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Abstract

Deep near-infrared photometric surveys are efficient in identifying high-redshift galaxies, however, they can be
prone to systematic errors in photometric redshift. This is particularly salient when there is limited sampling of key
spectral features of a galaxy’s spectral energy distribution (SED), such as for quiescent galaxies where the expected
age-sensitive Balmer/4000 A break enters the K-band at z > 4. With single-filter sampling of this spectral feature,
degeneracies between SED models and redshift emerge. A potential solution to this comes from splitting the
K band into multiple filters. We use simulations to show an optimal solution is to add two medium-band filters,
Kotue (Acen =2.06 pum, AX=0.25 pym) and Kyeq (Acen = 2.31 pm, AX=0.27 um), that are complementary to the
existing K filter. We test the impact of the K-band filters with simulated catalogs comprised of galaxies with
varying ages and signal-to-noise. The results suggest that the K-band filters do improve photometric redshift
constraints on z > 4 quiescent galaxies, increasing precision and reducing outliers by up to 90%. We find that the
impact from the K-band filters depends on the signal-to-noise, the redshift, and the SED of the galaxy. The filters
we designed were built and used to conduct a pilot of the FLAMINGOS-2 Extragalactic Near-Infrared K-band
Split survey. While no new z > 4 quiescent galaxies are identified in the limited area pilot, the Ky, and Kyeq filters
indicate strong Balmer/4000A breaks in existing candidates. Additionally, we 1dent1fy galax1es with strong
nebular emission lines, for which the K-band filters increase photometric redshift precision and in some cases
indicate extreme star formation.
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1. Introduction

There is now substantial evidence of massive (Milky Way
stellar mass equivalent and above) galaxies at 3 < z <4 from
deep Near-Infrared (NIR) surveys (Marchesini et al. 2010;
Muzzin et al. 2013; Spitler et al. 2014; Straatman et al. 2014;
Stefanon et al. 2015; Laigle et al. 2016). These surveys have
been instrumental in the recent discovery and spectroscopic
confirmation of quenched and massive galaxies at 3 <z<4
(Marsan et al. 2015; Glazebrook et al. 2017; Marsan et al.
2017; Schreiber et al. 2018; Forrest et al. 2020; Valentino et al.
2020). Massive quiescent galaxies at z 2> 3 are very different
compared to local early-type galaxies (ETG) despite sharing
similar characteristics, e.g., red rest-frame colors (see the
introduction in Schreiber et al. (2018), for a detailed summary
of this population and the differences from local galaxies with
similar attributes). Most notably, they have very compact sizes
of 1 kpc half-light radius (Marsan et al. 2015; Straatman et al.
2015), which are very rare in the local universe (Trujillo et al.
2009; Taylor et al. 2010; Valentino et al. 2020), and heavily
suppressed (not necessarily zero) star formation compared to

the star-forming main sequence at similar epochs. Finally,
massive quiescent galaxies are exceedingly rare at 3 <z <4
with a number density 1-2 x 10~> Mpc > (Straatman et al.
2014; Schreiber et al. 2018; Merlin et al. 2019), a factor of 80x
less than similar mass ETGs at z~ 0.1. While all massive
galaxies are less abundant at higher redshift (Conselice et al.
2016), the quiescent fraction is also significantly smaller by a
factor of 4-10 over this same redshift range (Martis et al.
2016).

The discovery of massive quiescent galaxies at these epochs
proved to be an important test for galaxy formation models as
the simulations at the time were unable to reproduce them in
sufficient number (Glazebrook et al. 2017; Schreiber et al.
2018; Merlin et al. 2019; Forrest et al. 2020, and references
therein). The tension existed partly due to limited simulation
box sizes, where the relatively small volumes allow for only a
few massive galaxies at high redshifts, and the treatment of
sub-grid physics such as AGN feedback, which is a potential
mechanism to quench galaxies at these epochs. With the
latest generation of simulations, both semi-analytic models
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(Henriques et al. 2015; Qin et al. 2017) and hydro-dynamical
simulations (Rodriguez Montero et al. 2019) appear to be able
to reproduce number densities of massive quiescent galaxies at
these epochs. However, these agreements rely heavily on how
the comparisons between observations and simulations are
made, such as the use of emission-line templates in SED fitting
for observations or the selection of the radii within which the
star formation is calculated in simulations (see Merlin et al.
2019, for a detailed discussion).

Discrepancies remain, however, when considering star
formation histories (SFH) and the evolution of these galaxies
beyond z~ 4. The spectroscopically confirmed galaxy ZF-
COSMOS-20115 at z=3.71 in Glazebrook et al. (2017)
implies a rapid formation timescale <250 Myr and abrupt end
to star formation prior to z=15. Similarly, spectroscopic
confirmation of the most massive z > 3 quiescent galaxy, has
an SFH that indicates this galaxy is quiescent at z > 4 (Forrest
et al. 2020). Despite now achieving sufficient cosmic volumes
and more detailed treatment of AGN feedback, massive
quiescent galaxies are predicted not to be present in simulations
at z~ 5.

Recent observational searches for massive quiescent galaxies
beyond z ~ 4 suggest the number density declines compared to
that of the 3 <z<4 population. The number density of
massive quiescent galaxies at z>4 is in the range
1.7—82x107% Mpc™>, after correcting for completeness
(Alcalde Pampliega et al. 2019; Merlin et al. 2019; Marsan
et al. 2020; Shahidi et al. 2020). The range in these values is
indicative of the large uncertainties both due to the limited
number statistics and the potential for systematic errors
inherent in determining photometric redshifts for quiescent
galaxies at z > 4.

There is a clear need for a large and robust sample of
quiescent galaxies at z > 4 with precise photometric redshifts to
see how early in the universe galaxies can shut down their star
formation. Traditional NIR-selected surveys are well suited for
studying quiescent galaxies from 1 <z <4 due to the detection
band sampling redward of the age-sensitive Balmer and 4000 A
break. These breaks develop in young poststarburst galaxies at
the Balmer limit at 3650 A, and then evolve to a 4000 A break
(e.g., Kauffmann et al. 2003), as exhibited by most modern
ETGs after ~800 Myr. Beyond z > 4, these breaks enter the K-
band, which makes detection more difficult and photometric
redshift uncertainty worse due to the large gap between the H
(1.6 micron) and IRAC 3.6 micron bands. Additionally,
emission-line galaxies and old, dusty galaxies at lower redshifts
can mimic the spectral energy distribution (SED) shape of z > 4
quiescent galaxies. These lower-redshift galaxies represent a
much larger sample, meaning that photometric measurement
errors can potentially cause upscattering of lower-redshift
galaxies and significantly contaminate the massive quiescent
galaxy sample (Straatman et al. 2014; Schreiber et al. 2018).
Deriving robust redshifts for rare massive quiescent galaxies is
therefore a significant challenge that must be overcome to
understand z >4 galaxy populations.

Previous NIR surveys have been successful in improving
photometric redshift precision at lower redshifts by adding
medium-band filters to increase the sampling of prominent
spectral features. Surveys such as the Newfirm Medium Band
Survey (Whitaker et al. 2011, NMBS) and the FourStar Galaxy
Evolution survey (Straatman et al. 2016, ZFOURGE) used
medium-band filters (R = A/AX~7) that split the J and H
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broadband filters (R~3) into three and two, respectively. The
addition of these medium-band filters improved photometric
redshift precision (the scatter of |Zgpec — Zphot| /(1 + Zspec) bY Up
to a factor of two, achieving a photometric redshift precision
of ~1%—-2%. Outliers associated with catastrophic photometric
redshift solutions are also reduced by a factor of two compared
to where only broadband photometry is used. Similar results
were found by Merlin et al. (2021) using deep broadband and
medium-band filters achieving photometric redshift precision
of 1.5% and outlier fractions of 3%. Medium-band NIR
imaging enabled the robust selection of massive quiescent
galaxies to 3 <z <4 as shown in Straatman et al. (2014) in
which 14 were identified. Schreiber et al. (2018) used an
extended data set to spectroscopically confirm 12 massive
quiescent galaxies selected with NIR medium-band data with
only a 20% contamination rate by lower-redshift objects.
Extending this increased photometric sampling approach to
longer wavelengths such as the K band could produce similar
results for higher redshifts.

Increased sampling of the K band also offers the opportunity
to identify extreme emission-line galaxies (EELGs) where
emission lines are indicated by the boosting of flux in one
medium-band filter but not the other. Adding medium-band
filters to the K band probes emission-line features such as Ho
and the [N 11] doublet (6548, 6584 A) at 2 < z < 2.3, the [O 1]
doublet (4959, 5007 A) at 3 <z<4, and the [O 1] doublet
(3726, 3729 A) at 7 > 4. EELGs are often associated with Ly«
emitters, and display similar characteristics to higher-redshift
star-forming galaxies, thought to be responsible for reoinizing
the universe (Forrest et al. 2017). Spectroscopic follow-up of
these galaxies can enable studies of the ionizing photon
production efficiencies using Ha (as in Nanayakkara et al.
2020) and provide a better understanding of the likely
photoionization budgets during the epoch of reionization.
Additionally, some of these starburst galaxies likely have
characteristics similar to the progenitors of massive quiescent
galaxies at high-redshift, as the SFHs of massive quiescent
galaxies suggest they exhibited extreme starbursts with
maximum star formation rates (SFRs) in excess of
1000 M., yr—". Studying them could offer greater insights into
the formation scenarios of higher-redshift massive quiescent
galaxies.

