San Jose State University
From the SelectedWorks of Aaron J. Romanowsky

November 27, 2018

The Dragonfly Nearby Galaxies Survey. V. HST/
ACS Observations of 23 Low Surface Brightness
Objects in the Fields of NGC 1052, NGC 1084,
M96, and NGC 4258
Yotam Cohen, Yale University
Pieter van Dokkum, Yale University
Shany Danieli, Yale University
Aaron J. Romanowsky, San Jose State University
Roberto Abraham, University of Toronto, et al.

Available at: https://works.bepress.com/aaron_romanowsky/151/

The Astrophysical Journal, 868:96 (14pp), 2018 December 1

https://doi.org/10.3847/1538-4357/aae7c8

© 2018. The American Astronomical Society. All rights reserved.

The Dragonﬂy Nearby Galaxies Survey. V. HST/ACS Observations of 23 Low Surface
Brightness Objects in the Fields of NGC 1052, NGC 1084, M96, and NGC 4258
Yotam Cohen1 , Pieter van Dokkum1 , Shany Danieli1,2,3 , Aaron J. Romanowsky4,5 , Roberto Abraham6,7 ,
Allison Merritt8 , Jielai Zhang6,7 , Lamiya Mowla1 , J. M. Diederik Kruijssen9, Charlie Conroy10 , and Asher Wasserman11
1

Department of Astronomy, Yale University, New Haven, CT 06511, USA
2
Department of Physics, Yale University, New Haven, CT 06520, USA
3
Yale Center for Astronomy and Astrophysics, Yale University, New Haven, CT 06511, USA
4
Department of Physics & Astronomy, San José State University, One Washington Square, San Jose, CA 95192, USA
5
University of California Observatories, 1156 High Street, Santa Cruz, CA 95064, USA
6
Department of Astronomy & Astrophysics, University of Toronto, 50 St. George Street, Toronto, Ontario M5S 3H4, Canada
7
Dunlap Institute for Astrophysics, University of Toronto, 50 St. George Street, Toronto, Ontario M5S 3H4, Canada
8
Max-Planck-Institut für Astronomie, Königstuhl 17, D-69117 Heidelberg, Germany
9
Astronomisches Rechen-Institut, Zentrum für Astronomie der Universität Heidelberg, Mönchhofstraße 12-14, D-69120 Heidelberg, Germany
10
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA, USA
11
Department of Astronomy & Astrophysics, University of California-Santa Cruz, Santa Cruz, CA 95064, USA
Received 2018 July 24; revised 2018 October 3; accepted 2018 October 9; published 2018 November 27

Abstract
We present Hubble Space Telescope/Advanced Camera for Surveys (ACS) imaging of 23 very low surface
brightness (μe,V∼25–27.5) galaxies detected in the ﬁelds of four nearby galaxy groups. These objects were
selected from deep optical imaging obtained with the Dragonﬂy Telephoto Array. Seven are newly identiﬁed,
while most of the others had been seen previously in visual surveys of deep photographic plates and more recent
surveys. Few have previously been studied in detail. From the ACS images, we measure distances to the galaxies
using both the tip of the red giant branch method and the surface brightness ﬂuctuations method. We demonstrate
that the two methods are consistent with each other in the regime where both can be applied. The distances to
15 out of 20 galaxies with stable measurements are consistent with that of the targeted group within errors. This
suggests that assuming group membership based solely on projected proximity is ∼75% successful in this regime.
The galaxies are nearly round, with a median axis ratio of 0.85, and visually resemble dwarf spheroidal galaxies.
The objects have a range of sizes, from Re=0.4 kpc to Re=1.8 kpc, with a median áReñ = 1.0 kpc . They range in
luminosity from MV=−11.4 to MV=−15.6, with a median áMV ñ = -12.4. Galaxies with Re∼1 kpc and
MV∼−12 are fairly rare in the Local Group, but we ﬁnd many of them in this relatively small sample. Four of the
objects fall in the class of ultra-diffuse galaxies, with Re>1.5 kpc and μ0,V>24 mag arcsec−2, including the
recently identiﬁed dark matter deﬁcient galaxy NGC 1052-DF2.
Key words: galaxies: distances and redshifts – galaxies: dwarf – galaxies: groups: general – galaxies: photometry
complements searches that use star counts (e.g., Belokurov et al.
2007; Martin et al. 2013; Smercina et al. 2018) as it can be used
effectively at relatively large distances (see Danieli et al. 2018).
We have obtained images of a sample of nearby galaxies in
the context of the Dragonﬂy Nearby Galaxy Survey (DNGS;
Merritt et al. 2016a, 2016b). The galaxies in this survey are the
nearest objects in bins of absolute magnitude, with additional
constraints on Galactic cirrus emission and visibility from the
New Mexico Skies Observatory. The ﬁrst galaxy that we
observed was the nearby massive spiral M101 (van Dokkum
et al. 2014). We identiﬁed seven previously unknown low LSB
objects (Merritt et al. 2014). Follow-up Hubble Space Telescope
(HST)/Advanced Camera for Surveys (ACS) imaging was used
to measure distances using the tip of the red giant branch
(TRGB) method, and it turned out that, surprisingly, only three
out of the seven objects are in fact dwarf galaxies at the distance
of M101 (Danieli et al. 2017). The other four are most likely
UDGs associated with the background NGC 5485 group at a
distance of ∼27 Mpc (Merritt et al. 2016b).
In this paper, we describe HST/ACS observations of 23
other LSB objects in four of the DNGS ﬁelds. More than half
of the galaxies had already been identiﬁed in previous searches
(Karachentsev et al. 2000, 2013, 2014, 2015; Trentham &
Tully 2002; Kim et al. 2011; Müller et al. 2018), but they had

