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ABSTRACT

The NIRCam instrument on the upcoming James Webb Space Telescope (JWST) will offer an unprecedented
view of the most distant galaxies. In preparation for future deep NIRCam extragalactic surveys, it is crucial
to understand the color selection of high-redshift galaxies using the Lyman dropout technique. To that end,
we have used the JAdes extraGalactic Ultradeep Artificial Realizations (JAGUAR) mock catalog to simulate a
series of extragalactic surveys with realistic noise estimates. This enables us to explore different color selections
and their impact on the number density of recovered high-redshift galaxies and lower-redshift interlopers. We
explore how survey depth, detection signal-to-noise ratio, color selection method, detection filter choice, and the
presence of the Lyα emission line affects the resulting dropout selected samples. We find that redder selection
colors reduce the number of recovered high-redshift galaxies, but the overall accuracy of the final sample is
higher. In addition, we find that methods that utilize two or three color cuts have higher accuracy because of
their ability to select against low-redshift quiescent and faint dusty interloper galaxies. We also explore the
near-IR colors of brown dwarfs and demonstrate that, while they are predicted to have low on-sky densities,
they are most likely to be recovered in F090W dropout selection, but there are color cuts which help to mitigate
this contamination. Overall, our results provide NIRCam selection methods to aid in the creation of large, pure
samples of ultra high-redshift galaxies from photometry alone.

Keywords: galaxies: distances and redshifts – galaxies: high-redshift

1. INTRODUCTION

The discovery and characterization of high-redshift (z > 6)
galaxies offers fundamental insights into galaxy assembly
and star formation, including the creation of dust and met-
als, in the first billion years of the history of the universe.
Deep imaging with the Wide Field Camera 3 (WFC3) instru-
ment on board the Hubble Space Telescope (HST) has re-
vealed samples of galaxies at these redshifts (Bouwens et al.
2003, 2004, 2007, 2008; Bunker et al. 2004, 2010; McLure
et al. 2010; Wilkins et al. 2011; Lorenzoni et al. 2011, 2013),
including an intriguing, if limited, population of ultra-high
redshift galaxies at z > 10 (Oesch et al. 2014, 2015a, 2018;
Zitrin et al. 2014; Infante et al. 2015; Ishigaki et al. 2015;
McLeod et al. 2016; Salmon et al. 2018). Assembling larger
populations of galaxies at higher redshifts is challenging due
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to the lack of infrared coverage of the instruments on HST

(the longest wavelength filter on WFC3 is at 1.6 µm), the
limited sensitivity and low resolution of observations made
at longer wavelengths by the Spitzer Space Telescope, and
infrared atmospheric absorption for ground-based observa-
tions. Overcoming these limitations is fundamental for un-
derstanding the evolution of the earliest galaxies (see reviews
by Dunlop 2013; Stark 2016).

The selection of high-redshift galaxies is crucial for our
understanding of reionization, where the neutral hydrogen
that filled the universe after recombination was ionized in a
process thought to be driven by early star-forming galaxies
between z ∼ 6 − 10 (Robertson et al. 2015), although accre-
tion onto supermassive black holes is also thought to be a
contributing factor (Giallongo et al. 2015; Madau & Haardt
2015; Onoue et al. 2017). By characterizing the galaxies that
comprise the faint end of the UV luminosity function, the ex-
act source and timescale of reionization can be understood.
In addition, observations of these galaxies give us insight
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which we generate estimates of NIRCam noise, and discuss
the overall design of the surveys we used to explore NIRCam
color space. We outline our results in Section 3 for both sim-
ple single color selection and more complex, multi-color, se-
lection. Additionally, we look at how dropout galaxy recov-
ery is impacted by filter choice with an eye towards design-
ing surveys that best utilize the unique dichroic beam splitter
on board NIRCam. We also explore other common statis-
tics used to separate interlopers, and the NIRCam colors of
brown dwarfs. Finally, we discuss these results in Section
5, and conclude in Section 6. Throughout we adopt a cos-
mology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
All magnitudes are presented in the AB system (Oke & Gunn
1983).

