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Abstract

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 by Bennet et al.
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 Surveys 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 giant 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.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Luminosity function (942); Galaxy evolution (594);
Galaxy groups (597); HST photometry (756)

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., Planck Collaboration et al.
2018), and for understanding how galaxies form in the smallest
dark matter halos. Despite many successes, challenges remain
in reproducing the number, structure, luminosity, and distribu-
tion of faint dwarf galaxy satellites around their larger hosts
(see Bullock & Boylan-Kolchin 2017, for a recent review).
Most effort has been focused on reproducing the satellite
systems of the Milky Way (MW) and M31 (see e.g., Drlica-
Wagner et al. 2019, for recent results) into the “ultra-faint”
dwarf galaxy regime (MV−7.7, or L105 Le, using the
definition of Simon 2019).

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 (e.g., Chiboucas et al. 2013; Crnojević et al.
2014, 2019, 2016; Sand et al. 2014, 2015; Müller et al.
2015, 2019; Carlin et al. 2016; Toloba et al. 2016; Bennet et al.
2017, 2019; Geha et al. 2017; Smercina et al. 2017, 2018;
Carlsten et al. 2020).

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 (∼5.3×1010Me; van Dokkum et al. 2014), and is
at a distance of D=6.52±0.19Mpc (which we will use
throughout this work; Beaton et al. 2019) amenable to efficient
Hubble Space Telescope (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, NGC5485 (D∼ 27 Mpc; Merritt et al. 2016),
and its presence has complicated interpretations of candidates
from ground-based data alone.
Recent searches for M101 dwarfs started with the Dragonfly

survey (Merritt et al. 2014), which ultimately uncovered three
new M101 satellites with HST-derived TRGB distance
measurements (M101 DF1, M101 DF2, and M101 DF3;
Danieli et al. 2017). Other teams identified further diffuse
dwarf candidates from the ground (Karachentsev et al. 2015;
Javanmardi et al. 2016; Müller et al. 2017), while a
comprehensive, semi-automated search using data from the
Canada–France–Hawaii Telescope Legacy Survey identified 39
additional, new candidates (Bennet et al. 2017). Taking this
collection of M101 diffuse dwarf galaxy candidates, Carlsten
et al. (2019a) applied a new calibration of the surface
brightness fluctuation (SBF) distance measuring technique
(Carlsten et al. 2019b). Out of the 43 identified dwarf
candidates found by other groups, Carlsten et al. identified
two that were very likely to be associated with M101 (DwA
and Dw9), with a further 12 whose distance uncertainties also
made them possible 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
(Bennet et al. 2019). Using the collected M101 data set, Bennet
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et al. (2019) constructed a satellite luminosity function for
M101 that is complete toMV≈−8, and showed that M101 has
a very sparse satellite population in contrast to the MW and
M31. Further, Bennet et al. (2019) speculated that this may be
due to the relative isolation of M101, as a comparable system
with few satellites, M94, has a similarly isolated environment
(Smercina et al. 2018). The relative isolation of M101 is
defined using its tidal index (Θ5) from Karachentsev et al.
(2013). This quantity uses the magnitude of tidal force exerted
on a galaxy by its five most influential neighbors as a proxy for
environment. The tidal index is then normalized such that zero
indicates an isolated galaxy. With tidal indices of 0.5 and −0.1,
respectively, we consider M101 and M94 to be relatively
isolated compared to other Local Volume hosts such as M31
(Θ5=1.8) or M81 (Θ5=2.6) (Karachentsev et al. 2013).
Follow-up H I observations of a large sample of M101 dwarf
candidates confirmed that several were associated with the
background galaxy group NGC5485 via velocity measure-
ments, and that the faintest M101 satellites within the virial
radius of M101 are quenched just as those in the Local Group
(Karunakaran et al. 2020).

Here we present HST 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 (Bennet et al. 2017), but
were not previously observed in the HST study of Bennet et al.
(2019). These four satellites are very faint, and at the distance
of M101 would correspond to absolute magnitudes between
MV=−7.4 andMV=−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.

2. HST Data and Photometry

We obtained HST images (GO-15858; PI: P. Bennet) of four
remaining M101 dwarf candidates from the Bennet et al.
(2017) sample, identified as viable M101 satellites by Carlsten
et al. (2019a) 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 s per filter.