1. Introduction
While studies of low surface brightness (LSB) galaxies date
back several decades (Bothun et al. 1987; Impey et al. 1996),
advances in instrumentation are now allowing us to push down
to ever dimmer limits and reveal the diversity of the LSB
universe.
We have been taking deep, wide ﬁeld images of the sky using a
robotic, refracting, LSB optimized telescope called the Dragonﬂy
Telephoto Array (Abraham & van Dokkum 2014). Using this
telescope, a substantial population of ultra-diffuse galaxies
(UDGs) featuring extremely LSBs (μ0,g>24 mag arcsec−2) and
large effective radii (Reff>1.5 kpc) was identiﬁed by van
Dokkum et al. (2015) in the Coma cluster. These UDGs have
drawn signiﬁcant attention in recent years and subsequent
searches have found similar objects in other galaxy clusters
including Virgo (Mihos et al. 2015) and Fornax (Muñoz et al.
2015). The formation of UDGs is a topic of vigorous debate in the
literature (see, e.g., Beasley & Trujillo 2016; Di Cintio et al. 2017;
Mowla et al. 2017).
Dragonﬂy is also contributing to our knowledge of galaxies in
groups and the general ﬁeld, as in most ∼6 square degree images
of bright nearby galaxies there are LSB objects that may be dwarf
satellites of the primary galaxy (see, e.g., Karachentseva &
Karachentsev 1998; Karachentsev et al. 2000). This LSB approach
1
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Blakeslee et al. (2001) and Tully et al. (2013). For NGC 1084,
we adopt D=18.5±1 Mpc, which is a rough average from
recent supernova (Barbarino et al. 2015) and Tully–Fisher
(Tully et al. 2016) measurements.
The ACS exposures were bias- and dark-current-subtracted,
ﬂatﬁelded, and CTE-corrected by the standard STScI pipeline,
resulting in calibrated “ﬂc” ﬁles. Using the latest version of
DrizzlePac,14 we produced our own drizzled frames from the
“ﬂc” ﬁles after cleaning them from cosmic rays using LACosmic (van Dokkum 2001) and aligning them using the
TWEAKREG utility of DrizzlePac. All galaxies were drizzled
to a reference frame that has north up and east to the left, with
pixel size of 0 05. Pseudo-color images of all the objects in the
sample, generated from the drizzled frames, ordered by
effective surface brightness, are shown in Figure 2. In this
ﬁgure, all panels are shown using the same pixel stretch in
order to enable meaningful comparison in surface brightness
levels and overall color. However, it is difﬁcult to see some of
the most diffuse objects on this stretch; we therefore also
include Figure 3 ,which displays the V606+I814 data after
smoothing and using a different pixel stretch in each panel
appropriate for the surface brightness of the particular galaxy.
Visually, most of the galaxies appear to be featureless
“blobs”, superﬁcially resembling dwarf spheroidal galaxies in
the Local Group. We see no galaxies with spiral arms or other
regular morphological substructure. Against the backdrop of
this overall similarity, we do see differences within the sample
including:

not been studied in detail and none had accurately measured
distances. In this work, we present these new ACS data and
measure structural parameters and distances of the galaxies.
One object in this sample is NGC 1052-DF2, which has already
been the subject of several papers (Abraham et al. 2018;
Laporte et al. 2018; Martin et al. 2018; Nusser 2018; van
Dokkum et al. 2018a, 2018b, 2018c; Wasserman et al. 2018).
2. Observations and Data Reduction
2.1. Identiﬁcation with Dragonﬂy
The diffuse galaxies examined in this work were identiﬁed as
candidates in deep images taken with Dragonﬂy in a 10-lens
conﬁguration.12 The images are centered on bright galaxies in
four nearby groups: NGC 1052, NGC 3384 (in the M96 group),
NGC 4258, and NGC 1084. The deep frames are coadds of
many 600 s exposures. Typical total exposure times were
between 15 and 25 hr per ﬁeld (see Merritt et al. 2016a) in g
and r ﬁlters.
The LSB candidates were identiﬁed by visually inspecting
the Dragonﬂy images. This method is not objective and thus
the sample is likely to be incomplete; in the future we will reanalyze the Dragonﬂy data using more objective techniques.
The 23 candidates that were subsequently observed with HST
are shown in the Dragonﬂy images of Figure 1. Their basic
information can be found in Tables 1 and 2. Sixteen of the
galaxies had been seen before, in visual inspections of deep
photographic plates and other more recent surveys. The
designations and references given to these previous detections
are given in Table 1. The remaining seven are new discoveries;
they are typically the fainter objects in the sample.13 Note that
all these galaxies are bright, unambiguous detections (see
Figure 1); we are not probing the limits of the Dragonﬂy
imaging in this paper.

1. Several of the galaxies appear to contain one or more star
cluster-like objects and/or a bright, central nuclear star
cluster, while others have none.
2. One of the galaxies, NGC 1052-DF2, was recently
identiﬁed as a dark matter deﬁcient galaxy from
kinematic measurements of its globular clusters (van
Dokkum et al. 2018a, 2018c); the clusters themselves are
also interesting as their average brightness and degree of
ﬂattening are unusually high (van Dokkum et al. 2018b).
3. Blue, star-forming clumps are clearly visible in NGC 1084DF1 and NGC 1052-DF8 (and both objects are detected, at
least visually, in archival GALEX observations), while most
of the others appear much smoother and redder.

2.2. HST Imaging
As part of our Cycle 24 HST program 14644, we observed
23 candidate LSBs with the ACS/WFC. In the NGC 4258 and
M96 ﬁelds, we obtained a single orbit per galaxy, split into two
dithered exposures in the I814 ﬁlter totaling 1164 (NGC 4258)
and 1096 (M96) seconds, and two dithered exposures in the
V606 ﬁlter totaling 1094 (NGC 4258) and 1026 (M96) seconds.
In the NGC 1052 and NGC 1084 ﬁelds, we obtained two orbits
per galaxy, split into four dithered exposures in the I814 ﬁlter
totaling 2320 s and four dithered exposures in the V606 ﬁlter
totaling 2180 s. The choices of these exposure times were
motivated by the distances of the primary galaxies in these
ﬁelds and, in turn, the estimated depth needed to determine
distances of the LSB objects (Section 4) if they are associated
with the primary galaxies. For reference, we adopt the
following distances: For M96, we adopt the group distance
of Tully et al. (2013), D=10.7±0.3 Mpc, which is derived
from a combination of Cepheid, surface brightness ﬂuctuations
(SBFs), and Tully–Fisher measurements. For NGC 4258, we
use the highly accurate maser distance, D=7.6±0.2 Mpc
(Humphreys et al. 2013). For NGC 1052, we adopt D=20±
1 Mpc, which is an average of SBF measurements from