2. METHODS

To explore the impact that color selection choices can make
on recovered galaxy samples, we require a mock catalog
that is diverse in star formation properties, redshifts, stellar
masses, and dust attenuation as well as simulated observa-
tional noise at multiple depths. We also depend on statisti-
cal measures of how successful a given set of color cuts is
at recovering high-redshift galaxy samples. In this section,
we outline the JAGUAR catalog and describe our method
for adding photometric noise to the JAGUAR photometry to
produce mock observational catalogs at different simulated
exposure times. We then describe the figures of merit we
will use to compare the results from changing color selec-
tion methods, and finally, we discuss how we use these noisy
photometric data to explore the NIRCam color space.

2.1. The JAGUAR Catalog

The JAGUAR mock catalog consists of a series of 11’ by
11’ photometric and spectroscopic catalogs, as described in
Williams et al. (2018). JAGUAR includes both quiescent
and star-forming mock galaxies using as the base catalog the
observations of the galaxy stellar mass function from Tom-
czak et al. (2014) at z < 4 and the UV luminosity function
from Bouwens et al. (2015) and Oesch et al. (2018) at z > 4.
These mass and luminosity functions are joined at z = 4 by
modeling the evolution of the relationship between observed
galaxy stellar mass and MUV , the absolute magnitude of each
galaxy in the ultraviolet, in agreement with measurements
in the 3D-HST survey (Skelton et al. 2014). JAGUAR mock
galaxies were generated such that they followed the evolution
of the mass and luminosity functions, and each object was
then assigned a spectrum using BEAGLE, a tool designed
to model and interpret galaxy SEDs (Chevallard & Charlot
2016). This code allows for the creation of realistic mock
galaxy SEDs with self-consistent nebular continuum and line
emission. A large quantity of BEAGLE galaxy realizations
was constructed across a wide parameter space, including fits
to existing 3D-HST objects, and each galaxy in the mock cat-
alog was matched to an individual SED from these realiza-
tions. For each object, simple Sérsic profiles were assigned
following observations of high-redshift galaxies in van der
Wel et al. (2014), which have been shown to agree with low-

redshift results from Sloan Digital Sky Survey observations
(Shen et al. 2003; Guo et al. 2009). We plot an example
JAGUAR F070W dropout (at z = 5.6), F090W dropout (at
z = 7.5), and F115W dropout (at z = 9.8) with the HST/ACS
and JWST/NIRCam filters in Figure 1.

The JAGUAR catalogs span a stellar mass range of
log(M∗/M⊙) = 6−12 and a redshift range of z = 0.2−15. For
the lowest mass mock galaxies, the catalog requires signifi-
cant extrapolation of existing mass and luminosity functions.
We refer the reader to Williams et al. (2018) for a descrip-
tion of how the JAGUAR catalog agrees with current obser-
vations of the evolution of quiescent and star-forming galaxy
properties, the cosmic star formation rate density, specific
star-formation rate, and mass-metallicity relationship. The
effects of IGM absorption in JAGUAR mock galaxies follow
the prescription from Inoue et al. (2014). Dust attenuation of
both the stars and the photoionized gas in the JAGUAR mock
galaxies is described using a two-component model of Char-
lot & Fall (2000) and parameterized using τ̂V , the total atten-
uation optical depth which is allowed to vary between 0 and
4, and the fraction of attenuation arising in the diffuse ISM
µ, which is fixed at 0.4. While this range is motivated from
observational relations (Schaerer & de Barros 2010), current
samples of high-redshift galaxies that form the basis for these
relations are likely missing a population of extremely dusty
star-forming galaxies which may be observed with NIRCam
(Casey et al. 2014; Spilker et al. 2016; Williams et al. 2019;
Wang et al. 2019). We further discuss these sources in Sec-
tion 3.8.

We plot the NIRCam color space for a 10’x10’ JAGUAR
realization in Figure 2, with mock galaxy points colored by
their redshift. As can be seen in each panel, at specific red-
shifts where the filters span the Lyman break (plotted on the
y-axis), the mock galaxies are observed to have redder col-
ors. In each color selection scenario, there are also lower
redshift interlopers with red colors, a mixture of those with
strong 4000Å +Balmer breaks, star-forming galaxies with
heavy dust obscuration, and quiescent galaxies. As would be
expected with the evolution of the galaxy luminosity function
to higher redshifts, the density of high-redshift dropout can-
didates decreases from F070W dropouts to F115W dropouts.
We also overlay an example two-color dropout selection box
in each panel to illustrate how objects lying inside the region
at the top-left of each panel could be selected as dropout can-
didates.

