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In order to improve our understanding of the satellite populations of low-mass galaxies, the DECam Local Volume
Exploration (DELVE) – DEEP Survey is performing a search for satellites around the isolated, low-mass galaxy, NGC
55. As part of this search, we characterize our dwarf galaxy detection sensitivity by injecting artificial dwarf galaxies
into our data set and measuring the fraction that we can recover. Additionally, we inject and recover artificial dwarfs
to test how the blending of resolved stars affects the detection of dwarf galaxies. We inject 650 artificial dwarfs
across 26 DELVE-DEEP coadded images of the NGC 55 halo and use the software tool, Source Extractor, to perform
source recovery. A dwarf-search pipeline is then run on our dwarf-injected catalogs, utilizing the photutils function,
find_peaks, and detections are recorded as a function of dwarf size and luminosity. Our results demonstrate that we
are most sensitive to large, bright dwarf galaxies, and our sensitivity begins to decrease as we approach DELVE-DEEP’s
detection limit or blending causes significant reductions in recovered magnitude. We also find that our results are
hindered by the limitations of star-galaxy separation applied to distant, faint sources, which is possibly a consequence
of the blending of small star clusters within dwarf galaxies.

I. INTRODUCTION

The ΛCDM model predicts the existence of faint dwarf
galaxies orbiting both large host galaxies, like the Milky
Way, and smaller hosts like the Magellanic Clouds (MC).
These dwarf galaxies are the most ancient, chemically pris-
tine, and dark-matter-dominated galaxies in the Universe,
therefore studying them can shed light on the formation of
the first galaxies, the evolution of host galaxies, as well as the
abundance and distribution of dark matter.1 Within the last
10-20 years, searches around the Milky Way halo have re-
vealed dozens of dwarf galaxy satellites.2,3 Conversely, the
satellite populations around smaller, low-mass host galax-
ies are poorly understood from both a theoretical and ob-
servational perspective. Since it is difficult to distinguish
MC satellites and Milky Way satellites, we must search for
satellites specifically around isolated, low-mass hosts in the
Local Universe. In recent years, several dwarf galaxies
have been discovered around such hosts, such as the NGC
3019 satellite, Antlia B,4 and the NGC 2403 and NGC 4214
satellites, MADCASH J074238+652501-dw and MADCASH
J121007+352635-dw.5,6 Despite these discoveries, a com-
plete measurement of the satellite population of an MC-mass
galaxy has yet to be performed.

Our goal, as part of the DELVE-DEEP Survey,7 is to search
for dwarf galaxy satellites of the nearby, low-mass galaxy,
NGC 55, and produce the first complete satellite luminosity
function for this galaxy down to an unprecedented limit of
MV ∼ −7. An initial dwarf search was performed within the
NGC 55 halo, although no clear dwarf galaxy candidates were
detected. In order to better understand the sources that were
detected, we performed artificial star tests on the DELVE-
DEEP NGC 55 data in order to determine the completeness
of our photometry. These artificial star tests alone, however,
are not enough to determine how well we can actually de-
tect dwarf galaxies. In order to characterize our dwarf de-
tection sensitivity, we inject artificial dwarf galaxies into our

data set and attempt to recover them. Additionally, we explore
the blending of resolved stars that results as a consequence of
source recovery and how this affects the recovered magnitudes
of injected dwarf galaxies.

II. DELVE-DEEP SURVEY

The DELVE-DEEP Survey performs 135 deg2 of deep
imaging in the g and i bands around four isolated, Magellanic-
sized galaxies in the Local Volume: NGC 55, NGC 300, Sex-
tans B, and IC 5152. The main target of this project, NGC 55,
is located at ∼2 Mpc and closely resembles the Large Magel-
lanic Cloud in terms of both mass and morphology. DELVE-
DEEP aims to be sensitive to resolved stars ≳ 1.5 mag below
the tip of the red-giant-branch, enabling the detection of satel-
lite galaxies up to MV ∼ −7.7 Additionally, ΛCDM simula-
tions predict 5-17 satellite galaxies around these four hosts in
total,8,9 so just around NGC 55, we could expect to discover
up to 5 dwarf satellites.