In what follows, we use the ACS imaging data to quantify
the structure of the galaxies and derive distance estimates. We
use AB magnitudes everywhere except for the stellar photometry and TRGB analysis (Section 4).
3. Structure and Brightness
We used GALFIT (Peng et al. 2002) to measure the
structure, magnitude, color, and surface brightness of the
galaxies. The ﬁtting procedure involved several steps, which
we summarize here. In order to ensure stable ﬁts to these faint
galaxies, we aggressively masked all contaminating sources.
To do this, we ﬁrst created an initial mask for each frame by
running SExtractor (Bertin & Arnouts 1996) on the drizzled
I814 frames. SExtractor was run with a relatively high threshold
to avoid detecting the LSB galaxies themselves; the goal is to
detect only the contaminating sources. In order to improve the
masking of the diffuse light around the edges of bright sources,
we then grew the mask by smoothing it with a Gaussian and

12

At the time of writing, Dragonﬂy has 48 lenses.
We note that “new discoveries” does not necessarily imply that there is no
object in any catalog at the position of the galaxy; speciﬁcally, the SDSS
pipeline sometimes detects the brightest parts of LSB galaxies and/or compact
objects within them.
13

14
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Figure 1. Deep Dragonﬂy images (stacked g+r) of the ﬁelds centered on NGC 4258 (top left), NGC 3384 (in the M96 group) (top right), NGC 1052 (bottom left),
and NGC 1084 (bottom right). The zoomed insets show the LSB galaxies and span 2′ on a side. Within each of the four panels, the pixel stretch of the main frame is
the same as that of all the zoomed insets, and the zoom is the same for each of the insets. All frames have north up and east to the left. Each Dragonﬂy frame spans
approximately 3°×3°.

absorbing all pixels higher than some threshold value (typically
0.05, where 1 is the value of a masked pixel in the original
mask and 0 is the value of an unmasked pixel) into the mask.
We also added some features by hand, in particular diffraction
spikes from bright stars and other artifacts. We also make sure
that the nuclear and globular star clusters assumed to be
associated with the LSB galaxies (Section 6.3) are masked.
GALFIT was run on the summed, drizzled I814+V606
images. We used the summed images as they provide more
stable ﬁts than the (lower signal-to-noise ratio) individual
bands. A single Sérsic function was used as the model,

allowing all parameters to vary. For each galaxy, we ran the ﬁts
multiple times, each time updating the ﬁtting region, the “guess
values” for the model parameters, and the mask, until the model
parameters converged and the residuals were deemed satisfactory. The ﬁnal model ﬁts and residuals are shown in Figure 4.
In order to measure the V606 and I814 magnitudes, we then ran
GALFIT on the V606 and I814 frames separately, holding all
parameters (except for the magnitude) ﬁxed to the values of the
best-ﬁt model determined for the summed image. From the
model parameters, we calculated the central and effective
surface brightness (deﬁned as the average surface brightness
3
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Table 1
Designations and Positions

Id

alt. Id

ref

NGC 1084-DF1
NGC 1052-DF4
NGC 1052-DF2
NGC 4258-DF1
M96-DF11
NGC 4258-DF2
NGC 4258-DF3
M96-DF9
M96-DF1
M96-DF8
NGC 1052-DF8
M96-DF4
M96-DF3
NGC 4258-DF6
NGC 1052-DF5
M96-DF5
M96-DF7
NGC 4258-DF5
NGC 1052-DF7
M96-DF10
M96-DF6
NGC 1052-DF1
M96-DF2

WHI B0240-07
new
[KKS2000]04
[KK98]136
[KK98]093
[KKH2011]S09
BTS 109
[KK2004] LeG 14
new
[KK98]094
new
[KK98]096
[KK2004] LeG 9
[KK98]132
new
dw1049+12b
Leo I GROUP:[TT2002] 10
LV J1215+4732
new
dw1048+13
Leo I GROUP:[TT2002] 09
new
new

Whiting et al. (2002)
L
Karachentsev et al. (2000)
Karachentseva & Karachentsev
Karachentseva & Karachentsev
Kim et al. (2011)
Binggeli et al. (1990)
Karachentsev & Karachentseva
L
Karachentseva & Karachentsev
L
Karachentseva & Karachentsev
Karachentsev & Karachentseva
Karachentseva & Karachentsev
L
Müller et al. (2018)
Trentham & Tully (2002)
Karachentsev et al. (2014)
L
Müller et al. (2018)
Trentham & Tully (2002)
L
L

(1998)
(1998)
(2004)
(1998)
(1998)
(2004)
(1998)

R.A. (J2000)

Decl. (J2000)

02:42:38.0
02:39:15.1
02:41:46.8
12:20:40.2
10:46:24.6
12:19:36.0
12:17:09.4
10:46:14.2
10:48:13.1
10:46:57.4
02:40:45.5
10:50:27.2
10:42:34.4
12:19:06.2
02:39:12.6
10:49:26.0
10:47:13.5
12:15:51.4
02:38:29.9
10:48:36.0
10:46:53.1
02:40:04.6
10:47:40.6

−07:20:16.3
−08:06:58.6
−08:24:09.3
+47:00:02.7
+14:01:27.8
+47:05:35.3
+47:03:49.2
+12:57:38.0
+11:58:06.4
+12:59:55.3
−07:38:48.7
+12:21:35.3
+12:09:04.4
+47:43:49.3
−08:08:27.3
+12:33:10.3
+12:48:09.1
+47:32:51.5
−07:55:33.8
+13:03:35.2
+12:44:33.5
−08:26:44.4
+12:02:55.8

Note. Objects sorted by effective surface brightness, as in Figures 2 and 3.

