background objects, we can extend the luminosity function of M101 to
MV≈−7.4 well into the ultra-faint dwarf galaxy regime. This is crucial to measure
the dispersion of satellite properties as a function of mass and environment, and
for continuing comparisons with the Local Group.

5.2 HST Data and Photometry

We obtained HST images (GO-15858; PI: Bennet) of four remaining M101 dwarf
candidates from the Chapter 3 sample, identified as viable M101 satellites by [51]
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Table 5.1. Unresolved Dwarf candidates

Name R.A. Decl. mV mV mF606W mF814W rh rh
(CFHTLS) (HST) (HST) (HST) (CFHTLS) (HST)

(mag) (mag) (mag) (mag) (arcsec) (arcsec)
Dw21 14:07:56 +54:56:03 21.2±0.2 21.2±0.4 21.4±0.4 21.2±0.5 3.3±0.7 3.8±1.3
Dw22 14:03:03 +54:47:12 21.0±0.1 20.8±0.3 21.0±0.3 20.5±0.3 3.4±0.3 2.9±0.6
Dw23 14:07:08 +54:33:49 21.2±0.5 21.7±0.5 21.9±0.5 21.5±0.2 9.3±7.6 2.9±0.9
Dw35 14:05:36 +54:49:02 21.8±0.2 21.6±0.3 21.8±0.3 21.3±0.3 2.6±0.6 2.1±0.3

based on their SBF-derived distances. The data were obtained using the Wide Field
Camera of the Advanced Camera for Surveys (ACS), with each dwarf placed on a
single ACS chip. Each target was observed for one orbit, split between the F606W
and F814W filters, with an exposure time of ∼1000-1200 seconds per filter.

We perform PSF-fitting point source photometry on the ACS images as described
in (see Chapter 4) which we briefly describe here. We use the DOLPHOT v2.0 pho-
tometric package [76], and the suggested input parameters from the DOLPHOT
User’s Guide1. Standard photometric quality cuts were made based on the pho-
tometric errors, as well as the crowding and sharpness parameters. Further, ex-
tensive artificial star tests were performed to assess our photometric errors and
completeness. The 50% completeness limits for F814W and F606W are ∼26.8 and
∼27.5 mag, respectively, across all HST images. The derived magnitudes for each
star were corrected for foreground MW extinction using the [234] calibration of the
[235] dust maps.

5.3 The Nature of the Dwarf Candidates

Inspection of the point-source photometry for our four M101 dwarf candidates
reveals no associated resolved stellar overdensities, and only diffuse emission is
observed, as we illustrate in Figure 5.1. This is in contrast to known M101 satel-
lites, which are resolved into stars with similar HST observations (see Figure 5.1,
bottom panels). This indicates that the TRGB is too faint to be detected in our HST
imaging, and therefore that these dwarf candidates are in the background.

Assuming a luminosity of MTRGB
I ≈−4 mag for the TRGB [see, for instance,

98, 215], and our measured 50% completeness limit of F814W=26.8 mag, an un-

1http://americano.dolphinsim.com/dolphot/dolphotACS.pdf
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detected TRGB implies a distance modulus &30.8 mag, corresponding to a dis-
tance &14.5 Mpc – well beyond the distance of M101. These dwarfs are potentially
members of the NGC 5485 group as they project within that group’s virial radius
[144], however we can not definitively state whether or not they are members of
the NGC 5485 group from these observations.

To further illustrate the distant nature of our dwarf candidates, we show our de-
rived color magnitude diagrams (CMDs) for each dwarf in Figure 5.2. As expected
from the spatial distributions seen in Figure 5.1, only a handful of resolved point
sources populate each CMD, consistent with a normal foreground stellar popu-
lation and/or background compact galaxies. We can also easily simulate what
our CMDs would have looked like had each dwarf actually been associated with
M101, given their apparent magnitude in ground-based imaging and the CMDs
of true M101 dwarfs observed with the same observational setup as Chapter 4.
These simulated CMDs were created using the HST-derived CMD from M101
DwA (MV =−9.5; see Chapter 4), removing point sources at random until the to-
tal luminosity of the remaining sources is equal to that of the unresolved dwarf
candidate, determined using the CFHTLS data and the distance of M101 DwA
(D=6.83+0.27

−0.26 Mpc). In Figure 5.2 we show the simulated CMD of what our bright-
est and faintest dwarf candidates would have looked like had they been associated
with M101 – in either case, a clear and well-populated red giant branch is appar-
ent. Given that these features are not observed, we conclude that Dw21, Dw22,
Dw23 and Dw35 are background galaxies not associated with M101.

We measured the observational properties of our four diffuse dwarf galaxies
in the HST data using GALFIT [208] with a procedure identical to that presented
in our previous work [24, 22], including inserting simulated diffuse dwarf galax-
ies to estimate our uncertainties [see also 183]. We present these results in Ta-
ble 5.1, alongside our ground-based CFHTLS measurements; HST F606W and
F814W magnitudes were converted to the V -band using the relations of [224].
There is good agreement between both datasets, although the HST-derived mag-
nitude uncertainties tend to be slightly larger.
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Figure 5.1. Images of Ultra-faint Dwarf Candidates: In the top set of four panels
we show colorized HST cutouts of the four M101 dwarf galaxy candidates pre-
sented in the current work: Dw21, Dw22, Dw23 and Dw35. Alongside each color
image we show spatial plots of all point sources found by DOLPHOT after quality
cuts. There is no resolved stellar overdensity at the position of any of the newly
targeted dwarf candidates. Images are 0.6’ × 0.6’ for the new candidates; north is
up and east is to the left. For contrast, in the bottom set of panels we show col-
orized HST cutouts from two confirmed M101 satellites presented in [22] – DwA
(MV =−9.5) and Dw9 (MV =−8.2); these images are 1.0’× 1.0’ due to the larger size
of these objects. In this case, each dwarf shows a clear, associated point source
overdensity, indicating that we are resolving it into stars.
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Figure 5.2. Comparing Observed Color-Magnitude Diagrams with Simulations:
The measured CMDs for resolved sources (large black points) in two of our four
M101 dwarf candidates, Dw22 and Dw35 – these two objects were chosen to bound
the brightness range of our sample. The lower dashed line indicates the photo-
metric 50% completeness limit; photometric uncertainties are shown along each
CMD. Very few point sources are found to be associated with each object. Based
on their ground-based brightness, we have simulated expected CMDs given our
measured completeness and photometric uncertainties, and assuming each object
is at the distance to M101 (small blue points). Given the large differences between
our measured CMDs and the expectations based on their ground-based brightness
(which we have confirmed with our HST-based GALFIT measurements), we con-
clude that none of the four dwarf candidates are associated with M101, and are
instead background objects.

5.4 The M101 Satellite Luminosity Function

As the four faint dwarf candidates that we have imaged were the only remain-
ing viable members in the M101 sample of Chapter 3, we can use their status as
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background objects to extend the M101 satellite luminosity function to fainter mag-
nitudes. As we discuss below, M101 is now only the third MW-sized halo with a
near-complete luminosity function that pushes into the ultra-faint dwarf galaxy
regime. Such information is vital, as the number of such satellites is smaller than
expected from dark matter only simulations [see, e.g. 42, and references therein].
Astrophysical mechanisms such as feedback, star formation efficiency and reion-
ization may play a role in reconciling the differences between observed luminos-
ity functions and cosmological simulations [41, 232, 284, 100, 240]. To ultimately
solve this issue, however, the satellite luminosity function of many MW-sized ha-
los should be measured so that we do not tune our results to the Local Group.