III. DWARF INJECTION AND RECOVERY

We wish to determine our dwarf detection sensitivity as a
function of size, measured as the log of the half-light radius
in parsecs (log(rh)), and luminosity, measured in V-band ab-
solute magnitude (MV ). Our artificial dwarf galaxies cover a
parameter space of −6.5 ≥ MV ≥ −9 and 2 ≤ log(rh) ≤ 3,
since we expect dwarfs brighter than MV =−9 to be detected
with 100% efficiency and dwarfs fainter than MV =−6.5 to be
completely undetectable. Known dwarfs with −6.5 ≥ MV ≥
−9 tend to have half-light radii between 100 and 1000 pc.1

Additionally, our artificial dwarf galaxies were randomly as-
signed position angles between 0 ≤ PA ≤ 180 and ellipticities
between 0 ≤ e ≤ 0.7, since we expect galaxies with e > 0.7 to
be undetectable due to overcrowding of resolved stars.
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A total of 650 artificial dwarfs were injected across 26
DELVE-DEEP NGC 55 coadded images of varying exposure
time and limiting magnitude. 25 dwarf galaxies were dis-
tributed randomly across each coadd, but with precautions
to ensure that no dwarf overlapped with the edge of the im-
age or with another dwarf. In order to increase the accuracy
of our measured detection sensitivity, we would ideally inject
∼ 103 −104 artificial dwarfs, so it is likely that we will inject
and recover more dwarfs in the future.

Each artificial dwarf galaxy’s stellar population was sam-
pled from an isochrone modeling a galaxy at distance D
≈ 2Mpc with an age of 10 Gyr and metallicity of [Fe/H]
= −2 and generated according to a Salpeter IMF following
dN/dM ∝ M−2.35,10 which corresponds to what we would ex-
pect for an NGC 55 satellite. Each dwarf’s stellar population
was divided into resolved stars, defined as those with i-band
mag ≤ 27, and unresolved stars, those with i-band mag > 27.
The resolved stars were created as point sources convolved
by the observed PSF and distributed according to an exponen-
tial profile, while the unresolved stars were modeled with a
single Sérsic galaxy profile, whose flux was the sum of the
individual unresolved stellar fluxes and position was the mean
position of the resolved stars. Both the point sources, which
were modeled with Delta Function profiles, and Sérsic profiles
were generated using the galaxy image simulation package,
galsim.11 Each artificial dwarf was injected in both the g and
i bands, after which all 26 coadds, in both g and i, were run
through Source Extractor12 for recovery. An example of an
injected dwarf galaxy with its corresponding recovered stars
is given by Figure 1. The recovered magnitudes for each star
were measured using MAG_PSF, since we expect this to be the
most accurate measure of magnitude for stars modeled with
PSFs.

FIG. 1. Image of an artificial dwarf galaxy injected into one of
DELVE-DEEP’s NGC 55 coadds. Sources recovered by Source Ex-
tractor circled in red.

A. Blending

An issue that often arises with the recovery of dense dwarf
galaxies is the overlapping of light, or blending, between re-
solved stars near the central region of the dwarf. We wished
to explore this issue as part of another project searching for
distant dwarf galaxies in DES Y6 data, but since the methods
and data used are very similar to those used in our DELVE-
DEEP dwarf detection tests, the results we found apply to this
work as well. In order to characterize the effects of blending,
175 artificial dwarf galaxies with magnitudes −8≥MV ≥−12
and half-light radii 2 ≤ log(rh) ≤ 3 (central stellar densities
0.01 ≲ ρcen ≲ 10, defined as the density of stars with i-band
mag < 27 within one half-light radius) were injected across
3 DES Y6 coadds, and upon recovery, the absolute magni-
tude of each dwarf was re-calculated using only the recov-
ered stars (stars defined as sources with EXTENDED_CLASS
≤ 2 − see Section III B). Dwarfs whose recovered magnitudes
dropped below the 50% detection efficiency limit for the DES
Y6 dwarf search were classified as “undetectable.” While our
detection efficiency differs slightly than that of the DES Y6
search, the general trend still applies to our data, which is that,
on average, dwarf galaxies with higher central densities saw
more significant decreases in their absolute magnitude assem-
bled from recovered stars, and therefore experienced greater
flux loss due to blending (see Figure 2). The effects of this
phenomenon are made clear in our dwarf sensitivity results,
explained in more detail in Section IV.

B. Dwarf Search

The source catalogs outputted by Source Extractor for each
of the 26 coadds containing injected dwarf galaxies were
run through our dwarf-search pipeline in order to determine
whether or not each artificial dwarf could be detected. The
pipeline first selects the red-giant-branch (RGB) sources from
a catalog, defined as those that lie within the RGB box shown
in Figure 3. Then, we applied star-galaxy separation in or-
der to filter out all of the sources that are not likely to be stars.
This was done using the EXTENDED_CLASS parameter, defined
as the sum of three Boolean conditions involving Source Ex-
tractor’s SPREAD_MODEL and SPREADERR_MODEL:

EXTENDED_CLASS=
((SPREAD_MODEL+3∗SPREADERR_MODEL)> 0.005)

+((SPREAD_MODEL+SPREADERR_MODEL)> 0.003)
+((SPREAD_MODEL−SPREADERR_MODEL)> 0.003)

(1)

EXTENDED_CLASS values of 0 correspond to high-confidence
stars, 1 corresponds to likely stars, 2 corresponds to likely
galaxies (but still possible stars), and 3 corresponds to high-
confidence galaxies.13 Since star-galaxy separation becomes
more difficult with such faint sources, we chose to apply a
more generous star-galaxy cut and defined stars as sources
with EXTENDED_CLASS ≤ 2.