We perform point-spread function (PSF)-fitting point-source
photometry on the ACS images as described in Bennet et al.
(2019), which we briefly describe here. We use the DOLPHOT
v2.0 photometric package (Dolphin 2000), and the suggested
input parameters from the DOLPHOT User’s Guide.6 Standard
photometric 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 descriptions of these parameters can be found in
Dolphin (2000). Further, extensive 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 point source were corrected
for foreground MW extinction using the Schlafly & Finkbeiner
(2011) calibration of the Schlegel et al. (1998) dust maps.

3. The Nature of the Dwarf Candidates

Inspection of the point-source photometry for our four M101
dwarf candidates reveals no associated resolved stellar over-
densities, and only diffuse emission is observed, as we illustrate
in Figure 1. This is in contrast to known M101 satellites, which
are resolved into stars with similar HST observations (see
Figure 1, bottom panels). This indicates that the individual stars
that make up the TRGB are too faint to be detected in our HST
imaging, and therefore that these dwarf candidates are in the
background. We investigate the expected color–magnitude
diagrams (CMDs) of our targets if they were actually
associated with M101 below.
Assuming a luminosity of » -M 4I

TRGB mag for the TRGB
(see, for instance, Gallart et al. 2005; Radburn-Smith et al.
2011), and our measured 50% completeness limit of
F814W=26.8 mag, an undetected TRGB implies a distance
modulus 30.8 mag, corresponding to a distance 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 (Karunakaran et al. 2020);
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 derived CMDs for each dwarf in
Figure 2. As expected from the spatial distributions seen in
Figure 1, only a handful of resolved point sources populate
each CMD, which is consistent with a normal foreground
stellar population 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 (Bennet et al. 2019). These simulated
CMDs were created using the HST-derived CMD from M101
DwA (MV=−9.5; Bennet et al. 2019), removing point sources
at random until the total 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 0.26
0.27 Mpc). In Figure 2 we show the simulated CMD

of what our brightest 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 apparent.
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 (Peng et al.
2002) with a procedure identical to that presented in our
previous work (Bennet et al. 2017, 2019), including inserting
simulated diffuse dwarf galaxies to estimate our uncertainties
(see also Merritt et al. 2014). We present these results in
Table 1, alongside our ground-based CFHTLS measurements;
HST F606W and F814W magnitudes were converted to the V-
band using the relations of Sahu et al. (2014). There is good
agreement between both data sets, although the HST-derived
magnitude uncertainties tend to be slightly larger. Previous
studies (Merritt et al. 2016; Bennet et al. 2017; Crnojević et al.6 http://americano.dolphinsim.com/dolphot/dolphotACS.pdf
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2019) have shown that the smaller primary mirror on HST is
less effective at detecting the diffuse low surface brightness
outer regions of unresolved targets. In addition, the small pixel
scale of HST means that it is not optimized for unresolved low
surface brightness candidates. These factors combine so that in
general the detected half-light radii for unresolved targets is
smaller with HST than large ground-based telescopes, with
larger uncertainties both on the half-light radius and magnitude.

4. The M101 Satellite Luminosity Function

As the four faint dwarf candidates that we have imaged were
the only remaining viable members in the M101 sample of
Bennet et al. (2017), we can use their status as background
objects to extend the M101 satellite luminosity function to
fainter magnitudes. 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;
after the MW (McConnachie 2012) and M31 (Martin et al.
2016; McConnachie et al. 2018). Such information is vital, as

the number of such satellites is smaller than expected from dark
matter only simulations (Klypin et al. 1999; Moore et al. 1999).
Astrophysical mechanisms such as feedback, star formation
efficiency and reionization may play a role in reconciling the
differences between observed luminosity functions and cosmo-
logical simulations (Brooks et al. 2013; Sawala et al. 2016;
Wetzel et al. 2016; Garrison-Kimmel et al. 2017; Simpson et al.
2018). To ultimately solve this issue, however, the satellite
luminosity function of many MW-sized halos 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; Bennet et al.
2019) were originally drawn from a semi-automated and well-
characterized diffuse dwarf galaxy search of the CFHTLS
(Bennet et al. 2017), utilizing information from the SBF-
derived distances of subsequent work (Carlsten et al. 2019a). It
is important to know the limits of these studies when
constructing our luminosity function. First, the 50% and 90%
completeness limits for identifying diffuse dwarfs in the

Figure 1. In the top set of four panels we show colorized HST cutouts of the four M101 dwarf galaxy candidates presented 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 colorized HST cutouts from two confirmed M101 satellites presented in Bennet et al. (2019)—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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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 to
MV=−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 (Bennet et al. 2019). Note that the SBF distance limits for
the remaining dwarfs in that luminosity range suggest that none
are M101 satellites (Carlsten et al. 2019a).