Finally, large ground-based surveys that aim to find massive
quiescent galaxies at z > 4 are especially important in the era of
the James Webb Space Telescope (JWST). Due to the
relatively small field-of-view of JWST, photometrically pre-
selecting these rare galaxies would be inefficient and involve
multiple JWST cycles. Ground-based photometric pre-selection
of z>4 massive quiescent galaxy candidates is therefore
optimal to identify the best candidates to follow up with JWST.

Increased photometric sampling of the K band is a logical
progression to next-generation deep NIR surveys and has
influenced the development of several instruments that include
medium-band filters in the K-band region (including Motohara
et al. 2014). This has now been achieved with the design and
commissioning of two new medium K-band filters (hereafter K-
split filters) that have been added to the FLAMINGOS-2
instrument (Eikenberry et al. 2008; Gomez et al. 2012,
hereafter F2), on the 8.1 m Gemini South Telescope in Chile.
F2 is an ideal instrument choice due to its NIR optimized
design and its location on top of Cerro Pachén, which features
low NIR sky backgrounds. The design of the filters was
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Figure 1. The new FLAMINGOS-2 medium-band Ky, and K4 filters sample the blue and red ends of the 1.9-2.5 micron K-band window, both overlapping the K|
filter. Full optical path transmission of the telescope+instrument is applied to these the filters. Atmospheric transmission is shown in gray for a typical 2.3 mm water-
vapor column for a Cerro Pachén altitude. Bottom panel: Galaxy SEDs of a dusty galaxy at z = 3 (brown line) and a quiescent galaxy at z = 4.7 (black line) are shown
with brown circles and black points showing the respective synthetic photometry of filters (H, K, IRAC at 3.6 and 4.5 micron) in this wavelength range. The synthetic
photometry of the Ky, and K4 filters is shown for the quiescent galaxy in blue and red, respectively. The K-split filters demonstrate their ability to discriminate
between these two different galaxy SEDs. The Balmer limit and 4000 A break are shown to illustrate the extent of the spectral features traced by the K-split filters. For
the galaxy SED at z = 4.7, the K-split filters sample portions of both the Balmer and 4000 A breaks.

undertaken by our research collaboration (described in
Section 2) which was selected by the Gemini Observatory as
part of its Instrument Upgrade Program (Diaz et al. 2016). The
K-split filters were manufactured by Asahi Spectra USA, Inc.,
and added to F2 in Semester 2017A. Shortly after, the
FLAMINGOS-2 Extragalactic Near-Infrared K-band Split
(FENIKS) pilot survey (PL: C. Papovich) was undertaken
(described in Section 4). A larger area follow-up survey,
the FENIKS Large and Long-term Program, is currently
underway and will be introduced in an upcoming survey paper
(C. Papovich et al. 2021, in preparation).

In this paper we outline the filter design and selection for the
K-split filters in Section 2. We show the theoretical
performance of these filters using photometric redshift
measurements of simulated galaxy catalogs in Section 3.
Section 4 summarizes the FENIKS-pilot survey which uses the
new K-split filters. Section 4.2 outlines the data reduction and
cataloging methodology. Section 5 shows preliminary results
of the FENIKS-pilot survey where we identify candidates for
massive galaxies at z >4, emission-line galaxy candidates at
z>2, and show the impact of the K-split filters on the
photometric redshifts of these galaxies. Finally, a summary is
given in Section 6. Throughout, we assume a ACDM
cosmology with ,,=0.3, Q,=0.7 and Hy=70km g1
Mpc™'. The photometric system is AB (Oke & Gunn 1983).

2. Design of the K-split Filters

The K-band medium filters used in the FENIKS-pilot survey
are shown in Figure 1. The newly added filters split the K-band
atmospheric window into two with a blue and a red component
(which we name Ky, and K.q). The lower panel of Figure 1
illustrates a key use case for the Ky, and K4 filters which
distinguish between a dusty and old galaxy at z=3 and a

massive quiescent galaxy at z =5 that are otherwise degenerate
with standard photometric filters at limited depths. This is
highlighted by the H, K, and IRAC 3.6 micron and 4.5 micron
bands which are insufficient to distinguish the Balmer/4000 A
break, which is the most prominent spectral feature in the
z~5 SED.

To translate the science goal of identifying z > 4 quiescent
galaxies into the specific filter designs, we need to identify a
strong color signature from the Balmer and 4000 A breaks over
the redshift range where these spectral features are present
(4 <z<6). To explore the optimal filter characteristics, we
computed a figure of merit (FOM) that optimizes the filter
wavelength position and filter widths by maximizing the
redshift range sensitivity and hence increasing the cosmic
volume probed. In the FOM, we include the redshift range
probed by the additional filters, the sky background (including
the thermal emission from the telescope), atmospheric
transmission window, telescope optical path, and the source
brightness as a function of wavelength and redshift. The
detailed procedure for the FOM and description of these
parameters are discussed in Appendix A.

An illustration of the FOM procedure is shown in Figure 2
for the selected dual filter setup with the left panel showing the
simulation setup with the many components considered, and
the right panel showing the color measurement for this filter set
sampling the SED in the left panel over a specific redshift
range. To measure the redshift range probed by this filter
configuration, a fiducial 0.4 Gyr single-stellar-population (SSP)
galaxy model is redshifted from 2 < z < 6 and the redshifts for
which the Ky — Kieq color is greater than some threshold
represents the redshift range. Here the age of the SSP galaxy is
set to 0.4 Gyr so that the stellar population is sufficiently old to
produce a sharp detectable Balmer break, which develops



THE ASTRONOMICAL JOURNAL, 162:225 (22pp), 2021 December

zrange: 4.2 -5.4

0.8

0.2 VJ
0.2
bt
00M g Ts 20 21 27 23 za 7500 3 4 5

A (um) redshift

4
o

Relative Flux

)
IS

Figure 2. Filter design simulation for the dual filter setup. Left panel: Ky, and
Kieq filters, including atmospheric absorption (shown in blue and red,
respectively). The black solid line is the fiducial 0.4 Gyr SSP model SED at
z =4.6. The mauve dashed line is the Cerro Pachén background + telescope
emission spectrum and the gray dotted line is the atmospheric transmission for
a 2.3 mm water-vapor column. Red and blue dots are the synthetic photometry
for Kpue and K4, respectively. Right panel: Kyye — Kieq color as a function of
redshift. The solid line is the predicted color as our model SED is redshifted
from 2 to 6. The horizontal dashed line shows the 30 color threshold used to
approximate the redshift range probed by the filter configuration.

within 100-200 Myr in poststarburst galaxies. The upper
redshift limit is where the Balmer and 4000 A break has
redshifted beyond the K-band window. The 0.3 magnitude
threshold is based on achieving a 30 color measurement with
typical K; magnitude depths achieved in the ZFOURGE
catalog.'* The results are not sensitive to the exact choice of
threshold. A simplification in this approach is that the apparent
magnitudes of the galaxies are assumed to be constant over the
4 < z < 6 redshift range, which is approximately correct for an
instantaneous formation redshift of 6.0-7.0. A caveat to this
methodology is that it only considers two filters and that it is
not optimized for SSPs of different ages.

The main outcome of the FOM analysis is that the central
wavelengths of two additional filters are pushed to either side
of the K-band window with relatively broad widths (R ~ 7).
While it might seem counterintuitive to have the Ky, filter
extend into the “blue” edge of the K-band atmospheric
transmission window or the K4 filter overlap with exponen-
tially increasing sky+telescope emission at wavelengths
greater than 2.4 micron, these solutions are optimal when
considering the fact that quiescent galaxy SEDs increase in flux
with increasing wavelength. The other key factor is the fact that
exposure time increases for narrower filter widths.

Our final adopted design included slight modifications of the
edges of Kye and K4 filters to reduce overlap with the
existing K filter and improve photometric stability by reducing
sensitivity to variations in atmospheric transmission due to
water vapor and airmass. The final filter central wavelengths
and widths are Ky, = (2.06, 0.25 pm) and K..q = (2.31, 0.27
pm), complementary to the existing K (2.16, 0.32 pm) filter.
This enables one to take advantage of existing deep Kj
photometric data with the 3 photometric filters together fully
covering the K-band transmission window from 1.9-2.5
micron.

14 The typical 30 K-band depth of ZFOURGE is 25.7 in a D = 0”6 aperture
(scaled to total).
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3. Simulations Using K-split Filters
3.1. Photometric Redshift and Outliers

To understand the impact of adding the K-split photometry
to an existing multiwavelength catalog in determining photo-
metric redshifts, a mock galaxy catalog was simulated. The
synthetic photometry of the catalog was generated to have
depths and broadband filter sets similar to the UltraVISTA
catalogs in the COSMOS field (u, B, V, g, r, i, z, J, H, K|, and
the four SPITZER/IRAC channels at 3.6, 4.5, 5.8, and 8.0
micron), because these are representative of the current state of
the art in deep fields. The depths for the K-split filters are Kyjye
50 depth = 25 mag, set to approximately match the K depth in
the UltraVISTA catalog (based on the total flux), and the K4
depth set to 50 depth=24.3 mag, to reproduce similar
observational constraints associated with this filter such as
the comparatively lower observational efficiencies achieved on
the F2 instrument and brighter sky backgrounds. These K-split
depths are similar to the observed depths of the pilot survey
shown in Section 4.