The dwarf galaxy candidates studied here (and in our previous work on the
M101 luminosity function; see Chapter 4) were originally drawn from a semi-
automated and well-characterized diffuse dwarf galaxy search of the CFHTLS (see
Chapter 3), utilizing information from the SBF-derived distances of subsequent
work [51]. It is important to know the limits of these studies when constructing
our luminosity function. First, the 50% and 90% completeness limits for identify-
ing diffuse dwarfs in the CFHTLS with similar sizes to those in the Local Group
are at MV =−7.4 and−7.7 mag, respectively. Follow-up analysis using HST led to a
nearly complete luminosity function toMV =−8.2 mag, with the caveat that .3 true
M101 dwarfs may have been missed as that program did not acquire complete HST
imaging of dwarf candidates to that luminosity limit (see Chapter 4). Note that the
SBF distance limits for the remaining dwarfs in that luminosity range suggest that
none are M101 satellites [51].

In the current work, we have presented HST imaging of the four dwarf candi-
dates fainter than MV =−8.2 mag which have SBF distance limits from [51] consis-
tent with M101 at the 1-σ level. Five other diffuse dwarf candidates withMV&−8.2
mag from the original CFHTLS sample remain – Dw24, Dw25, Dw29, Dw36 and
Dw37 – but their formal distance limits do not overlap with M101 (although Dw24
does overlap at the ∼2-σ level). We note that none of these five dwarfs were tar-
geted in the HI study of [144], but future observations would be beneficial. For
the purposes of this work we assume that the SBF distance limits are correct and
that these five dwarfs are not viable M101 members. We are thus complete to the
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limit of the original CFHTLS diffuse dwarf search (with all of the caveats discussed
above), corresponding to MV =−7.7 (−7.4) mag at 90% (50%) completeness.

For our updated satellite luminosity function of M101, we include all galaxies re-
ported within the projected virial radius of M101 (∼250 kpc) and with a confirmed
M101 distance using the TRGB method – these dwarfs are listed in Table 3 of Chap-
ter 4, although we have amended their absolute magnitudes to match our adopted
distance of D=6.5 Mpc [15]. We do not include the bright dwarf UGC 08882 since
its SBF distance places it slightly in the background of M101 [217, 51].

The cumulative satellite luminosity function for M101 is shown in Figure 5.3,
along with those of several other Local Volume systems: the MW [177, and ref-
erences therein], M31 [175, 178], M81 [56, 242], M94 [241] and Cen A [65]. These
galaxies span a narrow range of total masses (∼2.5–9×1011 M�, based on globu-
lar cluster dynamics within 40 kpc where available; [86, 286]) and illustrate the
range in satellite properties amongst the sample. In the figure, we mark the ex-
tension fainter than MV =−7.7 to denote where the M101 luminosity function be-
comes significantly incomplete. We also mark the approximate completeness lim-
its for the luminosity functions of Cen A [65] and M81 [56], which are at MV≈− 8.0
and MV≈−8.1, respectively. None of the reported luminosity functions have been
corrected for incompleteness effects; in particular, the MW luminosity function in
practice is a lower limit, as our ability to detect satellites near the Galactic plane is
limited, but it is well quantified [e.g. 81]. To our knowledge, M101 is only the third
MW-like galaxy with a well-measured satellite luminosity function that extends
into the ultra-faint dwarf galaxy regime.

At the bright end (MV.−14 mag, which is not displayed in Figure 5.3), the M101
luminosity function is similar to that of the MW and M31, along with most of the
other Local Volume sample. However, at faint magnitudes, M101 has significantly
fewer satellites, and the fact that no new M101 satellites were identified in the cur-
rent work between −7.4 and −8.2 mag exacerbates the differences with the Local
Group. For instance, M101 has five satellites with −14<MV<−7.7 mag, while the
MW has eleven. Overall, M101 has only eight satellites brighter than MV =−7.7
while the MW and M31 have 14 and 26, respectively – a factor of ∼3 scatter be-
tween systems. One other Local Volume galaxy, M94, also has a deficit of satellites,
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but is only complete to MV≈−9.1 [241]; future observations should probe fainter
satellites around this and other systems to further understand the scatter in MW-
like hosts.

5.5 Discussion and Conclusions

We have presented HST follow-up imaging of four potential M101 dwarf satel-
lite galaxies (Dw21, Dw22, Dw23, and Dw35 from Chapter 3), extending the M101
luminosity function into the ultra-faint dwarf galaxy regime. In all four cases, the
HST imaging displays unresolved diffuse emission, consistent with a galaxy at a
much larger distance than M101. To further establish the background nature of
these objects, we generated simulated CMDs of dwarfs at the M101 distance; they
clearly demonstrate that each dwarf would have displayed a clear, resolved red
giant branch if it were associated with M101 (Figure 5.2).

One hallmark of this work is that the dwarf candidates come from a well-quantified
search for M101 dwarfs with the CFHTLS [24]. This, combined with SBF-derived
distance estimates of the same data set [51], allowed us to calculate an extended
satellite luminosity function for M101 which is 90% complete at MV =−7.7 mag
and 50% complete at MV =−7.4 mag, thus dipping into the ultra-faint dwarf galaxy
regime. We confirm that M101 is very deficient in faint satellites, with only eight
systems with MV.−7.7 mag, compared to the 14 and 26 around the Milky and
M31, respectively. A systematic and rigorous observational census of dwarf galax-
ies around MW-like systems is warranted to understand the overall demographics
of satellites, with galaxy environment being a potential driver of any trends [22]. It
has also been suggested that the bulge-to-total baryonic mass ratio is an indicator
of satellite number in MW analogs [132].

The targets chosen for the present study were the four remaining dwarf candi-
dates that have SBF-derived distances consistent with M101 [51]. While we have
shown that none of these four are actually related to M101, their SBF distance es-
timates are highly uncertain due to their faintness, which pushes the SBF tech-
nique to its limit, which seems to correspond to g∼21 mag in the CFHTLS data set
(the magnitude of Dw9, the faintest true M101 member identified by the SBF tech-
nique). Additionally, atomic hydrogen (HI) observations are another vital tech-
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Figure 5.3. Extended Local Volume Luminosity Functions: The cumulative satel-
lite luminosity function for several Local Volume systems out to a projected radius
of 250 kpc. We consider the M101 luminosity function to be 90% complete down
to MV≈−7.7 mag, and 50% complete down to MV≈−7.4 mag (hollow symbol; we
also mark the magnitude range between these two values with a dashed line); see
Section 5.4 for details. The data for the other luminosity functons come from [241]
for M94, [65] for Cen A, [56] and [242] for M81, [175] & [178] for M31 and [177]
for the MW. Note that this is a lower limit for the MW due to incomplete spatial
coverage; no attempt was made to correct any luminosity function for incomplete-
ness. We denote the region where the Cen A and M81 luminosity functions become
incomplete with hollow symbols and dashed lines, as reported by [65] and [56], re-
spectively.
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nique for screening dwarfs, and for probing the astrophysics of gas stripping and
quenching, as recently demonstrated around M101 [144, although the dwarf candi-
dates in the present study were below the brightness cutoff of that work]. Indeed,
for clumpy and/or star-forming dwarf galaxy targets, HI may be the only reliable
means of screening or estimating distances prior to HST imaging, as the SBF tech-
nique is not appropriate in these circumstances. For instance, for the clumpy M101
dwarf candidate dw1408+56, the SBF technique estimated a distance ofD≈12 Mpc
[51], while HI observations showed that this dwarf was actually at a significantly
larger distance [Vsys=1904 km s−1 or DHI=27 Mpc; 144]. We conclude that both
ground-based SBF distance estimates and HI observations should be used to guide
deeper follow-up studies of dwarf systems in the Local Volume when appropriate,
but that HST-quality data is a necessity for ultimately measuring satellite luminos-
ity functions. These observations are vital for further testing the ΛCDM model on
small scales.