Table 2
Observed Properties
Id
NGC 1084-DF1
NGC 1052-DF4
NGC 1052-DF2
NGC 4258-DF1
M96-DF11
NGC 4258-DF2
NGC 4258-DF3
M96-DF9
M96-DF1
M96-DF8
NGC 1052-DF8
M96-DF4
M96-DF3
NGC 4258-DF6
NGC 1052-DF5
M96-DF5
M96-DF7
NGC 4258-DF5
NGC 1052-DF7
M96-DF10
M96-DF6
NGC 1052-DF1
M96-DF2

V606a

μ0,Vb

μe,Vc

V606−I814

reffd

ne

b/af

16.2±0.1
16.5±0.1
16.2±0.1
16.7±0.1
16.8±0.1
18.2±0.1
18.2±0.1
17.8±0.1
18.8±0.1
16.6±0.1
19.3±0.1
16.5±0.1
16.5±0.1
17.5±0.1
19.3±0.1
18.2±0.1
17.9±0.1
17.7±0.1
18.9±0.1
17.8±0.1
16.6±0.1
18.2±0.1
18.3±0.1

23.9±0.1
23.7±0.1
24.2±0.1
23.0±0.1
24.0±0.1
24.1±0.1
23.9±0.1
24.1±0.1
24.3±0.2
24.5±0.1
24.7±0.2
24.7±0.1
24.6±0.1
24.3±0.3
25.8±0.2
25.0±0.3
25.2±0.3
25.3±0.5
25.1±0.3
25.2±0.7
25.2±0.9
25.8±0.4
24.8±0.7

24.7±0.1
25.1±0.1
25.1±0.1
25.2±0.1
25.2±0.1
25.3±0.1
25.3±0.1
25.7±0.1
25.8±0.2
25.8±0.1
25.8±0.2
25.9±0.1
25.9±0.1
26.2±0.3
26.3±0.2
26.6±0.3
26.6±0.3
26.8±0.6
26.9±0.3
27.0±0.7
27.0±0.9
27.4±0.5
27.6±0.8

0.19±0.1
0.32±0.1
0.40±0.1
0.44±0.1
0.45±0.1
0.49±0.1
0.45±0.1
0.39±0.1
0.37±0.1
0.55±0.1
0.40±0.1
0.46±0.1
0.42±0.1
0.25±0.1
0.21±0.1
0.44±0.1
0.08±0.1
0.37±0.1
0.29±0.1
0.27±0.1
0.19±0.1
0.31±0.1
0.26±0.1

18.2±0.1
16.5±0.1
21.2±0.1
15.2±0.1
15.7±0.1
8.4±0.1
8.6±0.1
12.1±0.1
9.6±0.1
23.4±0.1
6.7±0.1
27.4±0.1
24.7±0.1
18.5±0.2
9.2±0.1
16.3±0.2
17.6±0.2
23.0±0.5
17.7±0.2
20.4±0.6
40.6±1.4
25.9±0.4
21.6±0.6

0.54±0.01
0.79±0.01
0.55±0.01
1.16±0.01
0.73±0.01
0.70±0.01
0.79±0.01
0.90±0.01
0.84±0.01
0.78±0.01
0.67±0.01
0.70±0.01
0.76±0.01
1.04±0.01
0.37±0.01
0.87±0.01
0.81±0.01
0.87±0.02
0.97±0.01
0.99±0.03
0.99±0.03
0.90±0.01
1.44±0.03

0.83±0.01
0.89±0.01
0.85±0.01
0.87±0.01
0.95±0.01
0.94±0.01
0.87±0.01
0.87±0.01
0.59±0.01
0.85±0.01
0.91±0.01
0.73±0.01
0.88±0.01
0.74±0.01
0.84±0.01
0.74±0.01
0.88±0.01
0.73±0.01
0.42±0.01
0.95±0.01
0.71±0.01
0.61±0.01
0.81±0.01

Notes. Objects sorted by effective surface brightness, as in Figures 2 and 3. Uncertainties represent the random uncertainties in the model parameter ﬁts as reported by
GALFIT.
a
Integrated apparent magnitude.
b
Central surface brightness (mag arcsec−2).
c
Effective surface brightness (mag arcsec−2).
d
Semimajor axis effective radius (arcsec).
e
Sérsic index.
f
Axis ratio.
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Figure 2. Pseudo-color images created from HST/ACS V606 and I814 images using the Lupton et al. (2004) algorithm. From left to right and top to bottom, the galaxies
are ordered by effective surface brightness in the V606-band. All panels are displayed using the same pixel stretch. Each panel spans 1′ on a side. North is up and east is
to the left. Newly discovered galaxies are marked with “new” in the corner.

5
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Figure 3. Similar to Figure 2 but showing the stacked V606+I814 frames after smoothing with a Gaussian ﬁlter. Unlike in Figure 2, each panel is displayed using a
different pixel stretch that makes the respective galaxy easily visible. Newly discovered galaxies are marked with “new” in the corner.

6
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Figure 4. GALFIT models for all the galaxies in the sample, ordered by effective surface brightness. Shown for each object is the ﬁtting region in the stacked V+I
image (left), best-ﬁtting GALFIT model (middle), and corresponding residuals (right). All panels are displayed with the same pixel stretch. Note that the size of the
ﬁtting region is not the same for each galaxy; the boxes do not all have the same size. North is up and east is to the left.

within the effective radius) for each galaxy using equations
provided in Graham & Driver (2005). Measured properties are
given in Table 2.
As expected, the galaxies are very diffuse, having a median
V606 central surface brightness ám0, V ñ = 24.7 mag arcsec-2 and
median effective surface brightness áme, V ñ = 26.0 mag arcsec-2 .
In Figure 5, we show the distribution of Sérsic indices and axis
ratios for the sample; there is no signiﬁcant relation. The majority
of the galaxies are well-ﬁtted by a Sérsic function of Sérsic index
n<1, with none exceeding n∼1.5 and a median ánS ñ = 0.8.
Barring two or three clear exceptions, most of the galaxies are
remarkably round, with a median axis ratio áb añ = 0.85. The
immediate implication is that the galaxies are not a population of
thin disks, as they would then have an average axis ratio of ∼0.5.
Their structure resembles that of known dSphs and dIrrs (see
Kormendy & Freeman 2016, and references therein).