The mock galaxy catalogs are composed of several different
aged SSPs, spanning a range of signal-to-noise ratio (S/N) to
produce the expected range of galaxies one might observe in
deep photometric surveys. A total of five galaxy types were
simulated: four SSPs with 0.1, 0.3, 0.6, and 0.9 Gyr ages
(assuming solar metallicity and no dust attenuation) giving a
range of Balmer/4000 A break amplitudes and a dusty constant
star-forming galaxy with strong emission lines. The emission-
line galaxy has an ionization potential, log(U) = —2, for strong
[O1I] emission and a Ay=2 mag attenuation, (using the
Calzetti 2001, dust law) to flatten the UV spectral slope and
thus highlight the effect that the K-split filters can have on
tracing emission line color signatures. To establish which types
of galaxies, and at what redshifts, are impacted most by the K-
split filters, the mock catalogs are created with galaxies
randomly drawn from a uniform distribution over a large
redshift range.

These galaxy models were generated using Bayesian galaxy
modeling software: Bayesian Analysis of Galaxies for Physical
Inference and Parameter EStimation (BAGPIPES, Carnall et al.
2017) which uses Bruzual & Charlot (2003) stellar population
models and emission-line modeling with Cloudy (Ferland
et al. 2017). Examples of two galaxy models are shown in
Figure 3 at a range of redshifts to illustrate how the K-split
filters move through the SEDs as they are redshifted.

To simulate a range of S/N, each galaxy has its flux scaled
such that the K4 band has a specific S/N (which was chosen
as it has the shallowest depth in the K-band for these
simulations). Scaling the flux by the K4 filter essentially
produces a similar S/N profile across the multiwavelength
filters irrespective of redshift. A consequence of the scaling is
that it produces slightly different mass ranges at different
redshifts (i.e., lower masses at low redshifts and higher masses
at high redshifts). As a point of reference, a 0.9 Gyr SSP at
z~5 with a S/N=5 in the K-split filters has a
log(M* /M) =11.

To test the K-split filters’ impact on recovering the redshifts
of the simulated galaxies, we used the photometric redshift
fitting software EAzY (Brammer et al. 2008). EAzY uses linear
combinations of multiple template spectra to find the minimum
chi-squared description of the observed SED in order to
construct a redshift-probability distribution, P(z). EAzY has
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Figure 3. Two example galaxy models with synthetic photometry for a range of redshifts used in the EAzY simulations to test the impact on photometric redshift
precision when adding the K-split photometry. In each panel, the black solid line shows galaxy SEDs; brown scatter points are the selection of photometry used in the
simulations and the blue and red scatter points are the Ky, and K,.q photometry, respectively. The top row shows the 0.9 Gyr SSP model and the bottom row a dusty

star-forming galaxy.

been widely used to determine photometric redshift catalogs for
multiwavelength surveys including NMBS (Whitaker et al.
2011), UltraVISTA (Muzzin et al. 2013), 3D-HST (Momcheva
et al. 2016), and ZFOURGE (Straatman et al. 2016). The
template set is from ZFOURGE (see Section 4.4) and includes
standard EAzY templates plus a strong emission-line galaxy
template and an old and dusty galaxy template. These two
additional templates help demonstrate how the K-split filters
can distinguish between galaxy SEDs that can resemble
massive quiescent galaxies. EAzY was run both with and
without the new K-split medium bands to compare the impact
on the recovered photometric redshifts.

There are two key metrics that we consider in our analysis of
the EAzY results: photometric redshift precision and outlier
fractions, both of which relate to the photometric redshift
accuracy: |Zinpul - zrecovered‘/(l + Zinput) (hereafter AZ/(l +2)).
The photometric precision metric is measured by the spread in
the Az/(1+47z) for which we use the normalized median
absolute deviation (NMAD), normalized by a factor of 1.48
(hereafter onmap)- The outlier fraction is defined as the number
with Az/(1 4 z) > 0.1 relative to the number of galaxies in the
sample. These two metrics show the overall improvement in
photometric precision and accuracy achieved by including the
K-split filters. The results for the 0.6 Gyr SSP mock galaxy
catalog are shown in Figure 4 where the upper panels show the
input versus recovered redshift without and with the K-split
filters (left and right, respectively). The lower panels show the
Az/(1 + z) versus redshift and include running median curves
shown for each S/N bin. The outlier fraction and oxmap are
displayed for the full S/N population and for the redshift range

4.2 <7< 5.2 where we see the most improvement from the K-
split filters. With the K-split filters, the outlier fraction is
reduced by a factor of 2.4 and onvap improves by a factor of
2.3. The full set of diagnostic plots for the four other galaxy
models are shown in Appendix B.

To investigate the redshift ranges impacted by K-split filters,
one can take the ratio of the running median Az lines with and
without the K-split filters. This is shown for the 0.6 Gyr SSP
population in Figure 5. We can see here that the improvement
in Az/(1 + z) for S/N>10 can be as high as a factor of 10 at a
z~4.6, whereas this improvement is less at z <4.2 and
72 5.2. Finally, one can see that there are minimum S /N
requirements for the photometry to achieve photometric
precision and accuracy improvement. In the 0.6 Gyr SSP, S/
N <5 produces minimal impact on the photometric precision.
It should be emphasized that for each increment in S/N, the S/
N of all the filters is improved and so do not describe the
minimum S/N required in the K-split filters. An investigation
varying the K-split S/N while keeping the other photometric
errors constant is shown in the Section 3.2.

Figure 6 summarizes the onpmap and outlier fractions for the
simulations for each of the S/N bins and the five galaxy types.
Note that these metrics are quoted for the redshift range
2 < z < 4 for the dusty star-forming galaxy (labeled dusty SF in
Figure 6) and the remaining 4 SSPs for the redshift range
4.2 < z< 5.2, highlighting the areas where the most improve-
ment is seen from the K-split filters. All galaxy types see at
least some improvement in the outlier fraction and onpap, With
the exception of the 0.1 Gyr SSP population, which has no
strong Balmer/4000 A break and whose photometric redshift
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Figure 4. Testing the impact of the K-split filters on photometric redshift recovery using simulated photometry for a 0.6 Gyr SSP model. The upper panel shows
recovered redshift for a given redshift input without (left panel) and with (right panel) K-split filters, with each scatter point colored by S/N of the K-split filters. The
lower panels show the corresponding residuals from the simulations, |Az|/(1 4 z), with and without K-split filters. The solid colored lines indicate the running median
of the residuals. The gray dashed—dotted lines show the |Az|/(1 + z) = 0.1 outlier limit and the vertical gray dashed lines help outline the redshift ranges that are most
impacted by the K-split filters. A factor of 2.3 improvement in the NMAD scatter in |Az|/(1 + z) is seen from onpap = 0.095 to onmap = 0.042 in the redshift range

4.2 <7< 5.2 and outlier fraction is reduced by a factor of 2.1.
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Figure 5. Ratio of the Az running median lines from the lower panel of
Figure 4 for with and without K-split filters. The ratio of the running median Az
lines show the redshift range for which the K-split filters have an impact and
the increase in photometric redshift accuracy. The negative peak at z ~ 4.6
shows the increase in photometric redshift accuracy by up to a factor of 10
using the K-split filters at S/N 2 10.

performance is dominated by the strong Lyman break. In
general, the most improvement is seen for the 0.6 and 0.9 Gyr
SSP populations. The onmap for the 0.6 Gyr and 0.9 Gyr SSP

galaxies at S/N =10 are both reduced by a factor of 2.4 and
the outlier fraction is reduced by a factor of 11 and 2.3,
respectively. While there are similar relative improvements for
the 0.3 Gyr SSPs at S/N = 10 (a factor of 2.4 improvement in
onmap and 100% reduction in outliers), the outlier fraction and
onmap Values are significantly lower even without the K-split
filters. Interestingly, the impact of the K-split filters on the
0.3Gyr SSP is most prominent at S/N=35, with large
improvements to Az/(1 +z) impacting the onmap despite
the relatively unchanging outlier fraction. Finally, for the dusty
star-forming galaxy, we use the redshift range 2 < z < 4, where
the emission lines for [O 11I] and Ha enter the K-split filters.
Here the outlier fraction is reduced by a factor of 2 and the
onMmap 18 improved by a factor of 1.5, although these quantities
are aggregated over a broad redshift range and individual
improvement in Az/(1 + z) can be as high as a factor of 4.