Using these selected sources that we have now defined as
RGB stars, we created binned density maps with binsize
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FIG. 2. Two images of artificial dwarf galaxies with their corre-
sponding injected and recovered absolute magnitudes, one where
blending does not have a significant effect (top), and one where
it does (bottom). Injected mags given by blue circles, and recov-
ered mags given by red, orange, and yellow stars. These three
stars correspond to EXTENDED_CLASS ≤ 3 (no star-galaxy separa-
tion applied), EXTENDED_CLASS ≤ 2 (likely and unlikely stars), and
EXTENDED_CLASS ≤ 1 (only likely stars), respectively.

= 1.5 arcmin. To search for over-densities of RGB stars,
we used the photutils function, find_peaks.14 Depend-
ing on what parameters are used for find_peaks, different
sets of dwarf galaxies can be detected, so in order to max-
imize our detection efficiency, we ran several iterations of
find_peaks for each density map using different parame-
ters and combined the results (see Figure 4). The first iter-
ation of find_peaks was essentially a simple threshold test.
The threshold for each bin in the density map was defined
by MEDIAN_BKG+3.0∗ST_DEV_BKG, where MEDIAN_BKG and
ST_DEV_BKG are the median and standard deviation bin value
of an annulus surrounding each bin. The find_peaks param-
eter, box_size, was set to 1, meaning each bin was looked at
individually, and if its value was larger than its corresponding
threshold value, then it was identified as a peak. The second
iteration of find_peaks used a constant threshold for all bins
in the density map, which was the median bin value across all
bins. However, the box_size parameter was set to 7, mean-
ing find_peaks looked within a region of size (7, 7) for each
bin to search for peaks. If a bin containing an artificial dwarf
was identified as a peak in either of these tests, then it was
classified as a detection for that dwarf. In order to avoid the

FIG. 3. g-i color vs. i-band magnitude for all stars
(EXTENDED_CLASS ≤ 2) in the DELVE-DEEP NGC 55 footprint
with the Red-Giant-Branch box plotted on top in turquoise. Mag-
nitude error given by cross points on left.

FIG. 4. Example of a density map for tile DES0032-3914 in the
NGC 55 footprint, with binsize = 1.5 arcmin. Peaks identified by
find_peaks given by red squares.

possibility of an injected dwarf being identified as a peak co-
incidentally, these two iterations of find_peaks were run on
versions of all 26 coadds without injected dwarfs, and if any
bin that normally contained an injected dwarf was identified
as a peak in these tests, then that detection was not counted to-
wards the total number of dwarf detections. After running this
dwarf search on all 26 coadds and recording the detections, we
determined our dwarf sensitivity by calculating the fraction of
dwarfs that were detected within each size-luminosity bin, as
seen in Figure 5.
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FIG. 5. Left: Measured detection sensitivity of injected artificial dwarf galaxies, given by the fraction of dwarfs that were detected within each
size-luminosity bin. Right: Calculated detection sensitivity after not applying star-galaxy separation on the recovered dwarfs and re-running
our dwarf-search pipeline.

IV. RESULTS

Our measured detection sensitivity for artificial dwarf
galaxies, as well as the detection sensitivity calculated with-
out applying star-galaxy separation, is given by Figure 5.
Our measured results (left) show that for MV ≲ −7.5 and
log(rh) ≳ 2.4, detection rates ranged from 0.5 − 0.7 on
average, and everywhere else, detection rates remained be-
low ∼0.3. This trend reflects what we would expect based
on DELVE-DEEP’s detection limits and blending effects.
DELVE-DEEP’s expected detection limit is MV ∼ −7, so
it makes sense that our measured detection rates start to
drop around this magnitude. Additionally, our blending tests
demonstrated that dwarfs with higher central densities expe-
rience greater flux loss upon recovery and would therefore be
harder to detect, which is consistent with the lower detection
rates we see for compact dwarfs with smaller half-light radii.