4. Stellar Photometry and TRGB Distances
Inspection of the high-resolution ACS images reveals that
many (although not all) of the galaxies are clearly resolved into
stars. To measure the stellar photometry, we used the publicly
available ACS module of DOLPHOT, a modiﬁed version of
HSTphot (Dolphin 2000). The photometry was carried out on
the calibrated “ﬂc” ﬁles for all galaxies in the sample, even
those that did not appear to be obviously resolved into stars.
Artiﬁcial star tests were also performed on the images, using
the artiﬁcial star utilities in DOLPHOT, in order to quantify the
photometric errors and completeness. We followed the usual
procedures for performing ACS photometry as outlined in the
manual,15 including pre-processing steps such as hot pixel
masking, sky determination, and image alignment. DOLPHOT
15

7
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Table 3
Distances Shown in Figure 9
Id
NGC 1052-DF1
NGC 1052-DF2
NGC 1052-DF4
NGC 1052-DF5
NGC 1052-DF7
NGC 1052-DF8
NGC 1084-DF1
M96-DF1
M96-DF2
M96-DF3
M96-DF4
M96-DF5
M96-DF6
M96-DF7
M96-DF8
M96-DF9
M96-DF10
M96-DF11
NGC 4258-DF1
NGC 4258-DF2
NGC 4258-DF3
NGC 4258-DF5
NGC 4258-DF6

TRGB Distance
(Mpc)

SBF Distance
(Mpc)

>9.9
>12.6
>9.7
>16.2
>14.7
>9.8
>5.5
10.4±0.5
10.6±0.5
10.2±0.3
10.0±0.2
10.8±0.3
10.2±0.3
10.2±0.5
10.2±0.3
10.0±0.4
10.6±0.6
9.5±0.3
>12.5
>10.1
>9.7
>10.4
7.3±0.2

12.4:
18.9±1.0
19.9±2.8
16.2:
14.9±2.6
18.3±4.1
22.9:
11.8±1.8
10.2±2.6
10.8±1.0
9.1±0.9
9.7±1.6
11.3±3.3
11.9±3.1
9.0±0.8
12.0±2.0
11.0±1.5
10.0±1.3
15.6±2.5
12.5±2.0
13.8±1.5
11.7±1.5
8.5±3.4

Figure 5. Sérsic indices and axis ratios of the galaxies in this sample (blue
circles and blue, solid histograms), measured using GALFIT. It is seen that the
majority of these objects are fairly round (áb añ = 0.85) and have light proﬁles
slightly less concentrated than an exponential (ánSñ = 0.8). Also plotted are the
outer halo satellites of the Milky Way (orange squares and orange, dashed
histograms), from Table 5 of Munoz et al. (2018). Only objects with
Re>25 pc from their Table 5 are plotted, in order to remove globular clusters.

Note. Lower distance limits from the TRGB non-detection are given where
applicable. See Section 4 for an explanation. SBF distances marked with a
colon are highly uncertain due to extremely low central surface brightness or
too much contamination from blue stars.

In order to measure distances from CMDs, we use the TRGB
method. One of the most efﬁcient and precise approaches to
measuring distances in the local universe, the TRGB method is
a standard–candle distance indicator based on the predictable
I
» -4.05, just prior
maximum luminosity of RGB stars, MTRGB
17
to the helium ﬂash (McQuinn et al. 2017). To make a
quantitative measurement of the TRGB, which manifests as a
discontinuity or “edge” in the luminosity function, we used the
logarithmic edge-detection ﬁlter described in Méndez et al.
(2002) applied to a Gaussian-smoothed LF as in Seth et al.
(2005). The stars used in the measurements are the black points
in the CMDs in Figure 6.
The TRGB magnitudes and associated uncertainties were
determined by running 1000 Monte Carlo trials with bootstrap
resampling of the stars. In each trial, Gaussian random errors
based on artiﬁcial star tests were added to the resampled
photometry. Each trial returned the magnitude corresponding to
the peak of the weighted edge-detector response function. We
then generated a histogram of the resulting magnitudes and ﬁtted
the peak with a Gaussian. We take the mean and spread of this
Gaussian to be the magnitude of the TRGB and its random
uncertainty. As in Méndez et al. (2002), the edge-detector
response was weighted by the Poisson noise in the smoothed LF
in order to reduce the effect of noise spikes generated by large
variations in the LF at magnitudes brighter than the TRGB due to
the small number of asymptotic giant branch (AGB) stars.
However, in some Monte Carlo trials, there were still additional
peaks in the edge-detector response that clearly do not

parameters were set as recommended in the manual for these
kind of data.
The ﬁnal catalogs produced by DOLPHOT include the
position, ﬂux, ﬂux uncertainty, sharpness, crowding, χ2, and
many other parameters for each photometered source. As in
previous studies (e.g., Dalcanton et al. 2009; Radburn-Smith
et al. 2011; Danieli et al. 2017; McQuinn et al. 2017), we apply
strict cuts to the output catalogs in order to produce highquality ﬁnal catalogs. We adopt the crowding and sharpness
cuts used by Radburn-Smith et al. (2011), and the signal-tonoise ratio cuts used by McQuinn et al. (2017).
Figure 6 presents the color–magnitude diagrams (CMDs) for
the sample. For each galaxy, the CMD is populated by the
detections enclosed within an elliptical region of size 2 Re
centered on the galaxy, where Re, as well as the axis ratio and
position angle of the ellipse, correspond to the best-ﬁtting
Sérsic model from GALFIT. The light gray points show all
detections before applying the quality cuts, while the black
points show the detections remaining after applying the cuts.
The number in the bottom right of each panel indicates the
number of black points. The error bars on the left indicate the
mean photometric uncertainties, in bins of I814, as measured by
DOLPHOT. The photometry has also been corrected for
Galactic extinction using NED’s Galactic Extinction Calculator.16 As we can see, several of the galaxies are almost
completely unresolved into stars while others exhibit a clearly
identiﬁable red giant branch (RGB; see Figure 6 of RadburnSmith et al. 2011 for an illustration of the various features
present in CMDs).
16

17

Note that the “tip” of the RGB is not a limit, but the magnitude above which
the slope of the luminosity function steepens. In well-populated CMDs, there
are many giants that are brighter than the tip, including all stars on the AGB.
This is discussed in greater detail in van Dokkum et al. (2018b) for the case of
NGC 1052-DF2.

https://ned.ipac.caltech.edu/forms/calculator.html
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Figure 6. Color–magnitude diagrams of galaxies in our sample, imaged with HST/ACS and photometered with DOLPHOT. The galaxies are ordered by effective
surface brightness as in Figures 2 and 3. Light gray points show all detected point sources before applying quality cuts to the photometry. Black points show detections
remaining after applying quality cuts. The number in the bottom right indicates the number of black points. Error bars on the left indicate typical photometric
uncertainties in bins of I814. The red dashed line indicates the measured TRGB magnitude, where applicable.