The results of these simulations indicate that at sufficient
S/N, the most impact from the K-split filters is apparent for the
older SSP populations, where there is very little rest-frame UV
flux and the photometric redshift is strongly influenced by
identifying the Balmer/4000 A break. It should be noted here
that the outlier fraction and onpmap quoted in this section are
dependent on the photometric filter sets and the depths used.
Therefore, while quantitative comparisons are still relevant,
their absolute value may change accordingly.
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3.2. Impact of K-split Signal-to-noise on Photometric Redshift
Precision

The simulations in the previous section included varying the
S/N for all the photometric filters, however, it is also useful to
assess the sensitivity of the S/N of the K-split filters given an
existing photometric catalog at fixed depths. As an additional
outcome, we can determine the ideal depth of the K-split
photometry given existing photometric catalogs. To investigate
the impact of the K-split photometry S/N on the photometric
redshift-probability distribution function, P(z), we conducted
the following simulations. We simulate photometry for two
different galaxy SEDs, fixed at z = 4.6, where the K-split filters
sample the largest color signature for an evolved galaxy with a
Balmer/4000 A break, and incrementally increase the S/N of
the K-split photometry while maintaining the S/N of the other
bands at the same depths as those used in Section 3.1.

The two galaxy SEDs are simulated using BAGPIPES with
(1) a massive poststarburst galaxy with residual star formation
and strong dust attenuation and (2) a massive quiescent galaxy
based on the same 0.9 Gyr SSP model used in Section 3.1.
These two galaxy SEDs are chosen to be representative of the
type of quiescent and quenching galaxies one might expect at
z > 4. The filter set and depths used are the same as Section 3.1.
Galaxies are modeled with various stellar masses such that their
K-band luminosities are the same. Photometry is generated
from the model galaxy with a scatter consistent with the
photometric errors. In the simulation, the K-split photometry S/
N is incrementally increased and EAzY is used to derive a P(z)
using the full template set described in 3.1.

Figure 7 shows the results of the test, for which there are two
key takeaways. The first is that the galaxy SED shape is
important in determining the contribution of K-split photometry
to P(z). The narrowing of the P(z) (seen from the 95th
percentile lines shown as red dashed lines in the right panel of
Figure 7) for the massive quiescent galaxy SED in the top row

is more significant than for the poststarburst galaxy in the
bottom row, with a decrease in the width of the P(z) by a factor
of ~6 and ~2, respectively. This is in part due to the substantial
Lyman break which is sampled by observer-frame optical
bands, which already constrains the redshift of the massive
Lyman-break galaxy well. Second, from the steep rise in the
95th percentile line in the top-right panel of Figure 7 at a K-
split S/N~10, it is evident that there is a critical S/N where the
impact of the K-split filters starts to emerge. Conversely,
consistent with Section 3.1, it appears that there is no
substantial improvement to the photometric redshift with a K-
split S/N <5 in either galaxy model.

The marked improvement in photometric redshift precision
of the 0.9 Gyr SSP model at S/N ~10 can be understood by
looking at the massive quiescent galaxy SED in the top row of
Figure 7. This suggests constraining the steep Balmer and
4000 A break with the K-split filters requires a minimum S/N
of ~10. At this S/N the simulation results indicate we can
likely distinguish between the two different SEDs shown in the
top-left panel (a quiescent galaxy at z=4.6 in black and
secondary solution of a dusty galaxy at z=3). Once this
threshold S/N is achieved in the K-split photometry, the bi-
modal P(z) collapses to the correct redshift of the simulated
galaxy. In this way, the gain in photometric precision can also
be considered synonymous with discriminating between two
different galaxy SED types. For the 0.9 Gyr SSP case, the
redshift probability without K-split filters is not well con-
strained and cannot distinguish between a z~ 3 dusty, old
galaxy and a z ~ 5 quiescent galaxy. The inclusion of the K-
split filters with sufficient S/N effectively excludes the z~ 3
solution.

A final point to take from this simulation is with respect
to the interpretation of the P(z) and the chosen redshift
estimate. While it is often standard practice to choose a redshift
weighted mean with a luminosity prior (zz x) to avoid selecting
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Figure 7. Impact of the signal-to-noise ratio and SED shape on the photometric redshift improvement for galaxies at z > 4 with substantial Balmer and 4000 A breaks.
Each row shows a model galaxy at z = 4.6 with simulated photometry matching the fiducial filter set used in Section 3. The top row shows a 0.9 Gyr SSP model and
the bottom row is for a poststarburst galaxy with significant dust extinction (A, = 1) and residual star formation. Left panel: same layout as for the SED panel in
Figure 3; the extra brown line in the top-left panel shows the best-fit SED without K-split photometry (a dusty galaxy at z = 3). Middle panel: P(z) for respective
galaxy SEDs; the blue histogram is with simulated K-split photometry for S/N = 10; the gray histogram shows P(z) without K-split photometry; and the vertical
dotted—dashed black line shows the true redshift of the simulated galaxies. Right panel: EAzY recovered redshift vs. K-split S/N. The blue shaded area represents the
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a K luminosity prior (z¢ x) and the triangles are the redshift corresponding to the mode of the P(z), also with the luminosity prior (zme x)-

a lower-probability density peak, the upper-right panel of
Figure 7 shows the prior may not be appropriate when there
are potential SED degeneracies. In this case, the z; ¢ value falls
between the two bi-modal peaks, suggesting a solution that has a
low likelihood. Therefore, in this instance, the mode of the P(z),
Zmo.k» 18 more robust. The lesson is that large disagreements
between zmox and z; ¢ should be treated with caution.

3.3. Recovering Stellar Mass and Age with the K-Split Filters

Using the same mock catalogs from Section 3.1, we
conducted stellar population modeling using FAST (Kriek
et al. 2009) to investigate the impact of the K-split filters on
determining stellar mass and age, two key characteristics of
massive quiescent galaxies. FAST was run using the 0.6 and
0.9 Gyr mock galaxy catalogs both with and without the K-split
filters and fixing the redshift to the simulated values.
Comparisons were made to the recovered masses and ages at
the redshift ranges where the expected impact from the K-split
filters is the most, i.e., 4.2 <z <5.2. The results are that the
standard deviation in the residuals with and without the K-split
filters are mostly unchanged for the stellar masses and ages in
both the 0.6 Gyr and 0.9 Gyr SSP models. There is a low
overall scatter in the residuals for both age and mass without
the K-split filters (<0.1 dex for all S/N). This shows that, given
the correct redshift, the overall SED shape and hence age and
mass-to-light ratio, are well constrained by the broadband

filters. This highlights that the main impact the K-split filters
have in selecting quiescent galaxies is from correctly
determining photometric redshifts, without which the masses
and ages cannot be constrained meaningfully.

3.4. Predictions for Constraining Quiescent Galaxy Stellar
Mass Function at z >4

For a wide-area survey, there is the opportunity to better
constrain the quiescent galaxy stellar mass function (GSMF) at
z >4 with more robust photometric redshifts using the K-split
filters. To date, various measurements of the GSMF have been
made at z >4, however, given the challenges in photome-
trically selecting quiescent galaxies at high redshift, there are a
wide range of values. The left panel of Figure 8 shows a
selection of quiescent GSMF published in recent years at the
highest redshifts. Note that while these GSMFs do not all span
the same redshift ranges and have different selection methods,
the shape, normalization, and evolution of the quiescent GSMF
at high redshift is currently not well constrained and therefore
provides a range of possible values. Given the large range
in the GSMFs, spanning two orders of magnitude at
log(M* /M) =11, there is clearly substantial motivation to
further constrain them.

A wide-area survey using the K-split filters is already
underway with the FENIKS Large and Long program (PI:
C. Papovich). This survey will cover a large area, ~0.6 deg?,
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Figure 8. Predictions for the cumulative numbers of quiescent galaxies at z > 4 for a wide-area survey utilizing K-split filters. Left: selection of quiescent GSMFs
from the literature including Muzzin et al. (2013), Caputi et al. (2015), Grazian et al. (2015), Davidzon et al. (2017), Ichikawa & Matsuoka (2017), and Santini et al.
(2021). Caputi et al. (2015) and Grazian et al. (2015) quiescent GSMFs are based on the total GSMF assuming a quiescent fraction of 15%. Right: Histogram of the
expected cumulative numbers of quiescent galaxies at z > 4 with a minimum Ky, — Kreq S/N, using the corresponding quiescent GSMF from the left panels.

and 5o depths of 24.3 mag in Ky, and 23.3 mag in K4, aimed
at maximizing the number of candidates (see C. Papovich
2021, in preparation, for more details).

To predict the numbers of quiescent galaxies identified in
such a survey, we ran the following analysis. To determine the
likely numbers of quiescent galaxies, we integrated the GSMFs
in the left panel of Figure 8 at log(M* /M) > 10.9 in numerous
mass bins and converted them to a distribution of masses by
using the survey area and converting to a volume assuming a
redshift range of 4.2 < 7 < 5.2. We then converted these to K-
band luminosities by modeling a passively evolving galaxy
with Zgom ~ 7, and then calculated their S/N based on the K-
split photometry using the proposed large-area survey depths.
The right panel of Figure 8 shows the expected number of
quiescent galaxies for which we would be able to make Kyjye —
Keq color measurements at a certain S/N.

At the redshift range of 4.2 < z < 5.2, the passively evolving
galaxy has a Kppe — Kieqa > 0.4 mag. Given the effective
selection of quiescent galaxies with a S/N~10 in the K-split
photometry (as demonstrated in Sections 3.1 and 3.2) one can
infer a Kyjye — Kreg > 0.4 at 30 significance should be sufficient
to identify quiescent galaxies. Using this selection criteria the
wide-area survey could robustly identify anywhere between 1
and 120 quiescent galaxies based on the variation in quiescent
GSMF present in the literature. This survey would therefore
provide strong constraints for the quiescent GSMF at z > 4.