In the current work, we have presented HST imaging of the
four dwarf candidates fainter than MV=−8.2 mag, which
have SBF distance limits from Carlsten et al. (2019a) that are
consistent with M101 at the 1σ level. Five other diffuse dwarf
candidates with MV−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 ∼2σ level). We note that none of
these five dwarfs were targeted in the H I study of Karunakaran
et al. (2020), 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 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 reported 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
Bennet et al. (2019), although we have amended their absolute
magnitudes to match our adopted distance of D=6.5 Mpc
(Beaton et al. 2019). We do not include the bright dwarf
UGC08882 because its SBF distance places it slightly in the
background of M101 (Rekola et al. 2005; Carlsten et al.
2019a).
The cumulative satellite luminosity function for M101 is

shown in Figure 3, along with those of several other Local
Volume systems: the MW (McConnachie 2012, and references
therein), M31 (Martin et al. 2016; McConnachie et al. 2018),
M81 (Chiboucas et al. 2013; Smercina et al. 2017), M94
(Smercina et al. 2018), and CenA (Crnojević et al. 2019).
These galaxies span a narrow range of total masses
(∼2.5–9×1011Me, based on globular cluster dynamics
within 40 kpc where available; Woodley & Gómez 2010;
Eadie & Harris 2016) and illustrate the range in satellite
properties among the sample. In the figure, we mark the
extension fainter than MV=−7.7 to denote where the M101
luminosity function becomes significantly incomplete. We also
mark the approximate completeness limits for the luminosity
function of CenA (Crnojević et al. 2019) and M81 (Chiboucas
et al. 2013), 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., Drlica-Wagner et al. 2019). To our

Figure 2. 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 photometric 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 that 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 conclude that none of the four dwarf candidates are associated with M101, and are instead background objects.
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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 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 current 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 11. 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 between systems. One
other Local Volume galaxy, M94, also has a deficit of satellites,
but is only complete to MV≈−9.1 (Smercina et al. 2018);
future observations should probe fainter satellites around this
and other systems to further understand the scatter in MW-like
hosts.

5. Discussion and Conclusions

We have presented HST follow-up imaging of four potential
M101 dwarf satellite galaxies (Dw21, Dw22, Dw23, and Dw35
from Bennet et al. 2017), 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 2).
One hallmark of this work is that the dwarf candidates come

from a well-quantified search for M101 dwarfs with the
CFHTLS (Bennet et al. 2017). This, combined with SBF-
derived distance estimates of the same data set (Carlsten et al.
2019a), 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 galaxies around MW-like systems is warranted
to understand the overall demographics of satellites, with
galaxy environment being a potential driver of any trends
(Bennet et al. 2019). It has also been suggested that the bulge-
to-total baryonic mass ratio is an indicator of satellite number
in MW analogs (Javanmardi & Kroupa 2020).
The targets chosen for the present study were the four

remaining dwarf candidates that have SBF-derived distances
consistent with M101 (Carlsten et al. 2019a). While we have
shown that none of these four are actually related to M101,
their SBF distance estimates are highly uncertain due to their
faintness, which pushes the SBF technique to its limit, which
seems to correspond to g∼ 21 mag in the CFHTLS data set

Table 1
Unresolved Dwarf Candidates

Name R.A. Decl. V-band V-band F606W F814W Half-light Half-light
Magnitude Magnitude Magnitude Magnitude Radius (CFHTLS) Radius (HST)
(CFHTLS) (HST) (HST) (HST) (arcsec) (arcsec)a

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Dw21 14:07:56.5 +54:56:03 21.2±0.2 21.2±0.4 21.4±0.4 21.2±0.5 3.26±0.74 3.81±1.25
Dw22 14:03:03.3 +54:47:12 21.0±0.1 20.8±0.3 21.0±0.3 20.5±0.3 3.41±0.31 2.89±0.60
Dw23 14:07:08.4 +54:33:49 21.2±0.5 21.7±0.5 21.9±0.5 21.5±0.2 9.30±7.60 2.87±0.89
Dw35 14:05:36.2 +54:49:02 21.8±0.2 21.6±0.3 21.8±0.3 21.3±0.3 2.62±0.58 2.14±0.34

Notes. Col(1): Candidate name. Col(2) and Col(3): J2000 position of optical centroid. Col(4): V-band magnitude, based on CFHTLS imaging (Bennet et al. 2017). Col
(5): V-band magnitude, based on the F606W HST imaging, converted via the relation from Sahu et al. (2014). Col(6) and Col(7): F606W and F814W magnitude,
based on HST imaging. Col(8): The half-light radius of the candidates, based on CFHTLS imaging (Bennet et al. 2017). Col(9): The half-light radius of the candidates,
based on HST imaging.
a Derived from F606W images.