2.2. Generating NIRCam Noise Estimates

While such plots as Figure 2 can be very helpful for choos-
ing color criteria for selecting galaxies at specific redshift
ranges, these plots do not incorporate any noise, which will
preferentially affect fainter (and often lower mass) galaxies,
moving them both into and out of color selection regions.
To simulate noise we wrote a suite of custom scripts for
use with the JAGUAR catalog, NIRCPrepareMock1. These

1 https://github.com/kevinhainline/NIRCPrepareMock
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Figure 2. NIRCam color-color plots for a 10’x10’ section of the JAGUAR catalog, with mock galaxies at z = 0.2 − 15, without adding noise,
with points colored by catalog redshift values, as given by the colorbar on the right side of the figure. The left panel shows F070W dropouts
at z ∼ 5.5, the center panel shows F090W dropouts at z ∼ 7.3, and the right panel shows F115W dropouts at z ∼ 9.7. In addition, in each
panel, populations of lower redshift mock galaxies have red colors on both axes, and most selection methods at these redshifts will deliberately
exclude these objects. We plot an example two-color selection method in each panel in lavender. In the absence of photometric noise, these
selection boxes would return relatively pure samples of mock galaxies above a given redshift limit.

Figure 3. NIRCam color-color plots for a 10’x10’ section of the JAGUAR catalog, with mock galaxies at z = 0.2 − 15, created by simulating
noise from images with a total of 98.9 ksec exposure time in each filter. In each panel, we only plot mock galaxies with detections in filters
at wavelengths longer than the Lyman break with a SNR > 3. We show an example two-color selection method used throughout this work in
lavender. In Section 3, we will discuss the properties of mock galaxies selected using this selection method, where we fix the Lyman break cut
(dashed line) and vary the UV continuum cut (solid line).

scripts generate artificial noise directly from the JAGUAR
photometry, which can be used when assessing the efficacy
of photometric redshift or SED fitting codes.

We estimate noise for the mock galaxies in each filter sep-
arately, starting with the JAGUAR flux in that filter, as well
as the morphology of the mock galaxy. The code selects
the smallest circular aperture from a series of fixed radii
(0′′.16, 0′′.24, 0′′.32, and 0′′.64) that would encompass the
semi-major axis half-light radius of each mock galaxy. At
this point, the script calculates the total flux of each mock
galaxy through that circular aperture taking into account its
Sérsic index. Because we are not extracting flux from mock
PSF-convolved NIRCam images and extracting fluxes di-
rectly, we do not correct for aperture losses. To simulate the

sky background, we use estimates for the zodiacal light emis-
sion in the GOODS-S region for each filter2, and add this to
the flux of each mock galaxy through the aperture to produce
the final flux in a given exposure. The uncertainty on the flux
for an individual exposure is the Poisson noise summed in
quadrature with the instrument read noise (summed over the
pixels in the aperture).

When using NIRCam, individual frames will be co-added
to create a final deep image from which flux will be mea-
sured. To simulate this process, the code co-adds exposures

2 following the JWST background model described here: https://jwst-
docs.stsci.edu/observatory-functionality/jwst-background-model
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Table 1. Simulated NIRCam 10σ depths for the
SHALLOW, MEDIUM, and DEEP surveys.

10σ Depth (nJy)

Filter SHALLOW MEDIUM DEEP

F070W 15.71 8.13 5.76

F090W 12.93 6.67 4.71

F115W 11.79 6.08 4.30

F150W 9.35 4.83 3.42

F200W 7.69 3.98 2.81

F277W 9.11 4.70 3.32

F335M 12.69 6.58 4.65

F356W 7.56 3.91 2.76

F410M 14.67 7.56 5.76

F444W 11.48 5.95 4.20

we simulate a region of the sky of 10.8 square arcminutes at
the XDF ACS depth given by Illingworth et al. (2013). We
simulate observations in the HST/ACS filters F435W (152.4
ksec, 7.06 nJy 10σ depth), F606W (174.4 ksec, 5.00 nJy 10σ
depth), F775W (377.8 ksec, 5.99 nJy 10σ depth), F814W
(50.8 ksec, 21.93 nJy 10σ depth), and F850LP (421.6 ksec,
10.61 nJy 10σ depth), and generate NIRCam fluxes with the
same depths as described in the previous paragraph, but over
the smaller XDF area. For both mock surveys, we produced
500 noisy samples to explore how our noise estimates affect
the uncertainties on the overall density of objects selected by
a set of NIRCam color cuts.