To test the capabilities of the K-split filters on a smaller pilot
survey we consider a smaller survey area of 100 arcmin® and
target depths motivated by the analysis in Section 3.2. Based
on the S/N analysis, a galaxy with log(M"/M.)=11 and
S/N ~10 in the K-split filters translates into a target 5 depth
for a survey of 24.0 AB magnitude in K4 and 24.8 AB
magnitude in Kpjye-

Scaling the numbers of identified quiescent galaxies from the
GSMF analysis above, down to match the area of the pilot
survey would mean identifying between O and 6 quiescent
galaxies. Here we also consider direct measurements of number
densities from the literature. Using the number densities from
Alcalde Pampliega et al. (2019), which probe a 4 <z<5
sample with stellar mass of log(M™/M.) > 11, we expect to

encounter 0.9 + 0.5 massive quiescent galaxies. As a compar-
ison, the number of quiescent galaxies identified based on
existing literature values could be as high as 2.9 £ 1.4 (based
on Santini et al. 2021) or as low as 0.5 + 0.2 (based on Marsan
et al. 2020), both of which include consideration for cosmic
variance. In contrast, if there is no evolution of the massive
quiescent galaxy number densities from 3 < z <4, using the
value from Straatman et al. (2014), one might expect 4.6 & 1.8
massive quiescent galaxies per pilot survey area. While a larger
survey area is ideal to identify many candidates that are not
subject to field-to-field variance, a small pilot survey area such
as this could be considered the minimum area to be covered in
order to identify quiescent galaxies at z > 4.

4. The FENIKS-pilot Survey
4.1. Survey Description

After the design and commissioning of the K-split filters, a
pilot survey was carried out to test the impact of the K-split
filters using real data. The FENIKS-pilot survey (Co-PlIs:
C. Papovich, E. Taylor, C. Marsan) is an eight-night survey
with the F2 instrument on the 8.1 m Gemini South Telescope
at Cerro Pachén observatory, Chile. The observations were
undertaken predominantly in queue mode starting in November
2017 and finishing in April 2019 (programs GS-2017A-Q-10,
GS-2017B-C-2, GS-2017B-FT-16, GS-2018A-Q-212, GS-
2018A-Q-213, GS-2018A-DD-101, GS-2018B-Q-124, GS-
2019A-FT-101). Seeing conditions were generally excellent
with 50th percentile seeing of 0745 in K4 (0737 and 0765
upper and lower quartiles) and 0749 in Ky, (0738 and 0774
upper and lower quartiles).

The strategy for this survey is to add the Ky and Kieq
photometry to existing, deep photometric catalogs: Ultra-
VISTA (Muzzin et al. 2013) DR3 (A. Muzzin 2018, private
communication) and ZFOURGE (Straatman et al. 2016)
catalogs, reaching depths consistent with those in
Section 3.4, and in doing so, push the limits of these surveys
to explorations of higher redshifts, in particular at z > 4. Three
fields in total were chosen across COSMOS and CDFS from
pre-selected catalogs to maximize the discovery of potential
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Table 1
Observational Summary
Field Filter Total exposure 5o depth®
(R.A., Decl.) time (hr) (magnitude)
CDFS Kitue 1.9 24.1
(53.082, —27.809) Krea 2.8 23.7
COSMOS 352 Kone 32 24.7
(150.090, 1.703) Kred 3.7 243
COSMOS 544 Ko 6.6 25.0
(150.442, 2.557) Krea 3.0 24.0

Note.

# Depths are based on the standard deviation of random empty 076 “optimal”
apertures, corrected for flux outside of the aperture in the corresponding
images.

Zphot > 4 massive galaxies. A summary of the exposure times
and image depths is shown in Table 1. The F2 circular FOV is
6.1’ diameter (29.2 arcmin® per field) making up a total survey
area of 87.6 arcmin’. This survey area is~25% of the
ZFOURGE survey area and ~1% of the UltraVISTA deep
survey area.

4.2. FLAMINGOS-2 Image Reduction

The F2 Ky, and K4 data were reduced using a custom IDL
pipeline written by one of the authors (I. Labbé) and used in the
ZFOURGE (Straatman et al. 2014) and NMBS (Whitaker et al.
2011) surveys. The pipeline utilizes a two-pass sky-subtraction
method based on the methodology of the IRAF package
(Tody 1986) xdimsum, which produces sky-subtracted images
from sets of dithered observations. Our final reduced images
are flat-fielded, point-spread-function (PSF), and pixel-matched
to the K, -detection images (both legacy catalog detection
images have pixel scales of 0715 per pixel) and photome-
trically calibrated using a nearby NIR spectro-photometric
standard star (selected from the Calibration Database Sys-
tem'”). Our standard stars were observed in conjunction with
our science fields to achieve ~1% precision on our zero points.
A series of secondary standards were selected in each field to
calibrate observations on different nights to the zero point of
our primary calibrated science observations. Some custom
reduction methods were utilized to deal with thermal radiation
from the on-instrument wave front sensor illuminating the F2
detector. A more detailed treatment of the data reduction can be
found in an upcoming paper (J. Esdaile et al. 2021, in
preparation).

4.3. Photometry and Catalogs

The FENIKS-pilot survey catalogs are created by adding the
F2 photometry to the existing legacy catalogs, which are based
on the K-band detections. Photometry is undertaken by placing
fixed apertures at the same R.A./decl. locations for each
corresponding legacy catalog object. As the legacy catalogs use
large apertures for their photometry (1”2 and 2”1 diameter in
ZFOURGE and UltraVISTA catalogs, respectively) and the K
images for these catalogs are deeper than the F2 images,
matching aperture sizes would produce lower S/N K-split

15 hitps: / /www.stsci.edu/hst/instrumentation /reference-data-for-calibration-
and-tools/astronomical-catalogs /calspec

10

Esdaile et al.

photometry and diminish their impact on determining photo-
metric redshifts. Taking advantage of the exceptional seeing
conditions for the F2 images, we can improve the S/N of the
F2 photometry by selecting smaller, “optimal” apertures.
Optimal apertures were selected by investigating the S/N
curve of growth for a star in the PSF-matched F2 images. By
limiting the aperture sizes to the PSF of the K| images (0”9 and
1”705 in ZFOURGE and UltraVISTA, respectively) we were
able to increase the S/N by up to 58%. Limiting the aperture to
the PSF avoids introducing any systematic errors such as from
centroiding or from limited knowledge of the PSF curves of
growth.

Using optimal apertures, however, presents the problem of
having different aperture sizes from the legacy catalogs,
meaning color measurements would be made without the same
fraction of light within an aperture. This is particularly
important to address as colors are used in determining
photometric redshifts. Therefore, in order to be consistent with
the aperture fluxes in the legacy catalogs, we scale our fluxes
such that the ratio of the fluxes, or colors, i.e., K, — KX, are
consistent irrespective of aperture size. This is done using
Equation (1) below which shows the scaling as a ratio of the
optimal aperture fluxes to catalog aperture fluxes.
F Ks,cat

ey

FKx,cat = FKx,opt
Ks,opt

Note that these corrections assume that there is a negligible
color gradient, which is reasonable for the compact sizes of
massive quiescent galaxies at z > 4. Errors are calculated by
placing random, empty, nonoverlapping apertures over the field
and calculating the standard deviation of these aperture fluxes.
These errors are also scaled to catalog aperture sizes as per
Equation (1). Additionally, the errors are scaled by the inverse
square root of the relative exposure time at each object’s
location. This ensures objects on the periphery of the field have
larger errors consistent with lower per-pixel exposure time due
to dithering.

The K-split fluxes are scaled to total, or left as fixed aperture
fluxes, consistent with the format of the respective legacy
catalogs. We note that while the legacy catalogs have their own
contamination flags, we simply inspected image cut outs of F2
images with galaxies of interest to ensure no contamination
from nearby sources was present. Finally, the fluxes and errors
are normalized to match the corresponding zero points of the
catalogs which are both 25 AB magnitude for UltraVISTA and
ZFOURGE catalogs (corresponding to a flux density of
3.631 x 107 *%ergs 'Hz ' em 2 or 0.3631 pJy).

4.4. Photometric Redshifts and Stellar Population Modeling

Photometric redshifts are determined using EAzY. The
templates used are the same as UltraVISTA and ZFOURGE
(and in the simulations of 3.1), which are both composed of
PEGASE stellar population synthesis models (Fioc & Rocca-
Volmerange 1999), along with some additional SEDs to
supplement the standard EAzY template set by including old
and dusty galaxies and strong emission-line galaxies.

Stellar population modeling was done using FAST (Kriek
et al. 2009). Stellar mass, SFR, dust extinction and age are all
derived by fitting Bruzual & Charlot (2003) models assuming
a Chabrier (2003) initial mass function (IMF) and exponen-
tially declining SFH with timescale 7, solar metallicity, and
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Figure 9. Example of four massive galaxy candidates at z > 4. For each galaxy SED, the left panel shows the best-fit EAzY SED as the black line, the tan points are
legacy photometry from the UltraVISTA catalog with corresponding 1o error bars, the open black circles are the synthetic photometry for the best-fit SED and the blue
and red points are the observed Ky, and K,.q photometry. For each galaxy SED, the right panel shows the photometric redshift-probability distribution function, P(z),
for the photometry in the left panel including the K-split filters in blue and without the K-split filters in gray.