It will be possible to go even further down the satellite luminosity function of
M101 and other systems in the Local Volume with future wide-field space missions
such as the Wide Field Infrared Survey Telescope [WFIRST; 5]. As can be seen from
Figure 5.2, dwarfs as faint as MV≈−7 mag should be detectable with moderate
exposure times of ∼1 hour. Further, the WFIRST Wide Field Instrument will have
a field of view of 0.281 deg2, making a dwarf search out to ∼250 kpc (similar to
that done by Chapter 3 and the CFHTLS) possible in ≈32 pointings, or 32 hours
of exposure time. An ambitious WFIRST program such as this would make it pos-
sible to measure the satellite luminosity function into the ultra-faint dwarf galaxy
regime throughout the Local Volume in the decade to come.
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CHAPTER 6
DISCOVERY OF EVIDENCE OF TIDAL FORMATION OF UDGS

Bennet, P.; Sand, D. J.; Zaritsky, D.; Crnojevic̀, D.; Spekkens, K.; Karunakaran, A.
The Astrophysical Journal Letters, Volume 866, Issue 1, article id. L11, 6 pp.

(2018).

We report the discovery of two ultra-diffuse galaxies (UDGs) which show clear
evidence for association with tidal material and interaction with a larger galaxy
halo, found during a search of the Wide portion of the Canada-France-Hawaii Tele-
scope Legacy Survey (CFHTLS). The two new UDGs, NGC2708-Dw1 and NGC5631-
Dw1, are faint (Mg=−13.7 and −11.8 mag), extended (rh=2.60 and 2.15 kpc) and
have low central surface brightness (µ(g, 0)=24.9 and 27.3 mag arcsec−2), while
the stellar stream associated with each has a surface brightness µ(g)&28.2 mag
arcsec−2. These observations provide evidence that the origin of some UDGs may
connect to galaxy interactions, either by transforming normal dwarf galaxies by
expanding them, or because UDGs can collapse out of tidal material (i.e. they are
tidal dwarf galaxies). Further work is needed to understand the fraction of the
UDG population ‘formed’ through galaxy interactions, and wide field searches for
diffuse dwarf galaxies will provide further clues to the origin of these enigmatic
stellar systems.

This chapter is drawn from [25]. First author P. Bennet performed the data anal-
ysis and wrote up the results, with significant contribution from co-author D. J.
Sand. Co-authors, K. Spekkens and A. Karunakaran performed HI data analysis.
In addition all co-authors gave comments on the work.

6.1 Introduction

The last several years have seen a resurgence of interest in the low surface bright-
ness universe, and in particular the population of so-called ultra-diffuse galaxies
[UDGs; 277], a term that refers to the largest, lowest surface brightness objects,
with half light radii >1.5 kpc and central surface brightnesses >24 mag arcsec−2.
Although UDGs have been discussed in the literature for some time [e.g. 230, 44,
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125, 71, 62, among others], recent work has found hundreds of examples in clus-
ter environments [277, 150, 185, 195, 287, 270], along with lower density group
[68, 254, 184, 221, 243, 59] and field examples [17, 163, 135].

There is considerable debate as to the origin of UDGs, and it is likely that they
are a ‘mixed bag’ of populations with multiple origins [e.g. 289, 164]. For in-
stance, some UDGs may be ‘failed galaxies’ with Milky Way-like total masses,
but with dwarf galaxy stellar masses [e.g. 277, 273, 265] while others appear to
simply be the low surface brightness extension of the standard dwarf galaxy pop-
ulation [13, 238, 7]. Most UDGs with metallicity measurements point to a dwarf
galaxy origin consistent with their metal poor stellar populations [e.g. 135, 92, 203].
Different formation scenarios posit that UDGs have been subject to extreme feed-
back, which inhibited early star formation [75, 54], or that they are the ‘high-spin’
tail of the dwarf galaxy population [6]. A more prosaic explanation would be
that UDGs are the product of tidal and/or ram pressure stripping [e.g. 61], which
can remove stars and expand the galaxy’s size [e.g. 87]; semi-analytic calculations
show that this scenario is viable for cluster UDGs [47]. Similarly, although this has
rarely been discussed in the literature [although see 266, and their discussion of
NGC1052-DF2; [275]], some UDGs could plausibly be large, low surface bright-
ness tidal dwarf galaxies (TDGs). Born during gas-rich galaxy collisions, TDGs
should generally be lacking in dark matter and be metal rich in comparison to nor-
mal dwarfs of the same luminosity [e.g. 121, 83, among many others]. This could
be a way to produce a dark matter free UDG, such as is claimed for NGC1052-
DF1 [275], however in that case interpretation is still under extensive discussion
and the presence of a GC population [274] is a significant problem for a TDG in-
terpretation. Observationally, some TDGs can survive for ∼4 Gyr, and have size
and surface brightness properties similar to the recently identified UDG class of
galaxies [85].

There is some observational evidence for a UDG ‘galaxy interaction’ formation
scenario in the radial alignment of Coma UDGs [287], the kinematics of the glob-
ular clusters in at least one Virgo UDG [253], and in the very elongated UDG as-
sociated with NGC 253 [Scl-MM-Dw2; 254]. Other UDG-like systems also have
suggestive features pointing to a recent galaxy interaction [e.g. 218, 149, 184, 107],
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or even spatial/kinematic substructure that could result from such interactions
[e.g. And XIX; 60]. To our knowledge, the only direct observational evidence that
UDG-like objects can form from galaxy interactions comes from a) the disrupting
dwarf, CenA-MM-Dw3, which has a rhalf=2.5 kpc and µ0=26.0 mag arcsec−2, with
clear tidal streams extending over ∼60 kpc in the outskirts of the nearby ellipti-
cal Centaurus A [68] and b) VLSB-A a nucleated Virgo UDG that has clear tidal
features, and is possibly associated with M86 [185]

Here we present two additional UDGs discovered during a semi-automated,
ongoing search for diffuse dwarf galaxies in the Wide portion of the Canada-
France-Hawaii-Telescope Legacy Survey (CFHTLS) – see Chapter 3 for initial re-
sults around M101, and a description of our algorithm. Both UDGs show asso-
ciated stellar streams connected to a parent galaxy halo, suggesting that they are
being shaped by ongoing galaxy interactions. This further, direct observational ev-
idence that UDGs can be the product of interactions suggests that this is a viable
formation channel for this enigmatic galaxy population.