2.4. Color Cut Figures of Merit

Because of the large variety of observed galaxy SEDs and
photometric noise, there is no single ideal set of color selec-
tion criteria that will result in a clean sample of high-redshift
galaxies. Our goal in this paper is to estimate statistics on the
recovered population of simulated high-redshift galaxies as a
function of our color cuts in order to aid in future NIRCam
observations. For the purposes of this study, we require a
definition of a "high-redshift object" and an "interloper" for a
given dropout selection filter. While the Lyman limit is found
at 912Å, absorption due to the Lyα forest causes the exact
wavelength of the Lyman break to shift to longer wavelengths
at higher redshifts, which is simulated within the JAGUAR
catalog. At z > 6, this absorption is thick enough that the
break occurs at 1216Å, the wavelength of Lyα. We define a
high-redshift object as one that is above the redshift where
the Lyα emission line crosses the half-power response of the
blue side of the dropout band, and an interloper is any object
that satisfies a given color selection criteria, but is below this
redshift.

There are three primary statistics that we explore for
choosing a given color selection criterion and assembling a
high-redshift dropout sample:

1. The first statistic we report is selection “accuracy,” de-
fined as the ratio between the number of high-redshift
objects selected to the total number of objects selected
by a given color selection criterion. This is sometimes
referred to as sample “purity” in the literature.

2. Extremely red selection limits will result in more ac-
curate, but smaller total samples, so we also report the
on-sky density of high-redshift objects under a given
selection criterion, which we refer to as “true positive
density”, or TPD.

3. The final statistic we provide is selection “complete-
ness,” defined as the ratio between the number of high-
redshift objects selected to the number of high-redshift
galaxies that satisfy the SNR criteria (both red detec-
tions and blue non-detections).

Defining the optimal selection criteria will be determined
by the trade-off between a more accurate sample, and one
that has a higher number of high-redshift objects selected and
a higher sample completeness.

2.5. Selecting High-Redshift Galaxies

High-redshift dropout candidates are often selected by ob-
serving flux at a given significance in multiple photometric
filters at wavelengths longer than the break, with flux below
a given significance at wavelengths shorter than the break. In
this paper, we select mock galaxies based on a set of color
criteria, and require objects to be selected in at least two fil-
ters to the red of the Lyman break above a signal-to-noise
ratio (SNR) of 3 (although we will describe how our statis-
tics change if we instead select above a SNR of 5, or 10).
In addition, because of IGM absorption at rest wavelengths
shorter than the Lyman break, we require a non-detection in
the bands to the blue of the dropout filter at a SNR less than
2, as is commonly used in the literature (e.g., Bouwens et al.
2015). We should note that for the NIRCam-only simula-
tions we will describe, F070W dropouts will not have a re-
jection band, while for F090W dropouts we will use F070W
to help reject interlopers, and for F115W dropouts, we re-
quire non-detection fluxes in both F070W and F090W. For
the HST+NIRCam simulations we will also use the HST

bands for this rejection, highlighting the importance of us-
ing shorter wavelength data for selecting more pure samples
of objects with fewer lower redshift interlopers. For F070W
dropouts, we require non-detections at HST/ACS F435W.
For F090W dropouts, we require non-detections at HST/ACS
F435W, F606W, and NIRCam F070W. For F115W dropouts,
we require non-detections at HST/ACS F435W, F606W,
F775W, F814W, and NIRCam F070W and F090W.

3. RESULTS
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Figure 8. NIRCam color-color plot with the three selection criteria
that we employ and compare in this paper. In lavender, we show
the two-color selection method used in Section 3.1. In teal and or-
ange, we show the One Color and Compound Color Cut selection
methods, respectively.

as is often used to select high redshift galaxies. In Figure 8,
we show the F070W dropout selection color space marked
to show the two-color selection we have used up to this
point (lavender), single-color selection (teal), and the com-
pound color selection (orange). Because dust obscuration in
a galaxy results in redder colors, for each dropout selection
criteria, the slope of our angled cut corresponds to the red-
dening vector for the Calzetti et al. (2000) dust prescription
for that filter combination4. To simulate the different selec-
tion methods, we repeated our previous analysis using these
alternate selection methods on the DEEP survey, with a de-
tection SNR of 3.0, but we fix the solid lines shown in Figure
8 and explore how changing the color indicated by the dashed
lines impacts the recovery of high-redshift galaxies.