Figure 3. Cumulative satellite 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 4 for details. The
data for the other luminosity functions come from Smercina et al. (2018) for
M94, Crnojević et al. (2019) for Cen A, Chiboucas et al. (2013) and Smercina
et al. (2017) for M81, Martin et al. (2016), and McConnachie et al. (2018) for
M31 and McConnachie (2012) 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 incompleteness. We denote the region where the
Cen A and M81 luminosity functions become incomplete with hollow symbols
and dashed lines, as reported by Crnojević et al. (2019) and Chiboucas et al.
(2013), respectively. Galaxies are listed in descending order of stellar mass.
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(the magnitude of Dw9, the faintest true M101 member
identified by the SBF technique). Additionally, atomic
hydrogen (H I) observations are another vital technique for
screening dwarfs, and for probing the astrophysics of gas
stripping and quenching, as recently demonstrated around
M101 (Karunakaran et al. 2020, although the dwarf candidates
in the present study were below the brightness cutoff of that
work). Indeed, for clumpy and/or star-forming dwarf galaxy
targets, H I may be the only reliable means of screening or
estimating distances prior to HST imaging, as the SBF
technique is not appropriate in these circumstances. For
instance, for the clumpy M101 dwarf candidate dw1408+56,
the SBF technique estimated a distance of D≈ 12Mpc
(Carlsten et al. 2019a), while H I observations showed that
this dwarf was actually at a significantly larger distance
(Vsys=1904 km s−1 or DH I=27Mpc; Karunakaran et al.
2020). We conclude that both ground-based SBF distance
estimates and H I 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 luminosity 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; Akeson et al.
2019). As can be seen from Figure 2, dwarfs as faint as
MV≈−7 mag should be detectable with moderate exposure
times of ∼1 hr. 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 Bennet et al. 2017 and
the CFHTLS) possible in ≈32 pointings, or 32 hr of exposure
time. An ambitious WFIRST program such as this would make
it possible to measure the satellite luminosity function into the
ultra-faint dwarf galaxy regime throughout the Local Volume
in the decade to come.

We are grateful to the referee for a careful reading of the
manuscript and for useful suggestions that helped improve
this work.

Based on observations with the NASA/ESA Hubble Space
Telescope, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA
contract NAS5-26555. Support for Program number HST-
GO-15858.003-A was provided through a grant from the STScI
under NASA contract NAS5-26555.

Research by P.B. is supported by NASA through grant No.
HST-GO-14796.005-A from the Space Telescope Science
Institute which is operated by AURA, Inc., under NASA
contract NAS 5-26555. Research by D.J.S. is supported by
NSF grants AST-1821967, 1821987, 1813708, 1813466, and
1908972. Research by D.C. is supported by NSF grant AST-
1814208, and by NASA through grants No. HST-GO-
15426.007-A and HST-GO-15332.004-A from the Space
Telescope Science Institute, which is operated by AURA,
Inc., under NASA contract NAS 5-26555. K.S. acknowledges
support from the Natural Sciences and Engineering Council of
Canada (NSERC).

Facility: Hubble Space Telescope.

Software: Astropy (Collaboration et al. 2013, 2018), DOL-
PHOT v2.0 photometric package (Dolphin 2000), SExtractor
(Bertin & Arnouts 1996), GALFIT (Peng et al. 2002).