6.2 Data overview

We are searching for diffuse galaxies in the Wide portion of the CFHTLS, concen-
trating on fields W1, W2 and W3, using an updated version of the semi-automated
detection algorithm presented in Chapter 3. The total area being searched is ∼150
deg2. The CFHTLS data was taken with the ∼1×1 deg2 MegaPrime imager [33],
with typical exposure times for each field of ∼2750 and 2500s in the g and r bands,
respectively. The fields were downloaded directly from the Canadian Astronomy
Data Centre, as were the Point Spread Functions (PSFs) for those image stacks,
which were used for measuring dwarf structural parameters and simulating in-
jected dwarfs. The construction and calibration of these stacks used the MegaPipe
data pipeline [113], and is described in detail by [114].

While still in progress, our search of the CFHTLS Wide fields have uncovered
hundreds of diffuse dwarf candidates, dozens of which are likely UDGs. We will
present their demographics in an upcoming work, and compare our results with
other wide-field searches [e.g. 108]. Here we present two remarkable UDGs which
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Figure 6.1. NGC5631-Dw1 and Stream: The g-band CFHTLS data of NGC5631-
Dw1; North is up and East is to the left in all panels. The upper left image shows
the CFHTLS image at full resolution (where the stream is not visible, but NGC5631-
Dw1 is just apparent), while the upper right image has been binned and masked to
enhance low surface brightness features. The left lower panel shows a zoomed in
g-band image of NGC5631-Dw1, the center lower panel shows the GALFIT model
and the lower right panel shows the residuals. A clear but very faint stellar stream
trails behind the UDG as a dark feature in the binned and masked image.

clearly show signs of interaction and stripping, either of the UDG or the parent
halo, likely pointing directly to their formation mechanism.
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Figure 6.2. NGC2708-Dw1 and Stream: The g-band CFHTLS data of NGC2708-
Dw1; North is up and East is to the left in all panels. The upper left image shows
the CFHTLS image at full resolution, while the upper right image has been binned
and masked to enhance low surface brightness features. Two streams are the dark
features apparent in the binned+masked image, one connecting NGC2708-Dw1
to the main body of NGC2708, and another, longer stream just to the north of it.
Elements of both streams are also visible in the full resolution image. The left lower
panel shows a zoomed in g-band image of NGC2708-Dw1, the center lower panel
shows the GALFIT model and the lower right panel shows the residuals.

6.3 Structure & Luminosity

The observational parameters for each UDG were derived using GALFIT [208],
while the uncertainties were determined by implanting 100 simulated dwarfs with
the best-fit properties into our images and re-measuring each with GALFIT; the
scatter in these measurements is our quoted uncertainty [see 183, 24]. Both objects
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were fit with a standard Sérsic profile [237]. We allowed all parameters to vary
without restriction for NGC 2708-Dw1, but fixed the Sérsic index to n=1 for NGC
5631-Dw1 to facilitate the fit, given its extremely low surface brightness. As these
objects were very low surface brightness, spatial binning was required. It is also
difficult to disentangle the dwarf and its associated stream in the GALFIT process,
and there may be an additional systematic uncertainty related to this, although on
visual inspection the fits are excellent. We show our fits and residuals in Figures 6.1
& 6.2.

We put these newly found UDGs in context with those in the literature in Fig-
ure 6.3, where we compare them with the UDGs found in Coma [277], and the
HI-rich UDG sample of [163]. NGC 2708-Dw1 has properties which are typical of
the general Coma UDG population, with rh=2.60±0.57 kpc, Mg=−13.7±0.3 mag
and a central surface brightness of µ(g, 0)=24.9±0.6 mag arcsec−2. NGC 5631-Dw1,
with a rh=2.15±0.50 kpc, Mg=−11.8±0.4 mag and a central surface brightness of
µ(g, 0)=27.3±0.6 mag arcsec−2, however, is relatively unique and stands out for its
very faint central surface brightness. Many objects of similarly low surface bright-
ness are found in our general CFHTLS search, and we expect to fill in this surface
brightness range in future work. We also plot the two UDGs in the Local Universe
that also show signs of interaction – Scl-MM-Dw2 [254] and CenA-MM-Dw3 [68].

We checked Galaxy Evolution Explorer [GALEX; 171] imaging at the position of
each dwarf, finding no NUV/FUV emission for either object. From these ∼1500
s exposures, we derive NUV >20.9 and >20.7 mag for NGC 2708-Dw1 and NGC
5631-Dw1, respectively, and derive a limit on the star formation rate of .3.1×10−3

and .3.3×10−3 M� yr−1 [124] for each object in turn. The g − r color of the two
UDGs are quite uncertain (see Table 6.1), but given the lack of GALEX detections
for each object, they are likely passively evolving at the present epoch (see also the
brief HI discussion below).

We estimate the average surface brightness of the streams associated with NGC
2708-Dw1 and NGC 5631-Dw1 by taking a polygon over the stream area, and ag-
gressively masking intervening, bright sources. The NGC 2708-Dw1 stream is at
µ(g)∼28.2 mag arcsec−2, while that of NGC 5631-Dw1 is µ(g)∼28.4 mag arcsec−2.
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Figure 6.3. UDG population comparison: Left – The size-luminosity relation for
NGC2708-Dw1 and NGC5631-Dw1 (stars) compared to other UDG populations –
HI-rich UDGs [163] are show as inverted black triangles, while the Coma UDGs
([277]) are shown as red circles. Typical errors for each population are shown on
the right of each plot. Also shown are CenA-MM-Dw3 [68] and Scl-MM-Dw2 [254],
the two Local Volume UDGs which show clear signs of disruption. Where direct
V-band observations were unavailable they were derived from g and r band data
via the procedure in [133]. Right – The central surface brightness as a function
of half light radius for our newly discovered UDGs, plotted with the other UDG
populations.

These streams are extremely faint, and may be why similar structures are not more
routinely seen around UDGs.

6.4 Environment

Both NGC 2708-Dw1 and NGC 5631-Dw1 are found in a group environment,
which is conducive to galaxy encounters [e.g. 12], and may point to the role that
groups play in building up the UDG population across halo masses.

NGC 5631 is an elliptical galaxy, and member of a loose group [102, 210] which
is also composed of NGC 5667 and NGC 5678, and possibly several other fainter
galaxies. The HI study of [236] shows an HI extension to the SW of NGC 5631 in
the general direction of NGC 5631-Dw1, however this stops short of the position
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Table 6.1. Stripped UDG Properties

NGC2708-Dw1 NGC5631-Dw1
R.A. (J2000) 08:56:12.7 14:26:13.6
Decl. (J2000) -03:25:14.8 +56:31:50.2
mg (mag) 19.3±0.3 20.5±0.4
Mg (mag) -13.7±0.3 -11.8±0.4
Color (g-r) 0.5±0.4 0.4±0.6
rh (arcsec) 13.2±2.9 15.6±3.6
rh (kpc) 2.60±0.57 2.15±0.50

Sérsic index 1.48±0.15 1.00
Axis Ratio 0.83±0.05 0.54±0.09

µ(g, 0) (mag arcsec−2) 24.9±0.6 27.3±0.7
D (Mpc) 40.6 28.4

Projected distance (kpc) 45.2 34.1

of NGC 5631-Dw1 and is not aligned with the stream. This lack of HI (with a limit
of MHI.5×107 M�) within the UDG corroborates the GALEX observations, which
indicate it is not actively forming stars.