In Figure 9, we plot the TPD, completeness, and accu-
racy for F070W, F090W, and F115W dropouts, comparing
the three color cut methods as shown in Figure 8. Not sur-
prisingly, the One Color Cut method leads to a larger TPD for
all three dropout selection techniques, as fewer objects are
excluded. The completeness for the three selection methods
is very similar to the TPD, in that the One Color Cut method
results in larger completeness at all color cuts. The accuracy
values of the One Color Cut and Two Color Cut methods are
very similar for all three dropout selection techniques, likely
due to the SNR > 3 detection threshold. At such a low SNR
value, the large noise scatter on the mock galaxy colors leads
to similar accuracy levels with or without the UV continuum
cut. If we use a detection SNR > 10, the accuracy for the Two

4 For F070W dropouts we use a slope of 1.07 and an intercept of 0.82, for
F090W dropouts we use a slope of 1.03 and an intercept of 0.84, and for
F115W dropouts we use a slope of 1.07 and an intercept of 0.82.

Color Cut method is larger at all color limits than that for the
One Color Cut Method, as shown for F070W dropouts in
the bottom-left panel of Figure 9. The Compound Color Cut
method results in the highest accuracy levels at bluer color
cuts, but the third angled cut removes a significant fraction
of high-redshift mock galaxies for all three dropout meth-
ods. We also find that the using a Compound Color Cut
does remove relatively brighter (mAB,F115W < 27) interloper
galaxies but in addition a number of faint (mAB,F115W ∼ 30)
high-redshift galaxies also are culled. The impact of the
angled color cut on accuracy is lessened at higher redshift,
where there are less dusty and quiescent mock galaxies in
the JAGUAR catalog, and less reason for using a third color
cut. The key result from this analysis is that for F070W and
F090W dropouts, it is possible to get a significant number of
candidates with an accuracy level greater than 70% by em-
ploying a Compound Color Cut.

We have shown results using the Two Color Cut method
with a fixed UV continuum cut of < 0.4. To explore how
changing this second color cut affects the resulting TPD,
completeness, and accuracy, we looked at selecting high-
redshift dropout candidates by fixing the Lyman break cut
and varying the UV continuum color cut (In Figure 8, this
would amount to fixing the dashed lavender line and chang-
ing the solid lavender line). For this analysis, we set F070W -
F090W > 1.0, F090W - F115W > 1.0, and F115W - F150W >
1.0, and looked at mock galaxies at the DEEP survey depth.
We show how TPD, completeness, and accuracy vary with
the second color limit and the detection SNR in Figure 10.

In these plots, we show that while TPD and complete-
ness increases as the color cut becomes more inclusive, the
accuracy falls, especially for F070W dropouts, due to the
larger number of low-redshift interlopers. Because of these
results, we have adopted a uniform color cut in our Two
Color Method selection of F090W - F115W < 0.4 for F070W
dropouts, F115W - F150W < 0.4 for F090W dropouts, and
F150W - F200W < 0.4 for F115W dropouts. These color
cuts correspond to UV slope β < −0.52 for F070W dropouts,
β < −0.61 for F090W dropouts, and β < −0.70 for F115W
dropouts.

3.3. The Impact of Lyα Emission on Color Selection

The presence of the Lyα emission line can contribute flux
to the filters used in selecting high-redshift galaxies, poten-
tially impacting the numbers of galaxies that are recovered by
a given cut. In the JAGUAR mock catalog, the median Lyα
rest-frame Equivalent Width (EW) is 74 Å for mock galaxies
at z> 4.1, the redshift where Lyα enters the NIRCam F070W
filter. At z = 7, an emission line with this EW would result in
F090W magnitude difference of ∆mAB = 0.29.