Calzetti (2001) dust-attenuation law. FAST was run using
photometric redshift outputs from EAzY which is a standard
technique also employed by the ZFOURGE and UltraVISTA
catalogs.

5. Results
5.1. Massive Quiescent Galaxies at 7z >4

In our FENIKS-pilot survey we select galaxies in the redshift
range 4 <z <5.5 where the K-split filters straddle the Balmer
and 4000 A break. We select galaxies with K S /N >, for
which we estimate our catalogs are complete to
log(M* /M) = 10.7 for a passively evolving stellar SED, with
a formation redshift of zg,m ~ 7 from the Bruzual & Charlot
(2003) models and a Kroupa (2001) IMF. Our final candidate
list comprises 12 massive galaxies, from which a subset is
shown in Figure 9.

The photometric redshift-probability distribution function,
P(z), is shown in the right-hand panels of Figure 9 for each
galaxy with the K-split photometry (blue histogram) and
without (gray histogram). The P(z)s for the 12 selected massive
galaxies at z >4 are consistent between the original legacy
catalogs and the FENIKS survey including the K-split
photometry. Additionally there are no substantial changes to
the best-fit SEDs with and without the K-split photometry. This
supports the idea that the 7, estimates are robust, as the K-
split filters provide additional confidence in the SED fit. The
additional confidence is significant given the potential for
emission-line galaxies to contaminate the selection (e.g.,
Merlin et al. 2019; Marsan et al. 2020). Furthermore, the
consistency of the photometry with the legacy catalog best-fit
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SEDs reinforces that these galaxies host old stellar populations,
such as the case for FENIKS-COS352-11539.

While our sample generally does not appear to show a
substantial increase in P(z) precision using the K-split
photometry, there are indications that the P(z) is changing
with their inclusion. This can be seen for FENIKS-COS352-
11539, which shows a truncation of the P(z), narrowing the
range of potential redshift solutions. Considering the results of
the simulations in Section 3, the limited improvement in
precision is likely driven by three factors. First, the galaxy SED
shape impacts the P(z) significantly (as seen in simulations in
Sections 3.1 and 3.2). Most of the massive galaxies identified
have at least some rest-frame UV flux, corresponding to a
detectable Lyman break, which substantially constrains the P(z)
to z >4, even in the absence of the K-split filters. Second, the
relatively low S/N (<5) of the K-split pilot survey photometry
limits the constraints on the P(z) for these faint galaxies. In
particular, this is seen for FENIKS-COS352-13117, which has
low rest-frame UV flux but also low S/N for the K-split
photometry. Lastly the redshift range for the galaxies with
lower rest-frame UV flux are at redshift ranges where the K-
split filters have less of an impact (z < 4.3), consistent with the
simulations. This highlights the serendipity of our selected
galaxies and the potential field-to-field variability contributing
to a lack of decisive contribution to the P(z). For example, if a
galaxy like FENIKS-COS352-13117 was present at a slightly
higher redshift, the K-split filters would sample a brighter
portion of the Balmer break, resulting in higher S/N
measurements. As an additional check, we note that there are
no galaxies in our catalogs with Zzphe >4 with Kpye
Kieq > 0.4 at > 30 significance, which reinforces the idea that
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there are no galaxies for which the K-split filters would have
had an impact in our observed pilot fields.

Any changes to the P(z) and/or the best-fit SED will have
consequences for the derived physical properties, such as stellar
mass and also rest-frame colors typically used to select
quiescent galaxies. Given the limited change to both the P(z)
and best-fit SED from the added K-split filters, these quantities
do not change significantly for the selected 12 massive galaxies
in the FENIKS survey catalog. The analysis below on quiescent
galaxies in the FENIKS survey use the P(z) and physical
properties derived using the K-split filters (as outlined in
Section 4.4).

To determine which of our sample is quiescent, we looked at
both an sSFR selection and a UVJ selection'® using rest-frame
colors determined with EAzY. The UVJ selection is a rest-
frame color selection that allows separation of quiescent
galaxies from dust-reddened star-forming galaxies (Patel
et al. 2012). While UVJ selection has been demonstrated to
be successful in identifying high-redshift quiescent galaxies, it
has also been shown to exclude recently quenched galaxies
with younger ages and bluer UV colors (as in Schreiber et al.
2018). sSFR selection can therefore be a useful comparison
with the caveat that the SFR can be sensitive to the chosen SFH
model (see Merlin et al. 2018; Carnall et al. 2019). In our
analysis, we test this sensitivity by deriving SFRs based on the
rest-frame UV flux of the EAzY best-fit SED. As the EAzY
templates are based on empirically derived SEDs, both UVJ
colors and rest-frame UV-derived SFR are independent of SFH
model assumptions. Additionally, rest-frame UV SFRs are
more sensitive to recent SF events of order 10-30 Myr as
opposed to parametric SFH models which are implicitly
assessed over larger timescales 100 Myr. For UV SFRs, it
is important to ensure the best-fit SED represents the observed
photometry. This is generally not an issue due to the flexible
nature of EAzY fitting which uses linear combinations of many
templates to determine best-fit SEDs.

The result of the quiescent search for our galaxy sample is
that we identify four galaxies that are UVJ quiescent-selected
and three galaxies that have sSFR < 0.05 Gyr ', two of which
are not selected by the UVJ cut. Figure 10 shows the UVJ plot
for our galaxy sample. The two low sSFR galaxies that do not
make the UV]J selection have bluer rest-frame U—V colors
(0.6-0.9), young ages (0.1-0.2 Gyr), and are likely recently
quenched galaxies similar to those identified in Schreiber et al.
(2018) and also seen in Marsan et al. (2015). Inspecting their
SEDs show these galaxies exhibit substantial star formation. To
furtherc investigate their SFR, we calculate the rest-frame
1500 A flux using EAzY (with errors based on 16th and 84th
percentiles the rest-frame flux) and the scaling relation for
SFRyy from Madau & Dickinson (2014). It is noted that these
SFRs are not corrected for dust extinction and so represent
lower limits. Rest-frame SFRyy indicates that the recently
quenched galaxies exhibit more substantial star formation that
would exclude them for the sSFR < 0.05 Gyr ' selection and
are therefore not considered quiescent. The quiescent sample
reported here is therefore the UVJ-selected sample, which
represents 33% of the total massive galaxy sample.

Inspecting the SEDs of the UVJ-selected quiescent galaxies
show that all of them have some indication of residual star
formation (albeit at lower levels compared to the sSFR selected

16 Note that the rest-frame J band beyond z ~ 4 is based on the best-fit EAzY
template from limited photometric sampling.
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Figure 10. Rest-frame V—J vs. U=V color—color plot (a “UVJ” plot) for the
log(M* /M) > 10.7 sample from 4 < z < 5. UVJ errors are based on the 16th
and 84th percentile redshift-probability distributions from EAzY. The square
scatter points are the z > 4 galaxy sample which is colored by mass. The gray
dots are for a similar mass cut of the z ~ 2 population from the UltraVISTA
catalog.

galaxies). Again, calculating their rest-frame UV SFR, the
galaxies indicate low SFR with an average of 5+ 1 M, yr .
UV slopes, 3, are fitted using the F) P using a similar
approach with rest-frame filters sampling the 1500-2500 A
wavelength range. The average UV slope for the UVJ-selected
galaxies is §=—1=+0.3, consistent with moderate far-UV
attenuation (A1599 ~ 2.5 or a factor 10) based on the Agyy — 0
relation (Noll & Pierini 2005), corresponding to Ay = 1.0 for a
Calzetti (2001) attenuation law. Therefore, the ongoing SFRs
could be an order of magnitude higher.

The combination of the physical properties of these galaxies,
i.e., high stellar masses, log(M"/M.)=11.2, and old stellar
populations of 1 Gyr, low dust attenuation, and relatively low
SFR indicate these galaxies are moving off the star-formation
main sequence. Taken at face value, the very low (sSFR
)~ 0.03-0.3 Gyrf1 values are well below (5—50x) the star-
forming main sequence at z=4 of sSFR=1.5Gyr ' (see
Schreiber et al. 2018), consistent with being a poststarburst
galaxy. It is possible that significant star formation could be
dust obscured. Sub-millimeter data, such as those from ALMA
are capable of making direct constraints on the dust-obscured
SFRs (e.g., Schreiber et al. 2018; Santini et al. 2019), however,
an archival search for our quiescent galaxy sample showed no
coverage was available. Further study of them could potentially
provide clues to the causes for quiescence in massive galaxies
and will be addressed in an upcoming paper (Esdaile 2021, in
preparation).

Finally, the number of massive quiescent galaxies encoun-
tered in our pilot survey is consistent with the range of GSMFs
shown in Figure 8, including a no-redshift evolution of the
3 < z < 4 passive GSMF in Muzzin et al. (2013) and the Caputi
et al. (2015) and Grazian et al. (2015) GSMF assuming a 15%
quiescent fraction. The significance of these agreements,
however, are low, considering small-number statistics, field-
to-field variation, and the potential dust-obscured star forma-
tion present in the UVJ-selected galaxies.