The spiral galaxy NGC 2708 is a member of the ‘NGC 2698 group’ as identified
by [168], which has a group velocity dispersion of σ=94 km s−1 and eight identi-
fied members. NGC 2708 itself has undergone several interactions beyond those
associated with NGC 2708-Dw1. There is a separate, long tidal stream (∼50 kpc)
directly to the north of NGC 2708-Dw1 that is visible in Figure 6.2, which termi-
nates at the same location as a bright foreground star in the southeast portion of
the figure. There is yet another stream which emanates to the north of NGC 2708
(not pictured in Figure 6.2), approximately 26 kpc long, which also terminates in
a fluffy, dwarf-like structure [its morphology is somewhat reminiscent of the ‘dog
leg stream’ in NGC 1097; 97]. Portions of this northern stream have been identi-
fied previously, and VLA observations reveal it to be HI-rich [211] – these same HI
observations do not show any HI associated with NGC 2708-Dw1, with a limit of
MHI.107 M� [211], bolstering our argument that this galaxy is no longer forming
stars.

6.5 Summary & Conclusions

We have presented the discovery of two new UDGs with clear evidence for
associated stellar streams due to encounters with nearby massive galaxies. The
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main body of each dwarf is consistent with the general UDG population (although
NGC5631-Dw1 is fainter and lower surface brightness than the bulk of the popu-
lation), while the stellar streams have estimated surface brightnesses of µ(g)&28.2
mag arcsec−2. Both UDGs are likely dominated by old, passively evolving stellar
populations and reside in a group environment, similar to other (but not all) UDG
discoveries. These stripped objects, along with UDGs discovered in the nearby
universe via resolved stellar surveys, point to a possible ‘formation mechanism’
for some fraction of the UDG population.

A scenario where UDGs are produced by galaxy interactions was recently pre-
sented by [47], and has been suggested elsewhere [e.g. 61]. In their work, [47] per-
formed semi-analytic calculations of dwarf galaxies (with both cuspy and cored
dark matter halos) in a cluster environment. Dwarf galaxies with cored dark mat-
ter profiles were preferentially shaped by galaxy interactions, causing their stellar
mass to decrease and half light radii to increase, and the team was able to repro-
duce the demographics of the cluster UDG population. It should be noted that [47]
did not recover the observed cluster UDG population with cuspy dwarf galaxy
halos, although individual objects did take on UDG-like properties. While these
calculations were specifically done for a cluster environment, they should also be
applicable to group environments such as that observed in the current work.

The UDGs in the present work could also be tidal dwarf galaxies (TDGs), the
dark matter-free product of gas rich galaxy interactions which continue as cohesive
stellar units [for a recent review see 83], and which some observations have shown
can be relatively long-lived [∼4 Gyr; 85]. While NGC5631-Dw1 and NGC2708-
Dw1 are both associated with the ends of stellar stream material, as might be ex-
pected from a TDG scenario, neither has associated HI gas, which seems to be a
ubiquitous TDG feature unless the system is very old (although the NGC2708 sys-
tem appears to have several ongoing encounters, at least one of which is gas rich).
A deep search for neutral gas associated with these UDGs would help clarify their
origins. A TDG origin for these objects could also be shown in the mass-metallicity
relation; TDGs should be metal-rich compared to equivalent stellar mass dwarf
galaxies as they are formed from pre-enriched material from the outskirts of a disk
rather than primordial gas [122].
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It is also possible that the systems discovered in this work are not long lived
structures, and are TDG-like enhancements in tidal streams that match the pho-
tometric criteria for UDGs. In this case, it is possible that a portion of the UDG
population are chance enhancements of otherwise regular tidal features.

Additionally, future Hubble Space Telescope follow-up accounting of the globular
cluster (GC) population for these and other UDG systems may also distinguish
between formation scenarios – a TDG origin would have few or no associated star
clusters, normal dwarfs would have a few GCs [e.g. 290, with the caveat that these
may be getting stripped in the interactions associated with NGC5631-Dw1 and
NGC2708-Dw1], while more massive UDGs would have commensurately more
associated GCs [13, 273].

While local, resolved stellar searches for dwarfs have turned up UDGs that
show signs of disturbance [254, 68], direct searches for classical ”S”-shaped mor-
phologies among the Coma UDGs have not revealed such tidal features [194, al-
though see VLSB-A in the Virgo cluster; [185]], although the authors admit that
they are not sensitive to all signs of tidal disturbance [see further discussions in
287, 280, 43]. In any case, it is not clear how long the stellar streams seen in the
current work would be visible, as stream lifetimes depend on the dwarf velocity
dispersion, stellar radius and orbital eccentricity [see discussion in 206] – further
modeling of the persistence of tidal features around UDGs in a ‘galaxy interac-
tion’ scenario would help constrain the fraction of the population that forms in
this manner.

It is not likely that galaxy interactions can explain the entirety of the UDG popu-
lation, as an abundant number of field UDGs have been identified [e.g. 163] which
have likely never encountered another galaxy. Note that we also can not rule out
a scenario where our UDGs formed by some other mechanism [e.g. 277, 6, 75, as
discussed in Section 1.3.2.1], and have subsequently undergone interactions with
a larger primary galaxy – by the same token, one can no longer refute the ‘galaxy
interaction’ UDG hypothesis by stating that UDGs show no sign of stripping or
interaction. Future wide-field searches for diffuse dwarf galaxies will reveal their
demographics across environments, and hopefully shed light on the origin of the
entirety of the UDG population.
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CHAPTER 7
SUMMARY & OUTLOOK

Finally, we will conclude this dissertation by summarizing my findings and dis-
cussing the potential future outlook for low surface brightness (LSB) astronomy.

7.1 Summary

Through this dissertation we have shown how we have detected LSB galaxies
across different environments, initially through targeting radio sources without
optical counterparts, and then through the development and testing of an LSB
galaxy detection algorithm for use in optical imaging. This algorithm was used
on 9 square degrees around M101, finding 38 new LSB dwarf candidates. Some of
these candidates were then observed with HST to determine if they are associated
with M101 or if they are background LSB galaxies. These observations extended
the satellite luminosity function (LF) for M101 down to MV =−7.4 and the satellite
LF was compared to that of other Local Volume galaxies. This comparison found
far greater scatter in the satellite LFs than predicted by theory and showed tenta-
tive links between galactic environment, star forming fraction and the satellite LF.
We have also reported the first direct observational evidence of a tidal formation
mechanism for ultra-diffuse galaxies (UDGs) via the detection of NGC 2708 Dw1
and NGC 5631 Dw1 with associated stellar streams.

7.2 Outlook

This work has a number of avenues for advancement that can be explored in
the future. Firstly, we will discuss possible improvements to the LSB detection
algorithm, some of which have been implemented in the current working version.
We will also discuss future observations and surveys on which the algorithm could
be used and the potential scientific implications of this future work. Finally, we
will provide a brief overview of future astronomical instruments that will become
available in the next few years and their potential impact on LSB astronomy.
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7.2.1 Improvements to the Detection Algorithm

The LSB detection algorithm we have designed (Chapter 3), is highly effective
in its present configuration at detecting LSB galaxies. However, there are several
ways to potentially improve it in future.