However, when compared to other dwarf sensitivity tests
performed in recent years (e.g., Mutlu-Pakdil et al. 2021),15

we would expect to see higher detection rates for dwarfs with
MV ≲−7.0 and log(rh)≳ 2.2, as well as a smoother distribu-
tion with less random fluctuations. While this may be due

in small part to not using enough artificial dwarfs and un-
optimized find_peaks parameters, the main issue seems to
come from the difficulties in performing star-galaxy separa-
tion for sources at this distance and magnitude. The right
plot in Figure 5 shows the detection sensitivity calculated us-
ing the same find_peaks parameters, but without applying
star-galaxy separation on the recovered dwarf sources, mean-
ing all recovered dwarf sources were classified as stars and
therefore were included in the final density map that was run
through find_peaks. These results look much more simi-
lar to what we would expect in terms of detection rate values,
with detection rates for the brightest, largest dwarfs ranging
from ∼ 0.7−0.9, and detection rates remaining relatively high
for dwarfs with MV ≲ −7.0 and log(rh) ≳ 2.2. Additionally,
this plot displays the trend of decreasing detection rates much
more accurately. We still see the decrease in detection rate as
magnitude becomes fainter than MV ∼ −7, but more specif-
ically, we see a more significant decrease for diffuse, faint
dwarfs. This makes sense, since it is harder to recover faint
stars when they are spread out, as opposed to being clustered
together. And similarly, we still see a decrease in detection
rate as half-light radius decreases, but now we see that this
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decrease primarily affects brighter compact dwarfs. This re-
flects the fact that the effects of blending are more significant
for dwarfs with greater densities, not just those with smaller
sizes.

A possible explanation for why star-galaxy separation
proves to be difficult for these faint sources is illustrated by the
example artificial dwarf shown in Figure 6. The segmentation
map shows that many of the recovered sources for this dwarf
are non-circular, which is the reason why so many of these
sources are classified as galaxies (colored in red in the CMD).
This suggests that stars that are injected near each other are
being identified as one, elongated object rather than several,
individual point sources. This reveals a type of blending dif-
ferent than that explored in Section III A, in that it affects clus-
ters of stars on a much smaller scale and is not something that
can easily be corrected for when detecting dwarf galaxies. It
is also worth noting that the DELVE-DEEP PSF is relatively
broad compared the PSF used in Mutlu-Pakdil et al. 2021,15

and this PSF size has a major impact on the ability to accu-
rately perform star-galaxy separation.

FIG. 6. Diagnostic plots for an artificial dwarf galaxy injected
into tile DES0017-4040. Top-left: Segmentation map at the posi-
tion of this injected dwarf. Top-right: Map of recovered and back-
ground sources at the position of this injected dwarf. Sources with
EXTENDED_CLASS = 3 given in red, EXTENDED_CLASS = 2 given in
purple, EXTENDED_CLASS ≤ 1 given in blue, and background stars
given in gray. Bottom-left: Injected and recovered magnitudes of this
dwarf. Injected mags given by blue circles, and recovered mags given
by red, orange, and yellow stars, corresponding to EXTENDED_CLASS
≤ 3, 2, and 1, respectively. Bottom-right: Color magnitude diagram
of recovered and background stars at the position of this injected
dwarf, with same color scheme as top-right.

V. CONCLUSION

In this work, we measure the dwarf galaxy detection sen-
sitivity of DELVE-DEEP NGC 55 data by injecting and re-
covering artificial dwarfs of varying size and luminosity. Our
dwarf galaxies are modeled using a combination of point
sources and Sérsic profiles and are injected across 26 coadded
images from the DELVE-DEEP NGC 55 footprint. Sources
are recovered by Source Extractor and the resulting catalogs
are run through our dwarf-search pipeline, in which detec-
tions are identified using find_peaks. We also explore how
the blending of resolved stars in dwarf galaxies affects their
recovery by measuring the discrepancy between the injected
and recovered absolute magnitude of dwarfs of varying central
density.

Our results demonstrate that detection sensitivity is highest
for large, bright dwarfs and begins to decrease for MV ≳−7.5
and log(rh) ≲ 2.4. In other words, we are less sensitive
to dwarf galaxies as we approach DELVE-DEEP’s detection
limit or the blending of resolved stars begins to cause signifi-
cant flux loss upon recovery. Our results, however, were ham-
pered by the fact that star-galaxy separation becomes increas-
ingly difficult for distant, faint sources. Removing star-galaxy
separation when calculating our detection sensitivity yields re-
sults that better match our expectations and more accurately
illustrate the trends caused by our detection limit and blend-
ing. The inaccuracy of star-galaxy separation for these types
of sources could be the result of the blending of small clus-
ters of resolved stars that are identified as single, non-circular
sources.

Looking ahead, we expect to run this dwarf-search pipeline
on the entirety of DELVE-DEEP’s real NGC 55 data, and the
dwarf detection sensitivity that we measured in this work will
tell us the sizes and luminosities of dwarf galaxies that we
should be able to detect. Identifying any dwarf galaxy satel-
lites that may exist around NGC 55 will allow us to place a
constraint on the abundance of dwarf galaxies we expect to
find around low-mass hosts, and ultimately, our goal will be
to produce the first complete satellite luminosity function for
a distant, MC-mass galaxy down to a limit of MV ∼−7.
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