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With these improvements, the telescope has been able to detect
extremely faint structure in the intracluster light of Virgo (Mihos
et al. 2005).

However, in practice many of these solutions are generally
unavailable to the observer on a multiuser, multi-instrument
telescope, and even with such solutions in place, faint reflec-
tions still persist. In these situations, software solutions must be
implemented to correct for these reflections in the reduction pro-
cess, after the data have been taken. In this work we present a
way of characterizing and removing these reflections in postpro-
cessing. This provides a cost-effective way to increase the tele-
scope’s ability to image very faint structure. Modeling the
reflections in software is also convenient in that it does not re-
quire any modification to the telescope or other work on the part
of the instrument scientist, and can be implemented by an ob-
server without the aid of the observatory staff. The only change
necessary to the observing program is the observation of a small
number of bright stars in order to characterize the sizes, inten-
sities, and positions of the reflections. With this information a
generative model of the reflections can be built and used to re-
move the scattered light.

The outline of this article is as follows. In § 2, we character-
ize the reflections from our Schmidt imaging data and show that
they are as expected for the optical design of the telescope. We
also describe a process for removing them from the images. In
§ 3, we use the reflection-subtracted images to accurately mea-
sure the point-spread function of the telescope out to 1°. In § 4,
we examine the scientific impact of the technique by comparing
the results of our deep imaging of Virgo with and without the
full reduction technique in place. Finally, in § 5 we present a
step-by-step “cookbook summary” of the technique and suggest
avenues by which the technique could be further improved.

2. CHARACTERIZING THE REFLECTIONS

An example of these reflections as seen in the Burrell
Schmidt can be seen in a long observation of Arcturus, shown
in Figure 1. Along with a completely saturated stellar core and
strong bleeding as expected, we can see scattered light from the
star covering the entire field of view of the detector. The images
also show a bright annulus of light around the star extending out
to a radius of 17′. A schematic drawing of the reflections giving
rise to this feature is shown in Figure 2. In all of these images the
bright ring around the star is caused by specular reflection of
light from the star off the CCD, which then travels back up
to the filter and is reflected again onto the CCD. The reflected
light creates an out-of-focus image due to the additional path
length. This image shows the shape of the telescope pupil,
which is the round aperture of the telescope with a shadow cast
by the Newtonian mirror and its support structure. There are
also similar reflections from other optical surfaces in the tele-
scope, including the top and bottom of the dewar window and
the top surface of the filter. All of the reflections we observe
involve the CCD as one of the reflecting surfaces since its

10% average reflectivity is significantly higher than either the
dewar window or the filter.

The observed reflections are not concentric about the star for
a number of reasons. The reflections are shifted radially from
the optical center of the focal plane due to the star’s angle of
incidence on the detector. Any inclination of the CCD with re-
spect to the focal plane, or any curvature to the CCD itself will
also cause reflections to be offset. In the Burrell Schmidt the
effect of the star’s angle of incidence is the dominant cause
of the offset, and the reflections are shifted radially inwards to-
ward the optical center. In a Schmidt telescope the light cone for
an off-axis star comes from only a portion of the primary mirror,
since the entrance pupil is defined by the corrector lens on the
telescope and not the mirror. Since the light from a star comes to
the detector from a region on the primary mirror that is further
away from the optical center, the reflected light will be shifted
inward toward the center of the field. Figure 2 shows a sche-
matic view of the reflection from an off-axis star, with the light
cone first coming to a focus on the CCD and reflecting first off
the CCD and then the filter. The resulting image is drawn below
the CCD and shows the relative position of the star and the an-
nulus (the drawing is significantly exaggerated for illustrative
purposes).

To characterize the reflections seen on images, we observed a
series of 16 450 s exposures of the bright star Arcturus
(MV ¼ "0:05) with the Burrell Schmidt under photometric

FIG. 1.—Example image of Arcturus, scaled logarithmically. Black dashed
arc indicates the outer edge of the reflection off the top surface of the filter,
and the dotted arc indicates the edge of the bottom surface filter reflection.
The white circle in the center shows the extent of the dewar window reflection,
which is not visible under this scaling. The image is 41″ × 41″.
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conditions. For each of these images the star was positioned in a
different portion of the detector, so that the set of images evenly
covered the field of view. The images were bias subtracted and
flat-fielded using a sky flat. The sky flat was generated using
over 50 sky pointings interleaved between science exposures
(see, e.g., Morrison et al. 1997; Mihos et al. 2005). The images
were photometrically calibrated using stars from the Sloan
Digital Sky Survey that were in the field of view. All data were
taken with the Washington M filter, which was chosen to mini-
mize the contribution of sodium lines from street lights at
589 nm and the O I airglow line at 557 nm (see Feldmeier et al.
2002, their Fig. 1). The detector used is a 4096 × 4096 pixel
CCD that was thinned and packaged by the University of
Arizona’s Imaging Technology Laboratory (ITL). An antireflec-
tive coating was also applied to the detector by ITL. On the tele-
scope the detector has a pixel scale of 1:45″pixel!1 for a field of
view of 1:65° × 1:65°.