These improvements focus on removing false-positives as the detection effi-
ciency is extremely good over the desired area of magnitude-radius parameter
space. However, the false-positive rate of the initial version described in Chap-
ter 3 is higher than would be useful for analysis of large areas of sky, particu-
larly with the need for rapid and efficient classification in rapid large area surveys
such as Legacy Survey of Space and Time (LSST). Therefore, we suggest improve-
ments that have either been implemented since the pilot study around M101 or are
planned for future versions.

7.2.1.1 Multi-Scale Spatial Binning

The first improvement is to bin the masked image on several different scales, as
opposed to the single scale used in Chapter 3. This use of multiple spatial scales
eliminates some background fluctuations and false-positive sources that are only
picked up due to the scale of the spatial binning. An example of this would be
high redshift clusters which are a large source of false-positives if a small scale is
used but are dismissed by large scales. A counter example is residual LSB halos
around high surface brightness galaxies which tend to be preferentially detected by
large-scale binning. By combining these and only choosing targets which appear
at multiple binning scales we eliminate these contaminants.

Initial testing of multi-scale binning has been promising. In tests the rate of false-
positives is reduced to between 25-50% of the original level with negligible losses
in detection efficiency and only a small increase in the computation resources re-
quired. This improvement has therefore been integrated into the current version
of the algorithm.

The detection efficiency properties can also be altered by changing the scales
used. Larger spatial scales correspond to being able to detect lower surface bright-
ness objects with large radii at the cost of reducing the ability to detect objects with
very small radii. This trend is reversed for binning on smaller scales. Therefore it
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is possible to use the binning scales to optimize the detection algorithm depending
on the overall goal of the survey.

7.2.1.2 Multi-Wavelength Detection

Another improvement would be the use of color information. This would in-
volve running the algorithm on several different optical images taken with differ-
ent filters. This would allow certain false-positives to be eliminated as they either
appear only in one image, such as satellite trails, or are at significantly different
scales and intensities in the different filters, such as dragon’s breath and other op-
tical artifacts.

This would be achieved by running the algorithm on multiple filters covering
the same area of sky. If an object was picked out as a detection its position would
be compared to the other image. If there was also a detection in the second image
in the same position then it would be flagged as a true detection. For additional
robustness it would also be possible to examine more than two filters.

The problem with this multi-wavelength approach is that the algorithm runs in
g-band because g-band was found to be the filter which gave the highest signal
to noise for LSB galaxies. In bluer filters the signal from the LSB galaxies drops,
particularly for galaxies composed of old, red stellar populations. In redder filters
the background is higher, making it harder to distinguish LSB galaxies from back-
ground fluctuations. This would lead to any multi-wavelength version of the al-
gorithm being less effective at detecting very LSB galaxies than the present single-
filter version.

Initial testing with multi-wavelength versions of the algorithm has shown that
while the false-positive rate falls substantially, it also has a negative effect on the
detection efficiency, particularly on the very LSB objects that are most of interest.
Therefore, more testing and work is required before color information can be inte-
grated into a working version of the detection algorithm.

120



Texas Tech University, Paul Bennet, May 2020

7.2.1.3 Citizen Science

We have also examined the possibility of using Zooinverse1 to allow the final
visual inspection stage of the algorithm to be a citizen science project. This would
allow the final visual inspection stage to be outsourced to the general public, reduc-
ing the burden on researchers to examine detections. This would be particularly
important in larger area surveys, where the number of candidates to be examined
will increase substantially from the pilot projects. Initial work in this area has been
positive, but is still in a very early stage.

7.2.2 Wide-field Surveys

The algorithm was originally designed for use in wide-field surveys. So far this
has been limited to the Canada-France-Hawaii-Telescope Legacy Survey, covering
∼150 deg2, and this search located over 250 new LSB galaxy candidates, among
which were NGC 2708 Dw1 and NGC 5631 Dw1 reported in Chapter 6. This initial
success will need to be analyzed and the new LSB galaxy candidates classified by
properties and environment to quantify population statistics and possible associa-
tions.

Future targets for LSB galaxy searches would be the Dark Energy Survey (DES,
[2] ), Beijing-Arizona Sky Survey (BASS, [293]), or other wide field surveys. These
surveys cover >5000 deg2 each [2, 293] . This large area would mean efficient
classification will be required, both in terms of needed computational resources
and review by researchers. Currently my detection algorithm is the best way to
analyze these large areas of sky for LSB galaxies and other LSB phenomena while
using the minimum of labor or computation resources. However, this could be
improved further with the suggestions in §7.2.1. These wide-area surveys will
allow observations over a variety of different environments and the examination
of population statistics of LSB galaxies in a robust and well-quantified way.

7.2.3 Investigating Galaxy Groups

Another future path for this research is surveying more Local Volume hosts
within D≈10 Mpc, initially to sample different environments and eventually cre-

1https://www.zooniverse.org/
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ating a full distance-limited sample. There are ∼25 galaxy groups within 10 Mpc
(such as M51, M104 and NGC 2683 [142]) that would be good targets for an ex-
panded look at the Local Volume. Combined, they cover environments from iso-
lated to crowded groups, with tidal indices between -0.8 and 2.6 [142]. This covers
and expands the range explored by existing Local Volume observations and would
create a data set that would be of use to the wider community for examining Local
Volume galaxy groups.

These galaxy groups would be examined in a similar way to the M101 group.
This would involve first using the LSB detection algorithm that we have devel-
oped to examine the area surrounding the main galaxy out to a projected distance
of ∼250 kpc, roughly equivalent to the virial radius of a Milky Way (MW)-mass
galaxy [184]. Once an LSB catalogue has been constructed for a galaxy group,
it will be necessary to determine associations between the LSB objects detected
and the MW-mass hosts, either via spectroscopy or preferably tip of the red giant
branch (TRGB) distance measurements.

A key reason for the examination of additional galaxy groups is the need to test
the potential links between satellite LF, star formation in those satellites and galac-
tic environment found following the examination of the M101 group (see Chapter
4). These relations seem to show that galaxies which are in low-density environ-
ments have fewer satellites and that these satellites are more likely to have ongoing
star formation. This relation is not predicted by current ΛCDM models, which pre-
dict that galaxies with similar halo masses should have similar satellite LFs and the
environment or accretion history should have minimal impact (e.g. [31]).

To further quantify the effects of galactic environment on the satellite LF it is
important to survey more Local Volume hosts within D≈10 Mpc. This distance
limit has been chosen to allow efficient follow-up with HST. At >10 Mpc HST
can clearly distinguish the TRGB for reliable distance estimates with a single orbit
observation per dwarf candidate ([143, 72, 65], see also Chapters 4 & 5).

With a larger sample of satellite LFs from Local Volume galaxies it should be pos-
sible to verify if there is a link between galactic environment and satellite LF and
what the scatter is on this proposed relationship. Even if the environmental rela-
tionship is shown to not be true, this work would quantify the halo-to-halo scatter
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of the satellite LFs of similarly massed galaxies, which is an important prediction
of the Λ cold dark matter model [216, 111, 162].

7.3 Future Missions

Future telescopes, both in space and on the ground will enhance our ability to
observe LSB objects, either through wide-field surveys or in follow-up work. This
is not an exhaustive list and is meant to highlight instruments which could be
particularly beneficial to LSB astronomy.