that the maximum likelihood technique of Makarov et al. (2006)
gives similar results to the edge-detection method.
The observed TRGB magnitudes can be converted to
distances using the absolute magnitude of the TRGB. The
absolute magnitude of the TRGB in the I814 ﬁlter has a wellknown slight dependence on metallicity, which can be taken

correspond to the TRGB magnitude. In these cases, we
initialized the Gaussian ﬁt close to the likely TRGB peak. In
all cases, we scrutinized the results by examining diagnostic plots
like the ones shown in Figure 7. We ﬁnd that this method
provides well-converged estimates for the galaxies with a wellpopulated RGB above the photometric limit. We also veriﬁed
9
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Figure 7. TRGB ﬁtting for NGC 4258-DF6, showing the I814 luminosity
function (top left, step-plot), Gaussian-smoothed luminosity function and 1σ
uncertainty regions from bootstrap resamples (top left, solid line and shaded
region), edge-detector response (bottom left), distribution of TRGB magnitudes
from Monte Carlo trials (top right), and the color–magnitude diagram of stars
used in the measurement (bottom right). The measured TRGB magnitude is
shown as the dotted line in each panel.

Figure 8. Fits to the azimuthally averaged power spectra for NGC 1052-DF2 in
three annuli, as described in the text, showing the section of the original
(masked) image within which the measurement is performed (top left), the
same section of the image after subtracting the GALFIT model (top right),
power spectrum measurements of the data within each annulus and best-ﬁt
curves (bottom left), and the distribution of SBF magnitudes from numerous
trials of varying the ﬁtting range (bottom right). The adopted SBF magnitude
and uncertainty are the mean and spread of the Gaussian ﬁt to the histogram.

into account by using a color-dependent correction. We use the
calibration from Rizzi et al. (2007) derived for the HST/ACS
ﬁlters, reproduced here:

limit by asserting that the TRGB cannot be brighter than the
brightest stars in the CMD with V606−I814≈1. The lower
limit distances shown in Figure 9 were derived using this logic.
Note that these limits are very conservative for CMDs with
many detected objects; furthermore, some of the CMDs may
have noise/contamination detections at bright magnitudes that
falsely drive the limits to lower values. In the case of NGC 1084DF1, the limit is driven down by bright, non-RGB stars with
V606−I814∼1.

I814
MACS
= - 4.06 + 0.2 · [(V606 - I814) - 1.23].

Distance estimates were then calculated by drawing 1000 mag
values from the Gaussian used to ﬁt the TRGB magnitude and
assuming the above absolute magnitude calibration, where the
V606−I814 color used corresponds to the median color of the
stars at the measured TRGB magnitude. We take the mean and
standard deviation of the resulting distribution to be the
distance estimate and its random uncertainty.
In order to apply this method, the RGB of the CMD needs to
be sufﬁciently populated well above the photometric limit of the
observations. This is the case for all galaxies in the M96 ﬁeld as
well as NGC 4258-DF6; our measurement of their TRGB
magnitudes are indicated as red, dashed lines in Figure 6 and
corresponding distances are shown as the blue points and
uncertainties in Figure 9. Although we attempted to measure it,
we do not identify the TRGB in the other galaxies in our sample
for one or more of the following reasons: (1) the CMDs are too
sparsely populated (as in NGC 4258-DF2 and NGC 4258-DF3),
(2) there is too much contamination from bright stars (as in the
star-forming galaxy NGC 1084-DF1), (3) there is a concentration of detections near the photometric limit, but it is caused by
noise peaks and blending (as in NGC 1052-DF2 and NGC 1052DF4), as we veriﬁed using artiﬁcial star simulations (van
Dokkum et al. 2018d). The absence of a TRGB well above the
photometric limit immediately places lower limits on the
distances to those objects. As in Karachentsev et al. (2017),
I814
=
assuming that the TRGB has absolute magnitude MTRGB
-4.05 and V606−I814≈1, we can obtain a very stringent lower

5. SBF Distances
The other distance estimation method we use is the SBFs
method. The goal is to measure distances to galaxies that are
beyond the reach of the TRGB method (with our photometric
depth), but we apply it to as many galaxies in the sample as
possible so that we can test whether the two methods are
consistent with each other. The SBF distance indicator was
originally described by Tonry & Schneider (1988) and has
since been used widely. In this method, one measures the pixelto-pixel variance in the surface brightness a galaxy arising from
ﬂuctuations in the number of stars per resolution element;
the amplitude of the measured ﬂuctuations scales inversely
with the distance to the galaxy (Binney & Merriﬁeld 1998).
The metric is the SBF magnitude, which is effectively the
luminosity-weighted average brightness of the stars in the
galaxy.
We followed most of the usual prescription for applying this
method (e.g., Mei et al. 2005). First, we apply the masks used
in the GALFIT ﬁtting to the drizzled I814 images. Then, we
subtract a smooth model of the galaxy. Other authors have used
elliptical isophotes for the model but here we simply use the
best-ﬁtting GALFIT models. Next, we divide the image into
10
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Figure 9. Distance estimates to the galaxies in the sample, derived from two different methods, as described in the text. The red squares are from the surface brightness
ﬂuctuation (SBF) method, the blue circles from the tip of the red giant branch (TRGB) method, and the green triangles indicate approximate lower limits derived from
non-detections of the tip of the red giant branch (TRGB). The open squares correspond to objects with suspect SBF measurements due to extremely low surface
brightness or large contamination from blue stars. Note that the error bars on both the SBF and TRGB distances represent the random errors associated with the
measurement and do not take into account systematic errors owing to calibration uncertainties, etc. The different ﬁelds are delimited by the black dashed lines. The
gray shaded regions represent the distance to the main galaxy/group in the ﬁeld, as quoted in Section 2.2. The SBF and TRGB methods are consistent with each other,
and the distances of the majority of the galaxies are consistent with the gray bands. Note that several of the galaxies in the NGC 4258 ﬁeld do not belong to the
NGC 4258 group, but are located in the background.