A composite radial profile is shown in Figure 3, using 450 s
exposures of Arcturus for the region beyond ∼20, 10 s exposures
of Arcturus for the region between 0.2′ and 2′, and a faint star for
the innermost region of the profile. There are numerous peaks
caused by reflections within various optical elements; the most
obvious extend from 0.7′ to 2.0′ and are caused by a reflection
within the Schmidt corrector. This reflection is strongly dis-
torted by the complex curvature of the corrector and we do not
attempt to characterize it. Bright stars will be masked from the

science images out to ∼20 in order to eliminate all of these fea-
tures. The corrector is also responsible for the “Schmidt ghost,”
which is a diffuse image that appears reflected across the optical
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FIG. 2.—Schematic view of the surfaces causing the observed reflections. (Left) A star in the center of the field of view, where the reflections are concentric about the
star. (Right) An off-axis star, which in a Schmidt telescope produces a reflection that is shifted in toward the optical axis. The appearance of the reflections on the detector
is depicted below the CCD. The drawings are not to scale.

FIG. 3.—Radial profile of Arcturus out to 1°. The profile is a composite of the
mean of the 450 s Arcturus exposures, the mean of the 10 s Arcturus exposures,
and a faint background star. Dashed vertical lines indicate which observations
were used to generate the profile in a particular region. The shading shows the
variation of the PSF between different positions in the field of view.
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Team Dragonfly, more 
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8-lens “0.1666” Dragonfly



More soon!

Dragonfly Nearby Galaxies Survey, so far
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Hints of assembly history from profiles

See also: GHOSTS (e.g. Harmsen+ 2017, Monachesi+2016), 
HERON, MADCASH, PISCeS, Subaru/HSC, & many more!

Further progress towards filling out observations:
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Hints of assembly history from profiles

See also: GHOSTS (e.g. Harmsen+ 2017, Monachesi+2016), 
HERON, MADCASH, PISCeS, Subaru/HSC, & many more!

Further progress towards filling out observations:
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More active assembly: more mass in profile outskirts
Total accreted m

ass fraction

Prelim
inary!



(Very) Prelim
inary!

Total accreted m
ass fraction

More active assembly: more mass in profile outskirts

Elias+2018 (Illustris)
See also:
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In-situ vs ex-situ halos?

Elias+2018 (Illustris)
See also:



(Very) Prelim
inary!

Total accreted m
ass fraction

More active assembly: more mass in profile outskirts

???

Elias+2018 (Illustris)
See also:



What can we ask with TNG?

Likelihood of matching 
observed <fhalo> and RMS 
scatter?

fhalo, profile shape, etc ..
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Ideal method(s) for quantifying 
assembly history?

Sanderson+2017 (FIRE)
See also:
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Future surveys with dragonfly …
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Motivation
 

The viewing geometry of edge-on galaxies minimizes 
the interference of the bright disc with the faint stellar 
halo. In addition, the prospects of distinguishing stellar 

halo and thick disc components are improved. The 
unique perspective of edge-on galaxies is also useful for 
probing disc truncations and the spatial distribution of 

satellite galaxies. 
  

Survey timeline
 

Three galaxies in our sample were previously observed 
with Dragonfly. Two edge-on galaxies were observed in 

Spring 2018, and the remaining 14 edge-ons will be 
observed in 2019. The nearly edge-on galaxies present 

a possible avenue for expansion of the survey

Acknowledgments
 

Images of edge-on galaxies in top and bottom banner are from SDSS. HyperLeda 
and NED were used in the generation of the mother sample and final sample.

Preliminary

NGC 4565: 14 hr g+r coadd

NGC 4565: A poster child edge-on
 

We have collected 92 h of raw exposure time on the Needle 
Galaxy NGC 4565. This will be Dragonfly's deepest field to 
date. We replicate the previously observed disc truncation 

and southeast/northwest asymmetry with a subset of our data  
(Martínez-Lombilla et al. 2018, Wu et al. 2002). With the full 
data set, we will probe the limits of the disc (does it truly end 
or does it continue at very low surface brightness; see Zhang 

et al. 2018) and characterize the stellar halo. The edge-on 
geometry reduces the ambiguity of these faint components.
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Dragonfly's wide field of view and 
exquisite sensitivity to low surface 
brightnesses is perfectly suited for 

studying the faint and extended 
features surrounding edge-on 

galaxies. The wide range in stellar 
masses we have targeted will extend 
existing stellar halo studies to lower 

masses while also better 
constraining the variation in Milky 
Way-mass galaxies (e.g. in stellar 

halo mass fraction)
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