7.3.1 James Webb Space Telescope

The James Webb Space Telescope (JWST) is a space telescope with a proposed
launch date of March 2021 (at the time of writing). This telescope will have a 6.5m
diameter primary mirror; this increase in mirror diameter allows for far greater
angular resolution the the Hubble Space telescope [99]. This larger mirror also
produces a larger collecting area. The larger mirror means that JWST could observe
fully resolved stellar populations in LSB galaxies out to a far greater distance than
HST or observe galaxies in a fraction of the time it would have taken HST [136].
This would allow more galaxy groups to be examined for the same amount of
observing time. It would also expand the number of galaxy groups with a central
galaxy similar to the MW that could be examined from ∼25 [142] with HST to
hundreds with JWST. This larger sample would give far more robust statistics and
allow more sampling of different environments.

7.3.2 Wide Field Infrared Survey Telescope

The Wide Field Infrared Survey Telescope (WFIRST, [5]) is a planned wide-field
space telescope planned for launch in the mid-2020s. In contrast to existing space
telescopes, such as HST or JWST, which tend to have limited field of view of im-
agers, WFIRST is designed to have a FOV of 0.28 deg2 with the same sensitivity
as optical imaging from HST [5]. This wider FOV will allow it to conduct imaging
surveys of galaxy groups from space, in contrast to HST or JWST which can only
be realistically used for follow-up of objects first identified in ground-based imag-
ing [143, 72, 22, 65, 136]. This would allow the detection of extremely faint objects
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using resolved stellar populations, in a similar manner to what has been achieved
in the Local Group.

7.3.3 Large Ground-Based Telescopes

At the moment the largest optical telescopes in astronomy are in the 10m class –
for example, the Keck telescopes which have a primary mirror diameter of ∼10m
with a collecting area of ∼76m2 [176]. This 10m class of telescope has allowed
great advances in astronomy since they were first used in 1993. These have been
the largest types of telescopes for the past ∼30 years due to turbulence within the
atmosphere [249]. This turbulence (or seeing) creates distortion in astronomical
imaging; as the telescope gets bigger the worse the seeing will be. It was deter-
mined that telescopes larger than ∼10m would have gains from the larger size
offset due to the increasing effects of seeing [214, 249].

In more recent years this problem has been solved by the introduction of adap-
tive optics into telescope design. This allows the primary mirror to subtly shift
to cancel out seeing and give a clear picture. For more details on adaptive optics
please see [74]. This has allowed the design of future ground-based telescopes
with far larger primary mirrors, e.g. the European Extremely Large Telescope or
the Thirty Meter Telescope, with collecting areas of up to ∼978m2 [53]. This larger
area will permit far deeper observations and therefore the detection of very LSB
objects that would be missed by current telescopes. Wide field surveys performed
by these telescopes will be a rich source of future LSB objects, both in extending the
detection of LSB to new depths and hopefully finding new and unexpected types
of LSB objects.

While adaptive optics may allow these telescopes to resolve individual stars to
a level comparable or better than HST, this will depend heavily on the individual
set-up used and will not be well quantified until these telescopes have been built
and commissioned [74]. If they can resolve individual stars out to comparable dis-
tances to HST then they could also perform surveys equivalent to those of WFIRST
discussed above.
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7.4 Concluding Remarks

In conclusion, the field of LSB astronomy is an exciting area of research with
rapid advances in both theory and observations. These combine to extend our
understanding of the universe by informing us about cosmology on small scales,
galaxy evolution and the nature of dark matter.
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M. A. G. Maia, J. D. Maloney, M. Manera, M. March, J. Marriner, J. L. Mar-
shall, P. Martini, T. McClintock, T. McKay, R. G. McMahon, P. Melchior,
F. Menanteau, C. J. Miller, R. Miquel, J. J. Mohr, E. Morganson, J. Mould,
E. Neilsen, R. C. Nichol, F. Nogueira, B. Nord, P. Nugent, L. Nunes, R. L. C.
Ogand o, L. Old, A. B. Pace, A. Palmese, F. Paz-Chinchón, H. V. Peiris, W. J.
Percival, D. Petravick, A. A. Plazas, J. Poh, C. Pond, A. Porredon, A. Pu-
jol, A. Refregier, K. Reil, P. M. Ricker, R. P. Rollins, A. K. Romer, A. Rood-
man, P. Rooney, A. J. Ross, E. S. Rykoff, M. Sako, M. L. Sanchez, E. Sanchez,
B. Santiago, A. Saro, V. Scarpine, D. Scolnic, S. Serrano, I. Sevilla-Noarbe,

126



Texas Tech University, Paul Bennet, May 2020

E. Sheldon, N. Shipp, M. L. Silveira, M. Smith, R. C. Smith, J. A. Smith,
M. Soares-Santos, F. Sobreira, J. Song, A. Stebbins, E. Suchyta, M. Sullivan,
M. E. C. Swanson, G. Tarle, J. Thaler, D. Thomas, R. C. Thomas, M. A. Troxel,
D. L. Tucker, V. Vikram, A. K. Vivas, A. R. Walker, R. H. Wechsler, J. Weller,
W. Wester, R. C. Wolf, H. Wu, B. Yanny, A. Zenteno, Y. Zhang, J. Zuntz, DES
Collaboration, S. Juneau, M. Fitzpatrick, R. Nikutta, D. Nidever, K. Olsen,
A. Scott, and NOAO Data Lab. The Dark Energy Survey: Data Release 1.
ApJS, 239(2):18, December 2018.

[3] E. A. K. Adams, R. Giovanelli, and M. P. Haynes. A Catalog of Ultra-compact
High Velocity Clouds from the ALFALFA Survey: Local Group Galaxy Can-
didates? ApJ, 768:77, May 2013.

[4] Christopher P. Ahn, Rachael Alexandroff, Carlos Allende Prieto, Friedrich
Anders, Scott F. Anderson, Timothy Anderton, Brett H. Andrews, Éric
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A. Karunakaran. Evidence for Ultra-diffuse Galaxy “Formation” through
Galaxy Interactions. ApJ, 866:L11, October 2018.

[26] E. Bertin and S. Arnouts. SExtractor: Software for source extraction. A&AS,
117:393–404, June 1996.

132



Texas Tech University, Paul Bennet, May 2020

[27] Joss Bland-Hawthorn, Ralph Sutherland, and David Webster. Ultrafaint
Dwarf Galaxies—the Lowest-mass Relics from Before Reionization. ApJ,
807(2):154, Jul 2015.

[28] M. R. Blanton, E. Kazin, D. Muna, B. A. Weaver, and A. Price-Whelan. Im-
proved Background Subtraction for the Sloan Digital Sky Survey Images. AJ,
142:31, July 2011.