THE ASTRONOMICAL JOURNAL, 162:225 (22pp), 2021 December

x 1019
o : — T o
— 8 ; FEL\IIKS—COSS44—134430 _’ I o K-split ]
R N fmeh 1 1oof B
- I | log(M*) = 10.42 | I 1
o f ] r 1
o OF Iy 1 ok .
L s 1 L ]
g 4f I& 1 EN_/ H 1
oAr Tl 1% 050F .
o _[18 ¢ 1 [ ]
~— ) |-afes $ - = .
=2 ﬁw : 0.25F :
w ¢ . ] F 1
(d AT | 1 L M 000 L1 v 11
5 1.0 2.0 5.0 10.0 4 5
A (pm) z
le-1d. . 1.2 . .
¢ legacy ’ K-split
~ ol ;Egl.lig—(:05544—135632 ® Z"’“e ] no Kesplit
| Ks=22.1 @ Kea 1.0F ]
°'_<'t log(M*) = 10.53
w6 i ] 0.8} 1
b
IS Nosf 1
o 4 1 *
o - 0.4F ]
a %\\A
2, ]
~< 0.2F 1
E .
N R . " ool il
0.5 1.0 2.0 5.0 10.0 : 20 25
A (um) z

Figure 11. Example of four emission-line galaxy candidates at z > 2 showcasing a range of strong Kpjye —
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Kieq colors by “boosted” fluxes in either Kpjye Or Kieq

compared to the best-fit SED flux continuum. The top right and both bottom panel galaxy SEDs show indications of strong Hov emission and the top-left panel galaxy
SED shows some indication of [O II] emission. The same layout as Figure 9 with the addition of spectroscopic redshifts shown in the top right P(z) plots as vertical

dashed black line.

5.2. Emission-line Galaxies at z > 2

The F2 medium K-split filters also have the ability to select
emission-line galaxies at z>2 (Ha and [NII] emission
2<z<28 and [OM] at 3 <z<4). The K-split filters are
spaced such that they are able to measure the boosted flux of
emission lines in one filter but not the other. A
| Kplue-Krea| = 0.5 mag corresponds to very strong line equiva-
lent widths (EWs) of 350-400 A(Marmol—Queralto et al. 2015).
We made a selection of |Kpye—Kieq| > 0.3 mag and identified
potential emission-line galaxies, a sample of which is shown in
Figure 11. These galaxies include examples of [O1I] and Ha
and [N1I] emission lines boosting either Ky Or Kiq. The
bottom left panel of Figure 11 shows a galaxy with the Kye
filter 1 magnitude above the best-fit SED contiloluum flux,
which corresponds to an Ha EW of ~1000A (or 600
M. yr™Y). Based on the Ha flux, this galaxy has six times
the SFR compared to the star-formation main sequence at this
epoch and stellar mass (similar galaxies were also identified by
Santini et al. 2017 and Tran et al. 2020).

To see the impact of the K-split filters on spectroscopically
confirmed galaxies, we use spectroscopic redshifts from the
existing legacy catalogs and supplement with more recent
spectroscopic surveys from VANDELS (McLure et al. 2018)
and 3D-HST (Brammer et al. 2012; Momcheva et al. 2016).
While there is no overlap with our COSMOS fields, there is good
coverage in our CDFS field with over 100, z > 2 spectroscopic
redshifts (using only the highest quality flags). The agreement of
spectroscopic redshift and photometric redshift is good with an
NMAD scatter in |zspec — Zphot| /(1 + Zspec) Of onmap = 0.022 at
7> 2, consistent with the ZFOURGE results. There are also a
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handful of strong Ky — Kieq color signatures that are consistent
with spectroscopic redshifts as in the upper right panel of
Figure 11, which suggests the Ha boosted Ky, is physical and
not just from measurement scatter. While the photometric redshift
is generally consistent with the legacy catalogs, strong color
signatures can have decisive impacts on the photometric redshift
precision. For example, there is boosting of both Ky, and K but
not Kq, in the SED shown in the lower left panel of Figure 11.
There are also instances where the Kpue — Keq color signature
highlights one of the only distinct spectral features, such as in the
lower right panel of Figure 11. This galaxy in particular has a dust
extinction of Ay =2.0 mag and therefore rest-frame UV features
are significantly suppressed, making photometric redshifts difficult
to determine. The K-split filters have an impact in this case,
increasing the photometric redshift precision oxmap from 0.08 to
0.05 (a similar improvement to what was seen in the simulations
shown in Section 3.1).

6. Conclusions

In this paper, we presented two new medium-band filters
Kowe Aeen=2.06 um, AX=0.25 pm) and Keg (Aeen = 2.31
pm, AX=0.27 pm), we outlined their design, and ran
simulations to test their performance. We also presented the
first results for the new filters in a pilot of the F2 Extragalactic
Near-Infrared K-band Split (FENIKS) survey.

We showed the procedure of designing the optimal central
wavelength position and filter widths of the additional medium-
band K-split filters. The goal of the filter design procedure was
to maximize the redshift range of the universe for which a
strong color signature across the K-band window is measur-
able. The filter design took into consideration the sky
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background + telescope emission, atmospheric transmission,
telescope throughput, and was optimized for a source with a
strong 3650 A Balmer break, to produce two new filters on the
blue and red side of the traditional K; (Aeen=2.16 pm,
AX=0.32 pm) filter. Together, the three filters cover the
entire 1.9-2.5 pum K-band transmission window, improving
sampling of the Balmer and 4000 A break at 4 <z <5.5.

We used simulations with the photometric redshift software
EAzY to test the potential benefit of the K-split filters. We
simulated a large range of galaxy models, with a range of S/
N, including various SSP ages and a dusty star-forming galaxy
to test the different redshift ranges for which the K-split filters
can show improvement. Using these models we produced
multiwavelength mock catalogs with representative photo-
metric depths and filter sets from existing deep photometric
surveys to recover input redshifts both with and without the K-
split filters. From these simulations, we find that the impact of
K-split filters on photometric redshift depends on the age, S/N,
and redshift of the galaxies. Given sufficient S/N, the addition
of the K-split filters can substantially improve both the
photometric redshift precision and the outlier fraction (by a
factor of >2) for the older SSP models (0.6 Gyr) in the
redshift range 4.2 <z < 5.2. Younger SSP models show less
improvement likely due to the presence of the Lyman break,
which provides an additional break to constrain the photometric
redshift. The dusty star-forming galaxies see improvements in
photometric redshift precision by a factor of 1.5 at 2 < z < 4.

To investigate the S/N requirements of the K-split filters
given an existing photometric catalog, and their impact on
different SED types, we conducted additional simulations.
These simulations included two SEDs: a 0.9 Gyr SSP and a
poststarburst galaxy with residual star formation, and con-
sidered a range of S/N in the K-split filters. Generally,
photometric redshift constraints improve most between S/
N ~ 5-10 and the relative improvement is largest for quiescent
SEDs with no rest-frame UV. Galaxies with detectable Lyman
breaks, such as the poststarburst SED, tend to already have
well-constrained redshift so the impact of the K-split filters is
smaller.

Using the newly commissioned F2 filters we conducted a
pilot of the FENIKS survey which covered 87.6 arcmin® across
three fields in the COSMOS and CDFS fields with 50 depths
ranging from 23.7-24.3 mag in K,,q and 24.1-25.0 mag in
Kpe. We created catalogs by adding the F2 photometry to
existing multiwavelength  photometric  catalogs  from
ZFOURGE (Straatman et al. 2016) and UltraVISTA (Muzzin
et al. 2013) DR3 (private communication). We used these
catalogs to determine redshifts using EAzY and physical
properties such as stellar mass and SFR using FAST with
additional checks using rest-frame UV flux based on the best-
fits from EAzY.

To a stellar mass limit of log(M" /M) > 10.7, we identified
12 massive galaxies at 4 < z <5 in our pilot survey. Applying
both UVJ and sSFR <0.05Gyr ' selections to identify
quiescent galaxies we found four UVJ selected galaxies and
two additional galaxies from the sSFR selection not in the UVJ
selection. The two sSFR galaxies have young ages, bluer UV
colors and are consistent with the recently quenched galaxies
observed in Schreiber et al. (2018). Their rest-frame UV
determined SFR showed them to have more substantial SFR
than permitted by the sSFR < 0.05 Gyr ' and were therefore
omitted from the quiescent sample, producing a final sample of
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four galaxies (representing 33% of the total massive galaxy
sample).

The SEDs of the UVJ selected galaxies show evidence of large
Balmer and 4000 A breaks, consistent with the Ky and Kq
photometry. In contrast to UVJ quiescent galaxies at 3 <z <4
(e.g., Straatman et al. 2014), most galaxies show low but
detectable levels of rest-frame UV emission with a mean blue UV
slope (3} ~ —1, indicating mildly obscured residual star forma-
tion. The galaxies are thus not fully quenched. Nevertheless, the
range of inferred mean sSFR = 0.03-0.3 Gyr™" is about an order
of magnitude below the star-forming main sequence at z =4
(Schreiber et al. 2018). We are likely identifying galaxies that are
transitioning from the star-forming main sequence.