Lyα is a resonant line, and its emission is highly depen-
dent on the geometry of the gas in the galaxy as well as
the surrounding IGM (Neufeld 1991; Giavalisco et al. 1996;
Kunth et al. 1998; Frye et al. 2002; Shapley et al. 2003), al-
though this resonance is not modeled for the JAGUAR mock
catalog galaxies. At z > 6, the IGM has been observed to
be increasingly neutral which significantly reduces the frac-
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Figure 12. Color-color plots (first row) and the resulting TPD (second row), completeness (third row) and accuracy (fourth row) plots as a
function of color cut for F070W dropouts (left), F090W dropouts (middle), and F115W dropouts (right) with three-band (red) and four-band
(blue) selection for NIRCam (solid) and HST+NIRCam (dashed) surveys. For comparison, we require a UV continuum color cut of < 0.4. TPD
and completeness are higher with four-band selection than with three-band selection for F070W dropouts, similar between the two methods
for F090W dropouts, and lower with four-band selection for F115W dropouts. With the exception of F115W dropouts, the accuracy of the
four-band color selection is relatively consistent with that of the three-band selection.

increases when utilizing a longer UV baseline. These dif-
ferences reflect how a longer UV baseline results in a larger

spread in color values, as seen in the first row of Figure 13,
causing more objects to scatter outside of the selection boxes.



NIRCAM HIGH-REDSHIFT DROPOUT GALAXIES WITH JAGUAR 15

Figure 13. Color-color plots (first row) and the resulting TPD (second row), completeness (third row), and accuracy (fourth row) plots as a
function of color cut for F070W dropouts (left), F090W dropouts (middle), and F115W dropouts (right), with the three-band selection from
Section 3.1 (red) and with a three-band selection that utilizes a longer UV baseline (blue) for NIRCam (solid) and HST+NIRCam (dashed)
surveys. For comparison, we require a UV continuum color cut of < 0.4.

3.5. NIRCam Long Wavelength Rejection Colors

One of the key features of the NIRCam instrument is a
dichroic beam splitter which allows observations in two fil-
ters simultaneously, one at short wavelengths (0.6 - 2.3 µm),
and one at longer wavelengths (2.4 - 5.0 µm). Future deep

extragalactic surveys with NIRCam will need to utilize the
dichroic to increase the efficiency of the observational strat-
egy. In this section, we will discuss the usage of NIRCam
observations made at longer wavelengths to help select high-
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of χ2
opt should be centered at 0, while for lower-redshift inter-

lopers, the distribution will be biased towards positive values.
We explore the efficacy of the Bouwens et al. (2015) χ2

opt
statistic in discriminating low-redshift interlopers in JWST

surveys using our three-band analysis at the DEEP survey
depth. We calculate the χ2

opt for each object selected with the
two color cut adopted throughout this work assuming a de-
tection SNR > 3 and a blue non-detection SNR < 2. We sep-
arate them based on their true redshifts and measure the dis-
tribution of the results, presented in Figure 16. We note that
since there are no blue rejection filters for F070W dropouts,
their χ2

opt cannot be calculated. With F090W dropouts, there
are too few blue bands to find a clear delineation between
high and low redshift mock galaxies. However, for the redder
F115W dropout band, 10 - 30% of interloper galaxies could
be reliably rejected without affecting the number of high red-
shift galaxies selected by adopting a χ2

opt & 5. This cutoff is
relatively unaffected by an increase the detection SNR.

3.7. Brown Dwarf Interlopers

In addition to the mock galaxies in the JAGUAR catalog,
we also explored how ultracool brown dwarf stars may be se-
lected as dropout candidates following the work of Wilkins
et al. (2014), Finkelstein et al. (2015), and Ryan & Reid
(2016). Brown dwarfs have stellar spectra that become red-
der at cooler temperatures, with stronger molecular absorp-
tion features that can mimic the red dropout colors of high-
redshift galaxies. While these studies conclude that ultracool
dwarfs will be relatively rare (∼1 arcmin−2), extended deep
JWST surveys will likely contain a number of dwarfs due to
the 9.7 arcmin2 FOV of NIRCam. To that end, we used a
subsample of the published spectra for L and T dwarfs from
the SpeX Prism Spectral Library5 and calculated the fluxes
of these objects through the NIRCam wide filters: F070W,
F090W, F115W, F150W, and F200W, as these spectra have
wavelength coverage to 2.5µm. We supplemented these ob-
servational data with a set of L and T dwarf model spectra
(which extend to 50µm) from Sonora18 (Marley et al. in
prep) at a range of surface temperatures (T = 200 - 2300
K) and a fixed surface gravity of log(g) = 5.0. For these
model spectra, we calculated the NIRCam fluxes through
the NIRCam wide filters F070W, F090W, F115W, F150W,
and F200W, F277W, F356W, and F410M and the NIRCam
medium filters F335M and F410M. We simulate these real
and model objects at a range of distances between 0.1 kpc
and 40 kpc, and add noise at the DEEP HST+NIRCam sur-
vey depth. We note that brown dwarfs are unresolved in ex-
tragalactic surveys and a stellarity parameter has been used
to remove these sources from deep HST catalogs (see Sec-
tion 3.5.1. in Bouwens et al. 2015). We do not simulate
this in our current work, and caution that while morphology
can be used for rejecting stellar contaminants, compact high-
redshift galaxies may also be similarly unresolved.