ORCID iDs

P. Bennet https://orcid.org/0000-0001-8354-7279
D. J. Sand https://orcid.org/0000-0003-4102-380X
D. Crnojević https://orcid.org/0000-0002-1763-4128
K. Spekkens https://orcid.org/0000-0002-0956-7949
A. Karunakaran https://orcid.org/0000-0001-8855-3635
D. Zaritsky https://orcid.org/0000-0002-5177-727X
B. Mutlu-Pakdil https://orcid.org/0000-0001-9649-4815

References

Akeson, R., Armus, L., Bachelet, E., et al. 2019, arXiv:1902.05569
Astropy Collaboration, Price-Whelan, A. M., Sipőcz, B. M., et al. 2018, AJ,

156, 123
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,

558, A33
Beaton, R. L., Seibert, M., Hatt, D., et al. 2019, ApJ, 885, 141
Bennet, P., Sand, D. J., Crnojević, D., et al. 2017, ApJ, 850, 109
Bennet, P., Sand, D. J., Crnojević, D., et al. 2019, ApJ, 885, 153
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Brooks, A. M., Kuhlen, M., Zolotov, A., & Hooper, D. 2013, ApJ, 765, 22
Bullock, J. S., & Boylan-Kolchin, M. 2017, ARA&A, 55, 343
Carlin, J. L., Sand, D. J., Price, P., et al. 2016, ApJL, 828, L5
Carlsten, S. G., Beaton, R. L., Greco, J. P., & Greene, J. E. 2019a, ApJL,

878, L16
Carlsten, S. G., Beaton, R. L., Greco, J. P., & Greene, J. E. 2019b, ApJ, 879, 13
Carlsten, S. G., Greco, J. P., Beaton, R. L., & Greene, J. E. 2020, ApJ, 891, 144
Chiboucas, K., Jacobs, B. A., Tully, R. B., & Karachentsev, I. D. 2013, AJ,

146, 126
Crnojević, D., Sand, D. J., Bennet, P., et al. 2019, ApJ, 872, 80
Crnojević, D., Sand, D. J., Caldwell, N., et al. 2014, ApJL, 795, L35
Crnojević, D., Sand, D. J., Spekkens, K., et al. 2016, ApJ, 823, 19
Danieli, S., van Dokkum, P., Merritt, A., et al. 2017, ApJ, 837, 136
Dolphin, A. E. 2000, PASP, 112, 1383
Drlica-Wagner, A., Bechtol, K., Mau, S., et al. 2019, arXiv:1912.03302
Eadie, G. M., & Harris, W. E. 2016, ApJ, 829, 108
Gallart, C., Zoccali, M., & Aparicio, A. 2005, ARA&A, 43, 387
Garrison-Kimmel, S., Wetzel, A., Bullock, J. S., et al. 2017, MNRAS,

471, 1709
Geha, M., Wechsler, R. H., Mao, Y.-Y., et al. 2017, ApJ, 847, 4
Javanmardi, B., & Kroupa, P. 2020, MNRAS, 493, L44
Javanmardi, B., Martinez-Delgado, D., Kroupa, P., et al. 2016, A&A, 588, A89
Karachentsev, I. D., Makarov, D. I., & Kaisina, E. I. 2013, AJ, 145, 101
Karachentsev, I. D., Riepe, P., Zilch, T., et al. 2015, AstBu, 70, 379
Karunakaran, A., Spekkens, K., Bennet, P., et al. 2020, AJ, 159, 37
Klypin, A., Kravtsov, A. V., Valenzuela, O., & Prada, F. 1999, ApJ, 522, 82
Martin, N. F., Ibata, R. A., Lewis, G. F., et al. 2016, ApJ, 833, 167
McConnachie, A. W. 2012, AJ, 144, 4
McConnachie, A. W., Ibata, R., Martin, N., et al. 2018, ApJ, 868, 55
Merritt, A., van Dokkum, P., & Abraham, R. 2014, ApJL, 787, L37
Merritt, A., van Dokkum, P., Danieli, S., et al. 2016, ApJ, 833, 168
Moore, B., Ghigna, S., Governato, F., et al. 1999, ApJL, 524, L19
Müller, O., Jerjen, H., & Binggeli, B. 2015, A&A, 583, A79
Müller, O., Rejkuba, M., Pawlowski, M. S., et al. 2019, A&A, 629, A18
Müller, O., Scalera, R., Binggeli, B., & Jerjen, H. 2017, A&A, 602, A119
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266
Planck Collaboration, Aghanim, N., Akrami, Y., et al. 2018, arXiv:1807.06209
Radburn-Smith, D. J., de Jong, R. S., Seth, A. C., et al. 2011, ApJS, 195, 18
Rekola, R., Jerjen, H., & Flynn, C. 2005, A&A, 437, 823
Sahu, K., Deustua, S., & Sabbi, E. 2014, WFC3/UVIS Photometric