concentric elliptical annuli, with position angle and axis ratio
corresponding to the GALFIT model, and measure the twodimensional power spectrum within each annulus. We do not
attempt to separately model and remove contributions to the
SBF from globular clusters and background objects (see Mei
et al. 2005) because they were already included in the mask
and/or their contribution to the uncertainty in the measurement
is small compared to the random uncertainties from the ﬁts.
Next, we measure the power spectrum of the normalized pointspread function (PSF) and of the window function, where the
window function is the product of the mask, the square root of
the smooth model, and an annular mask that selects the region
being analyzed, in each concentric annulus. We construct the
PSF from unsaturated stars in the ﬁeld. For each annulus,
the image power spectrum P(k) is then modeled by a linear
function,

large-scale background light subtraction, while at high wave
numbers, the spectra may be affected by pixel correlations
introduced by the geometric correction from drizzling the
images. The section of the image used in the measurement was
manually tweaked for each galaxy in order to increase the
stability of the ﬁts; it was typically a region of radius between
0.5 Re and 1.5 Re centered on the galaxy. The annuli were then
excised from within this region.
The uncertainties are dominated by the variance in the
measured SBF magnitude in the different annuli. In order to
estimate the random errors from the ﬁts, we recorded the SBF
magnitude measured in each annulus and for each range of
wave numbers ﬁt. We then generated a histogram of the
resulting magnitudes, weighted by the χ2 values of the ﬁts, and
ﬁt the peak with a Gaussian. We take the mean and spread of
this Gaussian to be the SBF magnitude and its uncertainty. In
all cases, we veriﬁed the results by examining diagnostic plots
like the ones shown in Figure 8. We ﬁnd that the convergence
and stability of the SBF measurement depends on the surface
brightness of the galaxy. For this reason, we caution that the
measurements for the most diffuse objects (μ0,V>25.5) in
the sample may be suspect. The other complication pertains to
the galaxy NGC 1084-DF1, which has signiﬁcant clumpy
structure, so the smooth GALFIT model is not adequate for
producing a clean model-subtracted image. The clumps
correspond to star-forming regions, which presents another
complication, as main-sequence stars are contaminating the
SBF signal. In the interest of maintaining consistency, we still
perform the SBF measurement (with smooth model and
extrapolation of the calibration) on this galaxy, but caution
that the result is suspect. We indicate the corresponding
distance estimates from these suspect measurements as open
squares in Figure 9.

P (k ) = P0 E (k ) + P1

where E(k) is the “expectation power spectrum”, which is the
convolution of the normalized PSF power spectrum and the
window function power spectrum, and P0 and P1 are constants
that are optimized to provide the best ﬁt. The constant P1
represents the ﬂat, white-noise component of the power
spectrum. The constant P0 is the quantity of interest; it is the
amplitude of SBFs in units of the original image, which we
then convert into the corresponding magnitude.
In practice, one usually ﬁts the azimuthally averaged power
spectra, as shown in Figure 8. For each annulus, we performed
the ﬁt multiple times, allowing the range of k values over which
the ﬁt is performed to vary slightly until convergence was
reached. The reason for allowing this ﬂexibility is because
at low wave numbers, the power spectra may be affected by
11
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Figure 10. Size–luminosity relation for our sample (colored stars), dwarf galaxies in and around the Local Group (gray squares; McConnachie 2012), and ultra–
diffuse galaxies (UDGs; gray shaded region; van Dokkum et al. 2015). The colors of the stars are redundant with the name of the ﬁeld that the galaxies belong to.
Wherever available, we use the TRGB distance to derive the physical size and luminosity, and the SBF distance otherwise. The black crosses under the legend
represent the typical uncertainties on the physical size and absolute magnitude from TRGB distances (top) and SBF distances (bottom). The dashed lines are lines of
constant effective surface brightness at μe,V=22, 24, and 26.

Distance estimates were calculated by drawing 1000 mag
values from the Gaussian used to ﬁt the SBF magnitude, and
assuming a color-dependent absolute magnitude from the
calibrated relation of Blakeslee et al. (2010), reproduced here:

no detectable TRGB are consistent with the lower limits from
the TRGB non-detection.
6. Discussion

M814 = ( - 1.168  0.013  0.092)
+ (1.83  0.2)[(g475 - I814) - 1.2].

6.1. Environment
As discussed in Section 1, our analysis of LSB galaxies in the
M101 ﬁeld showed that only three of the seven are members of the
M101 group (at ∼7 Mpc) (Danieli et al. 2017) with the other four
likely associated with the background NGC 5485 group at
∼27 Mpc (Merritt et al. 2016b). As for the ﬁelds examined in
this work, we can glean the following from Figure 9: all 11
galaxies in the M96 ﬁeld are at the distance of the M96 group. At
least three of the galaxies in the NGC 1052 ﬁeld are consistent with
the distance to NGC 1052 within errors, and none have a resolved
RGB in their CMDs from two-orbit ACS imaging, placing them
all at 14 Mpc (which means that they could all be associated with
the NGC 1052 group). In the NGC 4258 ﬁeld, only one galaxy is
at the distance of NGC 4258 with the other four in the background
at 12 Mpc. It is not clear which, if any, background galaxies or
group(s) these galaxies could be associated with; this is a rich area
of the sky with many fairly bright galaxies at different distances. It
remains an open question at this time whether they are all satellites
of background galaxies or if one or more is an isolated (central)
low-mass quiescent galaxy. Deeper imaging for accurate TRGB
distances, as well as radial velocity measurements, could shed
more light on this important question. Lastly, it is difﬁcult to

To obtain the required color index, we derive the relation
g475−I814=1.852(V606−I814)+0.096 from synthetic photometry and use the overall V606−I814 color of the galaxy, reported
in Table 2.18 We take the mean and standard deviation of the
resulting distribution of distance estimates as the distance estimate
and random uncertainty, plotted as red squares in Figure 9.
As noted above, we performed the SBF measurement on all
the galaxies, even those that have a distance measurement from
the location of the TRGB. The SBF measurements are
challenging for galaxies of such LSB, and there is certainly
room for improvement in our methodology. Despite that, there
is generally good agreement between the SBF and TRGB
methods, and the differences are generally consistent with the
estimated uncertainties, as seen in Figure 9 and Table 3.
Furthermore, the SBF distances estimated for the objects with
18