5 Compiled by Adam Burgasser and found online at
http://pono.ucsd.edu/ adam/browndwarfs/spexprism/

We plot the positions of the noisy brown dwarf candidates
on the F070W, F090W, and F115W dropout color-color plots
in Figure 17, where we impose the same red filter detec-
tion SNR (>3) and blue filter non-detection SNR (<2). In
the figure, the colors of the points indicate the optical spec-
tral type of the object given in the SpeX Library (as shown
in the color bar on the right) or estimated from the temper-
ature of the Sonora18 model spectrum, and the size of the
point indicates the simulated distance of the brown dwarf.
While brown dwarfs do not have colors similar to F070W
dropouts, a large population of brown dwarfs would be se-
lected as F090W dropouts, and a smaller number would be
identified as F115W dropouts.

For the F090W dropouts there is a general trend between
optical spectral type and redder F090W - F115W and F115W
- F150W colors, and most of the sources selected are at
larger distances (> 10 kpc), echoing results from Ryan &
Reid (2016) demonstrating that JWST will be able to de-
tect brown dwarfs in the Milky Way halo. A color selec-
tion at F115W - F150W < 0.3 would select against many
late L and T dwarfs. Late T-dwarfs have very red F090W
- F115W colors and blue F115W - F150W colors, and would
also be selected as F090W dropouts. To aid in differentiating
true high-redshift galaxies from brown dwarfs, we used the
Spitzer IRAC photometry for a sample of 86 late M, L, and
T dwarfs provided by Patten et al. (2006). After converting
the Channel 1 (3.6 µm) and Channel 2 (4.5 µm) fluxes to AB
magnitudes, we find that M and L dwarfs have [3.6] - [4.5]
< −0.3 (roughly analogous to NIRCam F356W - F444W < -
0.3), which is significantly bluer than the bulk of true F090W
dropout galaxies. T dwarfs in the Patten et al. sample, how-
ever, have red [3.6] - [4.5] colors and are not as easily sepa-
rated from F090W dropouts. To find methods for removing T
dwarfs from F090W dropout samples, we looked at the long-
wavelength NIRCam colors of these stars using the Sonora18
model spectra. In Figure 18, we plot the F090W - F115W
color vs. F335M - F356W color for both JAGUAR mock
galaxies and Sonora18 model brown dwarfs with F115W,
F150W SNR > 3 and F435W, F606W, and F070W SNR <
2 (HST+NIRCam) with the model brown dwarf points col-
ored as they are in Figure 17. From this Figure, we show that
Late L and all T dwarfs can be reliably separated from true
F090W dropouts by requiring a color cut at F335M - F356W
< 0.75 (black vertical line), along with the F090W - F115W
color cut (lavender horizontal dashed line), although this po-
tentially removes a small population of high-redshift mock
galaxies with strong optical line emission.