[29] Michael R. Blanton, Matthew A. Bershady, Bela Abolfathi, Franco D.
Albareti, Carlos Allende Prieto, Andres Almeida, Javier Alonso-Garcı́a,
Friedrich Anders, Scott F. Anderson, Brett Andrews, Erik Aquino-Ortı́z,
Alfonso Aragón-Salamanca, Maria Argudo-Fernández, Eric Armengaud,
Eric Aubourg, Vladimir Avila-Reese, Carles Badenes, Stephen Bailey, Kath-
leen A. Barger, Jorge Barrera-Ballesteros, Curtis Bartosz, Dominic Bates, Falk
Baumgarten, Julian Bautista, Rachael Beaton, Timothy C. Beers, Francesco
Belfiore, Chad F. Bender, Andreas A. Berlind, Mariangela Bernardi, Flo-
rian Beutler, Jonathan C. Bird, Dmitry Bizyaev, Guillermo A. Blanc, Michael
Blomqvist, Adam S. Bolton, Médéric Boquien, Jura Borissova, Remco van
den Bosch, Jo Bovy, William N. Brandt, Jonathan Brinkmann, Joel R. Brown-
stein, Kevin Bundy, Adam J. Burgasser, Etienne Burtin, Nicolás G. Busca,
Michele Cappellari, Maria Leticia Delgado Carigi, Joleen K. Carlberg, Au-
relio Carnero Rosell, Ricardo Carrera, Nancy J. Chanover, Brian Cherinka,
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Marı́n, Bruce A. Gillespie, Daniel Goddard, Violeta Gonzalez-Perez, Kath-
leen Grabowski, Paul J. Green, Catherine J. Grier, James E. Gunn, Hong
Guo, Julien Guy, Alex Hagen, ChangHoon Hahn, Matthew Hall, Paul Hard-
ing, Sten Hasselquist, Suzanne L. Hawley, Fred Hearty, Jonay I. Gonzalez
Hernández, Shirley Ho, David W. Hogg, Kelly Holley-Bockelmann, Jon A.
Holtzman, Parker H. Holzer, Joseph Huehnerhoff, Timothy A. Hutchinson,
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rarese, G. Galaz, M. Hempel, M. Hilker, A. Jordán, A. Lançon, S. Mieske,
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ald Kuntschner, Pierre-Yves Lablanche, Richard M. McDermid, Thorsten
Naab, Marc Sarzi, Nicholas Scott, Scott C. Trager, Anne-Marie Weijmans,
and Lisa M. Young. The ATLAS3D project - XIII. Mass and morphology of
H I in early- type galaxies as a function of environment. MNRAS, 422:1835–
1862, May 2012.

[237] J. L. Sersic. Atlas de galaxias australes. 1968.

[238] C. Sifón, R. F. J. van der Burg, H. Hoekstra, A. Muzzin, and R. Herbonnet.
A first constraint on the average mass of ultra-diffuse galaxies from weak
gravitational lensing. MNRAS, 473:3747–3754, January 2018.

[239] Joshua D. Simon. The Faintest Dwarf Galaxies. ARA&A, 57:375–415, Aug
2019.

[240] Christine M. Simpson, Robert J. J. Grand, Facundo A. Gómez, Federico Mari-
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Massimo Viola, Malcolm N. Bremer, Sarah Brough, Simon P. Driver, Thomas
Erben, Catherine Heymans, Hendrik Hildebrandt, Benne W. Holwerda, Do-
minik Klaes, Konrad Kuijken, Sean McGee, Reiko Nakajima, Nicola Napoli-
tano, Peder Norberg, Edward N. Taylor, and Edwin Valentijn. The abun-
dance of ultra-diffuse galaxies from groups to clusters. UDGs are relatively
more common in more massive haloes. A&A, 607:A79, November 2017.

[272] Remco F. J. van der Burg, Adam Muzzin, and Henk Hoekstra. The abun-
dance and spatial distribution of ultra-diffuse galaxies in nearby galaxy clus-
ters. A&A, 590:A20, May 2016.

[273] P. van Dokkum, R. Abraham, J. Brodie, C. Conroy, S. Danieli, A. Merritt,
L. Mowla, A. Romanowsky, and J. Zhang. A High Stellar Velocity Dispersion
and 1̃00 Globular Clusters for the Ultra-diffuse Galaxy Dragonfly 44. ApJL,
828:L6, September 2016.

[274] P. van Dokkum, Y. Cohen, S. Danieli, J. M. D. Kruijssen, A. J. Romanowsky,
A. Merritt, R. Abraham, J. Brodie, C. Conroy, D. Lokhorst, L. Mowla,
E. O’Sullivan, and J. Zhang. An Enigmatic Population of Luminous Glob-
ular Clusters in a Galaxy Lacking Dark Matter. ApJL, 856:L30, April 2018.

[275] P. van Dokkum, S. Danieli, Y. Cohen, A. Merritt, A. J. Romanowsky, R. Abra-
ham, J. Brodie, C. Conroy, D. Lokhorst, L. Mowla, E. O’Sullivan, and
J. Zhang. A galaxy lacking dark matter. Nature, 555:629–632, March 2018.

[276] P. G. van Dokkum, R. Abraham, and A. Merritt. First Results from the Drag-
onfly Telephoto Array: The Apparent Lack of a Stellar Halo in the Massive
Spiral Galaxy M101. ApJL, 782:L24, February 2014.

[277] P. G. van Dokkum, R. Abraham, A. Merritt, J. Zhang, M. Geha, and C. Con-
roy. Forty-seven Milky Way-sized, Extremely Diffuse Galaxies in the Coma
Cluster. ApJL, 798:L45, January 2015.

168



Texas Tech University, Paul Bennet, May 2020

[278] Pieter van Dokkum, Shany Danieli, Roberto Abraham, Charlie Conroy, and
Aaron J. Romanowsky. A Second Galaxy Missing Dark Matter in the NGC
1052 Group. ApJL, 874(1):L5, Mar 2019.

[279] Pieter G. van Dokkum, Aaron J. Romanowsky, Roberto Abraham, Jean P.
Brodie, Charlie Conroy, Marla Geha, Allison Merritt, Alexa Villaume, and
Jielai Zhang. Spectroscopic Confirmation of the Existence of Large, Diffuse
Galaxies in the Coma Cluster. ApJL, 804(1):L26, May 2015.

[280] A. Venhola, R. Peletier, E. Laurikainen, H. Salo, T. Lisker, E. Iodice, M. Ca-
paccioli, G. Verdois Kleijn, E. Valentijn, S. Mieske, M. Hilker, C. Wittmann,
G. van de Ven, A. Grado, M. Spavone, M. Cantiello, N. Napolitano, M. Pao-
lillo, and J. Falcón-Barroso. The Fornax Deep Survey with VST. III. Low sur-
face brightness dwarfs and ultra diffuse galaxies in the center of the Fornax
cluster. A&A, 608:A142, December 2017.

[281] Mark Vogelsberger, Jesus Zavala, and Abraham Loeb. Subhaloes in self-
interacting galactic dark matter haloes. MNRAS, 423(4):3740–3752, July 2012.

[282] B. Vollmer, B. Perret, M. Petremand, F. Lavigne, C. Collet, W. van Driel,
F. Bonnarel, M. Louys, S. Sabatini, and L. A. MacArthur. Simultaneous
Multi-band Detection of Low Surface Brightness Galaxies with Markovian
Modeling. AJ, 145:36, February 2013.

[283] Daniel R. Weisz, Andrew E. Dolphin, Evan D. Skillman, Jon Holtzman, Karo-
line M. Gilbert, Julianne J. Dalcanton, and Benjamin F. Williams. The Star
Formation Histories of Local Group Dwarf Galaxies. I. Hubble Space Tele-
scope/Wide Field Planetary Camera 2 Observations. ApJ, 789(2):147, Jul
2014.

[284] A. R. Wetzel, P. F. Hopkins, J.-h. Kim, C.-A. Faucher-Giguère, D. Kereš, and
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