Transformations, Tech. Rep. 2014-16
Sand, D. J., Crnojević, D., Strader, J., et al. 2014, ApJL, 793, L7
Sand, D. J., Spekkens, K., Crnojević, D., et al. 2015, ApJL, 812, L13
Sawala, T., Frenk, C. S., Fattahi, A., et al. 2016, MNRAS, 457, 1931
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Simon, J. D. 2019, ARA&A, 57, 375
Simpson, C. M., Grand, R. J. J., Gómez, F. A., et al. 2018, MNRAS, 478, 548
Smercina, A., Bell, E. F., Price, P. A., et al. 2018, ApJ, 863, 152

6

The Astrophysical Journal Letters, 893:L9 (7pp), 2020 April 10 Bennet et al.

https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0001-8354-7279
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-1763-4128
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0002-0956-7949
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0001-8855-3635
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0002-5177-727X
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
https://orcid.org/0000-0001-9649-4815
http://arxiv.org/abs/1902.05569
https://doi.org/10.3847/1538-3881/aac387
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://doi.org/10.3847/1538-4357/ab4263
https://ui.adsabs.harvard.edu/abs/2019ApJ...885..141B/abstract
https://doi.org/10.3847/1538-4357/aa9180
https://ui.adsabs.harvard.edu/abs/2017ApJ...850..109B/abstract
https://doi.org/10.3847/1538-4357/ab46ab
https://ui.adsabs.harvard.edu/abs/2019ApJ...885..153B/abstract
https://ui.adsabs.harvard.edu/abs/1996A&AS..117..393B/abstract
https://doi.org/10.1088/0004-637X/765/1/22
https://ui.adsabs.harvard.edu/abs/2013ApJ...765...22B/abstract
https://doi.org/10.1146/annurev-astro-091916-055313
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..343B/abstract
https://doi.org/10.3847/2041-8205/828/1/L5
https://ui.adsabs.harvard.edu/abs/2016ApJ...828L...5C/abstract
https://doi.org/10.3847/2041-8213/ab24d2
https://ui.adsabs.harvard.edu/abs/2019ApJ...878L..16C/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...878L..16C/abstract
https://doi.org/10.3847/1538-4357/ab22c1
https://ui.adsabs.harvard.edu/abs/2019ApJ...879...13C/abstract
https://doi.org/10.3847/1538-4357/ab7758
https://ui.adsabs.harvard.edu/abs/2020ApJ...891..144C/abstract
https://doi.org/10.1088/0004-6256/146/5/126
https://ui.adsabs.harvard.edu/abs/2013AJ....146..126C/abstract
https://ui.adsabs.harvard.edu/abs/2013AJ....146..126C/abstract
https://doi.org/10.3847/1538-4357/aafbe7
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...80C/abstract
https://doi.org/10.1088/2041-8205/795/2/L35
https://ui.adsabs.harvard.edu/abs/2014ApJ...795L..35C/abstract
https://doi.org/10.3847/0004-637X/823/1/19
https://ui.adsabs.harvard.edu/abs/2016ApJ...823...19C/abstract
https://doi.org/10.3847/1538-4357/aa615b
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..136D/abstract
https://doi.org/10.1086/316630
https://ui.adsabs.harvard.edu/abs/2000PASP..112.1383D/abstract
http://arxiv.org/abs/1912.03302
https://doi.org/10.3847/0004-637X/829/2/108
https://ui.adsabs.harvard.edu/abs/2016ApJ...829..108E/abstract
https://doi.org/10.1146/annurev.astro.43.072103.150608
https://ui.adsabs.harvard.edu/abs/2005ARA&A..43..387G/abstract
https://doi.org/10.1093/mnras/stx1710
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1709G/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1709G/abstract
https://doi.org/10.3847/1538-4357/aa8626
https://ui.adsabs.harvard.edu/abs/2017ApJ...847....4G/abstract
https://doi.org/10.1093/mnrasl/slaa001
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493L..44J/abstract
https://doi.org/10.1051/0004-6361/201527745
https://ui.adsabs.harvard.edu/abs/2016A&A...588A..89J/abstract
https://doi.org/10.1088/0004-6256/145/4/101
https://ui.adsabs.harvard.edu/abs/2013AJ....145..101K/abstract
https://doi.org/10.1134/S199034131504001X
https://ui.adsabs.harvard.edu/abs/2015AstBu..70..379K/abstract
https://doi.org/10.3847/1538-3881/ab5af1
https://ui.adsabs.harvard.edu/abs/2020AJ....159...37K/abstract
https://doi.org/10.1086/307643
https://ui.adsabs.harvard.edu/abs/1999ApJ...522...82K/abstract
https://doi.org/10.3847/1538-4357/833/2/167
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..167M/abstract
https://doi.org/10.1088/0004-6256/144/1/4
https://ui.adsabs.harvard.edu/abs/2012AJ....144....4M/abstract
https://doi.org/10.3847/1538-4357/aae8e7
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...55M/abstract
https://doi.org/10.1088/2041-8205/787/2/L37
https://ui.adsabs.harvard.edu/abs/2014ApJ...787L..37M/abstract
https://doi.org/10.3847/1538-4357/833/2/168
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..168M/abstract
https://doi.org/10.1086/312287
https://ui.adsabs.harvard.edu/abs/1999ApJ...524L..19M/abstract
https://doi.org/10.1051/0004-6361/201526748
https://ui.adsabs.harvard.edu/abs/2015A&A...583A..79M/abstract
https://doi.org/10.1051/0004-6361/201935807
https://ui.adsabs.harvard.edu/abs/2019A&A...629A..18M/abstract
https://doi.org/10.1051/0004-6361/201730434
https://ui.adsabs.harvard.edu/abs/2017A&A...602A.119M/abstract
https://doi.org/10.1086/340952
https://ui.adsabs.harvard.edu/abs/2002AJ....124..266P/abstract
http://arxiv.org/abs/1807.06209
https://doi.org/10.1088/0067-0049/195/2/18
https://ui.adsabs.harvard.edu/abs/2011ApJS..195...18R/abstract
https://doi.org/10.1051/0004-6361:20042198
https://ui.adsabs.harvard.edu/abs/2005A&A...437..823R/abstract
https://doi.org/10.1088/2041-8205/793/1/L7
https://ui.adsabs.harvard.edu/abs/2014ApJ...793L...7S/abstract
https://doi.org/10.1088/2041-8205/812/1/L13
https://ui.adsabs.harvard.edu/abs/2015ApJ...812L..13S/abstract
https://doi.org/10.1093/mnras/stw145
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.1931S/abstract
https://doi.org/10.1088/0004-637X/737/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...737..103S/abstract
https://doi.org/10.1086/305772
https://ui.adsabs.harvard.edu/abs/1998ApJ...500..525S/abstract
https://doi.org/10.1146/annurev-astro-091918-104453
https://ui.adsabs.harvard.edu/abs/2019ARA&A..57..375S/abstract
https://doi.org/10.1093/mnras/sty774
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478..548S/abstract
https://doi.org/10.3847/1538-4357/aad2d6
https://ui.adsabs.harvard.edu/abs/2018ApJ...863..152S/abstract