It is important to note that we do not simulate the on-sky
density of objects in our sample in these plots. Ryan & Reid
(2016) explored the actual number density of brown dwarfs
in the thick and thin disk of the Milky Way, and concluded
that only a few ultracool dwarfs would contaminate extra-
galactic surveys. Our results demonstrate the importance in
the use of a Two Color or Compound Color method as well
as observations at longer wavelengths to help mitigate this
contamination.
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Figure 19. NIRCam color-color plots as in Figure 2, but with mock galaxies with randomly assigned values for the extinction between
E(B−V ) = 0−2. For mock galaxies at z < 3, we use the Calzetti et al. (2000) dust prescription, and at z > 3, we use the SMC-bar-like dust from
Gordon et al. (2003). We represent actual high-redshift dropout mock galaxies in each panel with blue points. Dust causes the mock galaxy
colors to be redder along each axis of the figure, reinforcing the need for a second color cut (such as the example vertical solid lavender line in
each panel) to remove dusty low-redshift interlopers.

galaxies means that the predicted accuracy is significantly
lower for EGG than for JAGUAR. For F115W dropouts, the
EGG catalog results in higher completeness values but at
very low accuracies.

These results highlight the difficulty in extrapolating the
galaxy stellar mass function to low mass, especially at high
redshift. Future deep JWST surveys will include a signifi-
cant number of low-mass (< 107M⊙, see Figure 6) galaxies
that are currently too faint to be observed with existing in-
struments, which will allow for a more robust measurement
of the low-mass slope of the mass function.

5. DISCUSSION

JWST/NIRCam will be an exceptional instrument for se-
lecting large samples of high-redshift galaxies. The NIR-
Cam field of view spans 9.7 arcmin2, so with a single point-
ing as part of a DEEP survey, these results indicate that it
may be possible to select ∼ 900 z = 5 − 7 F070W dropouts at
greater than 70% accuracy, ∼ 500 z = 6 − 9 F090W dropouts
at greater than 70% accuracy, and ∼ 60 z = 8 − 11 F115W
dropouts at greater than 50% accuracy. In Figure 6, we ad-
ditionally show that these samples include mock galaxies at
stellar masses of 106 - 107 M⊙, a stellar mass range that is
difficult to access at these redshifts.

These results also demonstrate the importance of target-
ing fields with existing deep HST data. The addition of HST

photometry has a limited effect in reducing the number of
recovered high-redshift galaxies, but serves to significantly
increase dropout selection accuracy, especially for blue color
limits. While the majority of existing deep HST data are not
at the XDF depths, the usage of shallower photometry should
produce a result that is bracketed by the NIRCam only and
HST+NIRCam results we have presented. Additional explo-
ration of alternate survey designs at different HST and NIR-
Cam depths can be accomplished using the NIRCPrepare-
Mock software package described in Section 2.2.

A selection scheme should be chosen based on the sam-
ple purity and accuracy requirements for the science goal of
a given survey. For F070W, F090W, and F115W dropouts,
with two color selections, we find that a color cut of ∼ 1 bal-
ances the trade-off between completeness (and TPD) and ac-
curacy. Because of how the presence of significant quantities
of dust affects the observed NIRCam colors of low redshift
interloper galaxies, we also recommend additional color cuts
to focus on galaxies with blue UV slopes. For more inclusive
(bluer) color cuts, the Compound Color Cut method provides
the highest accuracy levels observed, cutting out a quantity
of low redshift interloper galaxies. In addition, when exist-
ing deep optical data exist, we recommend the use of the χ2

opt
statistic to help increase survey accuracy, but with the caveat
that there is significant overlap between the χ2

opt distributions
for true high-redshift galaxies and lower redshift interlopers.

6. CONCLUSIONS

We have demonstrated how JWST/NIRCam colors can be
used to select samples of high-redshift galaxies through the
Lyman dropout technique by simulating surveys with the
JAGUAR catalog. We examined how the exact color cut af-
fected the on-sky TPD of high-redshift sources, and the com-
pleteness and accuracy of the resulting sample. Our primary
results are:

1. At increasingly redder color cuts, in all cases, the
true positive density and completeness of the recov-
ered sample decreases, as fewer objects are selected,
but the overall accuracy increases, often plateauing at
a maximum accuracy level for a given set of mock
galaxies. This process is primarily driven by SNR, as
the recovered mock galaxies in each selection method
we explored are at higher redshifts than the interlopers,
which are scattered into the selection box due to noise.

2. We explored three dropout selection methods which
utilize either one single color cut, two color cuts, or a
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break for the dropout sample, where assuming χ2
opt < 5

would help to reject outliers.

6. While it will be possible for NIRCam to detect brown
dwarf stars out to 10+ kpc, they are only a significant
source of contamination in F090W dropout selection,
which can be alleviated with color cuts using NIRCam
data at 3 - 5µm.
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