We note that the g475−I814 color of most of the galaxies in our sample lie
outside of the range that the Blakeslee et al. (2010) relation is calibrated for, but
we ﬁnd that an extrapolation may still be valid (see Figure 4 of van Dokkum
et al. 2018d).
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Most of the other objects fall somewhere in between Local
Group dwarf spheroidals (dSphs) and UDGs in terms of their
size and luminosity. There are only a few galaxies in the Local
Group with Re∼1 kpc and MV∼−12. By observing more
groups, and more massive groups such as M96, we are able to
ﬁll in this region of parameter space.
6.3. Nuclear Star Clusters and Globular Clusters
Several of the galaxies feature a nuclear star cluster or globular
cluster system. The unusual globular cluster system of NGC 1052DF2 has been studied in detail by van Dokkum et al. (2018b).
NGC 1052-DF4 also appears to host a globular cluster population.
Shown in Figure 11 are color images of the central 15″ of twelve
of the galaxies in the sample that seem to have (at least one) bright
compact object within this region. These compact objects all have
color V606−I814∼0.37 and absolute magnitude MI814 ~ -8.5,
which is nearly 1 magnitude brighter than the peak of the globular
cluster luminosity function. A detailed analysis of their properties
is beyond the scope of this paper; here we note that these compact
star clusters appear to be quite common in large, LSB galaxies
(Koda et al. 2015; Lim et al. 2018, and references therein).
7. Conclusions and Future Work
In this work, we present a sample of LSB galaxies (μe,V∼25–
27 mag arcsec−2) identiﬁed with the Dragonﬂy Telephoto Array
and subsequently followed up with HST/ACS V606 and I814
imaging. Several of the galaxies are new discoveries, while others
had been detected as candidate dwarfs by previous surveys, though
none have had an accurate distance measurement. We measure
their distances using the TRGB method where applicable and the
SBF method otherwise. The SBF measurement is difﬁcult for such
diffuse galaxies, but we show that the estimates obtained using this
method agree within the uncertainties with those obtained using
the TRGB method, in the distance regime where both are
applicable.
From the distance estimates, we derive physical sizes and luminosities and ﬁnd that the galaxies are mostly large (R∼1 kpc),
luminous (MV∼−12.5) dwarfs. A few are large and diffuse
enough to be considered UDGs, which are then among the nearest
known UDGs at the time of this writing. Most, if not all, of
the galaxies in the NGC 1052, NGC 1084, and M96 ﬁelds
are consistent with being at the distance of those groups. The
discovery of several new dwarfs in the M96 group means that the
LF of this group can now be updated to include these objects and
the question of the “missing satellites” and “too big to fail”
problems in this group can be reevaluated, although we note that
the distance estimates are not sufﬁciently accurate to determine
whether an LSB object is within the virial radius of the central
galaxy. On the other hand, four out of ﬁve of the galaxies in the
ﬁeld of NGC 4258 (∼7 Mpc) appear to be in the background at
roughly twice the distance of the NGC 4258 group. Radial velocity
measurements will be helpful in order to determine which, if any,
galaxies these objects are satellites of.
HST imaging reveals that the LSB galaxies exhibit a number
of interesting features. About half of them appear to host a
globular cluster system and/or a large, nuclear star cluster.
Among them is NGC 1052-DF2, which has recently been
shown to be highly dark matter deﬁcient from kinematic
observations of its globular clusters (van Dokkum et al. 2018c);
the clusters themselves also appear highly unusual in their
brightness and structure (van Dokkum et al. 2018b). Another

Figure 11. Pseudo-color HST/ACS images of the central 15″ of 12 galaxies in
the sample that appear to contain a bright, compact object(s) within this region.

comment on the group membership of NGC 1084-DF1 due to its
highly uncertain distance. Overall, we infer from our small sample
that ∼75% of faint LSB “blobs” (15/20 with secure distances) are
likely associated with the targeted groups, for the particular
combination of apparent sizes, surface brightnesses, and group
distances that are probed in this study.
6.2. Sizes
The derived distances allow the effective radii of the galaxies to
be expressed in physical units. In Figure 10, we show our sample
of galaxies in the size–luminosity plane, along with dwarf galaxies
in and around the Local Group (McConnachie 2012). Wherever
available, we use the TRGB distance to derive the physical size
and luminosity, and the SBF distance otherwise. For this ﬁgure,
we assume that the three galaxies without stable distance
measurements are at the distance of the targeted group. The red
shaded region shows where UDGs (van Dokkum et al. 2015) fall
within this parameter space. Four of the galaxies are (nominally)
UDGs: the well-studied galaxy NGC 1052-DF2 (van Dokkum
et al. 2018a, 2018b, 2018c); NGC 1052-DF4, which is a similarlooking galaxy in the same group, the extremely LSB galaxy
NGC 1052-DF1, which has a suspect distance measurement (and
thus also physical size), and the somewhat irregular galaxy M96DF6. The latter galaxy is one of the closest UDGs currently
known: with a TRGB distance of 10.2±3 Mpc, it may be
slightly closer than UGC 2162 (Trujillo et al. 2017).19
19

The galaxy F8D1 in the M81 group is even closer (Caldwell et al. 1998).
Furthermore, the Andromeda satellite And XIX could also be considered a
UDG (McConnachie et al. 2008).
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galaxy in this group, NGC 1052-DF4, appears to host a similar,
albeit slightly less numerous, population of clusters and we
plan to obtain kinematic measurements of them in order to
constrain the galaxy’s mass. Two of the galaxies, NGC 1052DF8 and NGC 1084-DF1, appear to have active star-forming
regions, while the rest have old, red stellar populations.
This paper presents a ﬁrst exploration, and we are planning
further studies of these objects. We conclude by highlighting
the synergy between LSB imaging surveys and HST.
Telescopes such as Dragonﬂy have the capacity to quickly
and efﬁciently detect extended LSB objects, and HST followup can then be used to study them in exquisite detail. Similar
synergies exist with H I observations; these are complementary
to LSB searches, as illustrated in, e.g., Watkins et al. (2014)
and Mihos et al. (2018). A particular advantage of H I is that it
provides radial velocity information, something that is exceedingly difﬁcult to do for the faintest galaxies in the optical. We
note that NGC1084-DF1 is the only galaxy in our sample with
a secure H I detection (from HIPASS; Barnes et al. 2001). We
plan to search for more LSB objects as part of the ongoing
Dragonﬂy Wide Field Survey (Danieli et al. 2018).
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