Smercina, A., Bell, E. F., Slater, C. T., et al. 2017, ApJL, 843, L6
Toloba, E., Sand, D. J., Spekkens, K., et al. 2016, ApJL, 816, L5
van Dokkum, P. G., Abraham, R., & Merritt, A. 2014, ApJL, 782, L24

Wetzel, A. R., Hopkins, P. F., Kim, J.-h., et al. 2016, ApJL, 827, L23
Woodley, K. A., & Gómez, M. 2010, PASA, 27, 379

7

The Astrophysical Journal Letters, 893:L9 (7pp), 2020 April 10 Bennet et al.

https://doi.org/10.3847/2041-8213/aa78fa
https://ui.adsabs.harvard.edu/abs/2017ApJ...843L...6S/abstract
https://doi.org/10.3847/2041-8205/816/1/L5
https://ui.adsabs.harvard.edu/abs/2016ApJ...816L...5T/abstract
https://doi.org/10.1088/2041-8205/782/2/L24
https://ui.adsabs.harvard.edu/abs/2014ApJ...782L..24V/abstract
https://doi.org/10.3847/2041-8205/827/2/L23
https://ui.adsabs.harvard.edu/abs/2016ApJ...827L..23W/abstract
https://doi.org/10.1071/AS09059
https://ui.adsabs.harvard.edu/abs/2010PASA...27..379W/abstract

	1. Introduction
	2. HST Data and Photometry
	3. The Nature of the Dwarf Candidates
	4. The M101 Satellite Luminosity Function
	5. Discussion and Conclusions
	References