For the selected quiescent galaxies found in our sample we
found modest improvements in the P(z) after inclusion of the
K-split filters. This result, combined with the simulation work
presented here, indicates that the current pilot observations and
sample (with K-split S/N = 1-5) do not yet fully exploit the
discriminatory power of the new K-split filters. Deeper
observations, brighter targets, and galaxies with lower rest-
frame UV emission would likely see more impact from the K-
split filters.

We found good agreement of photometric redshifts and
spectroscopic redshifts for a selection of 100+ galaxies at
2 < z < 4 for which we have spectra. Several of these galaxies
exhibit strong color signatures in the new medium-band filters
that indicated extreme nebular emission lines. The new filters
are sensitive to emission lines due to relatively narrow widths
(R ~ 7) and the ability to identify and account for emission line
contribution results in reduced photometric redshift uncertainty
for these galaxies.

The full FENIKS Survey (Gemini Large Program) is now
underway with a total of 170 hr of Gemini time allocated to the
project. With a sky area of up to 0.6 deg2 the larger survey
volume will likely yield a high-quality sample of the most
massive galaxies at z > 4. We will be able to identify massive
quiescent galaxies and accurately measure their number
densities, their contribution to the galaxy mass function and
the overall quiescent fraction at these redshifts. These objects
are high priority science targets for spectroscopic follow-up
with JWST. Given JWST’s relatively small FOV compared to
the number density of these massive quiescent galaxies,
identifying them from ground-based surveys such as FENIKS
is of paramount importance, and will lead the way for future
studies of high-redshift massive galaxies.

Data Availability

The raw images corresponding to the pilot survey (for the
program IDs listed in Section 4) are available from the Gemini
archive.'” A public release of the catalog is planned to coincide
with a future paper outlining the data reduction and catalog
procedure for the FENIKS-pilot survey (Esdaile et al. 2021, in
preparation). Catalogs can be provided upon reasonable request
to the author.

Based on observations obtained at the international Gemini
Observatory, a program of NSF’s OIR Lab, which is managed
by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National
Science Foundation on behalf of the Gemini Observatory

7 https: //archive.gemini.edu/
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Based on data products from observations made with ESO
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Appendix A
Design of K-split Filters

Here we summarize the study we undertook to optimize the
central wavelength and width of the K-split filters. Our goal is
to maximize the efficiency in identifying galaxies at z > 4 with
strong 4000 A and Balmer breaks. This was done by under-
taking a FOM analysis which compared the potential
cosmological volume probed, which dual filters in the K band
enable, compared to the exposure time required to achieve a
given S/N. As described in Section 2 the inclusion of an
additional filter alongside the K filter enables a color
measurement and hence a redshift range, which can subse-
quently be converted to a volume. We note here that the
volume metric does not need consider more than two filters,
and as such our analysis was limited to considering the addition
of a single filter alongside the K| filter, and a dual set of filters
without the Kj filter. Our final filter design and survey has a 3
filter solution, including the Kj filter, and the impact of this K-
band filter set on the photometric redshift precision is outlined
in Section 3.

Adding a filter to the K-band requires an additional exposure
time cost with many components that contribute (i.e., sky
brightness, source brightness and SED shape, filter width etc).
It is therefore useful to quantify this additional exposure time
relative to the K, band such that:

Texp = s (AD)

18 http:/ /www.astropy.org
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where the required exposure time is a function of source
brightness, background brightness and filter width such that:

bg,
wy.srel

(A2)

Texp =

Here each term is relative to the K, band, where bg is the mean
background photon flux density, w is the width of the
additional filter and src is the photon flux density of the
source. This relative exposure time cost and the volume probed
by the filter set are the two components used in a FOM to find
the optimal filter configuration. The FOM is defined as:

Volume

Z rexp,i .
i

When considering an additional filter, we start with a top-hat
filter of a given width and central wavelength and slightly taper
the edges to avoid strong impacts from features at the edge of
the bands. As described in Section 2, we use a 0.4 Gyr SSP
model galaxy to determine the volume measurement of a given
filter set. This is also used to determine the relative source
brightness in one filter compared to K,. For measurements of
the sky background a synthetic night sky spectrum in the K
band is used plus an additional scaled blackbody component to
represent the telescope emission to estimate sky background
contribution. Atmospheric transmission and optical throughput
for Gemini South telescope is applied to all flux measurements
(including sky background and source measurements).

Now using the definitions and setup above we can consider our
FOM analysis with 1 and 2 filter sets. For the single-filter analysis
we construct a 2D grid of filter widths and central wavelengths
that cover the K-band window. Here each position represents a
potential single-filter configuration alongside the Kj filter. The
FOM components are calculated at each grid point and then the
final FOM grid is calculated. Boundaries are set such that filter
solutions do not extend beyond the K-band atmospheric
transmission windows i.e., central wavelength —0.5x filter width
>1.9 micron and central wavelength + 0.5x filter width <2.5
micron. These rule out FOM solutions in the upper left and right
portion of the FOM grid. The individual components of the
single-filter FOM analysis evaluated over a grid of central
wavelengths and filter widths are shown in Figure 12.

One can develop an intuition for the driving factors in the
FOM by looking at the individual components in Figure 12.
For example, one can see while the sky background increases
rapidly with increasing wavelength (top-left panel of
Figure 12), the model galaxy with a redshift corresponding to
the largest color signature, also increases with increasing
wavelength (top right panel of Figure 12). The result is that the
relative exposure time cost is flatter at longer wavelengths than
one might expect (bottom left panel of Figure 12). Finally the
volume probed is intuitively maximized at either ends of the K-
band window as shown in the lower right panel of Figure 12.
The final FOM grid is shown in Figure 13 and shows the
optimal single-filter configuration at 2.3 micron with a filter
width of 0.35 micron. Note however that the peak of the FOM
is relatively flat and there is substantial room to move to a
different single-filter configuration without significant reduc-
tion in the FOM value.

A similar analysis can be extended to two filters by using a
4D grid comprising two filter widths and two central
wavelength positions. In this analysis the volume probed is

FOM =

(A3)
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Figure 12. Components of the FOM analysis for a single additional filter, evaluated at a grid of central wavelength positions and filter widths. Top left: the relative sky
background flux contribution compared to K; filter. Top right: the measured flux for an SED at a redshift (corresponding to the maximum color signature) relative to
the K filter. Bottom left: relative exposure time to achieve the same signal-to-noise ratio in the K; filter. Bottom right: the volume probed with a minimum |
K, — K,| > 0.3 mag. In all panels the white dashed lines are contour lines for the respective FOM components. The white area represents where filter width and central
wavelength positions extend beyond atmospheric transmission <0.1.
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additional K-band filter. White dashed lines are contour lines for the FOM values. White x marks the optimal filter width and central wavelength position from the
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Figure 14. Dual-filter simulation from the FOM analysis. Left panel is the “blue” filter optimal solution and the right panel is the “red” filter. Same figure layout as for
Figure 13. The infilled white circles are the final design central wavelength and filter width for the K-split filters.

measured from the two additional filters while the relative
exposure time is the sum of the individual filters compared to
the K; filter (see Equation (3)). The resulting FOM is shown in
Figure 14. These central wavelength and filter width positions
peak at very similar locations to a single-filter solution, which
suggests that the dual filter solution is also complementary to
the K filter. The FOM analysis indicates that a single-filter
solution is most effective and efficient. A two-filter solution is
slightly less efficient due to the increased exposure time for the
second filter, but just as effective.

While the single-filter solution is optimal in the context of
the FOM analysis conducted here, there are benefits to adopting
a two filter strategy. Where K observations already exist, the
two-filter strategy becomes a three-filter strategy, enabling full
sampling of the K-band window, thus both maximizing the
discovery space and also permitting Nyquist sampling of the K-
band window. One can also take advantage of variable sky
conditions and utilize whichever filter is optimal for observing,
for example the thermal background, impacting mostly the K .q
filter, is usually higher at the beginning of the night. It’s for
these reasons that a two filter strategy was adopted.

Qualitatively speaking, the dual-filter FOM analysis suggests
broad filters, pushed to either side of the K-band window are
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the most effective solution. This has the dual filters overlapping
substantially to minimize the relative exposure time term.
However, for a solution that is complementary with K, slightly
narrower filters are more ideal as they further increase the
volume probed and similarly increase the color signature
measured across the K-band window, i.e., Kyjue - K or K - Kioq
colors. Therefore the final design trades-off filter width in this
regard to incorporate the Kj filter to arrive at an optimal three-
filter solution.

Finally, due to the overlap of the K-split filters and the K-
band atmospheric transmission window, we smoothed of the
filter edges to account for variation in transmission from
varying water column depths and minimize the impact of this
to less than 1%.

Appendix B
Photometric Redshift Recovery Simulations

Here we present the extended sample of galaxy models and
their diagnostic plots based on the analysis in Section 3.1.
Figures 15-18 show simulations of the impact of the $K$-split
filters on photometric redshift recovery for 0.9, 0.3, and 0.1 Gyr
SSP models, and a dusty star-forming model, respectively.
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Figure 16. (a) Testing the impact of the K-split filters on photometric redshift recovery using simulated photometry for a 0.3 Gyr SSP model. Same layout as Figure 4.
(b) Ratio of the Az running median lines from the lower panels from (a) for with and without K-split filters. Same layout as Figure 5.

19



THE ASTRONOMICAL JOURNAL, 162:225 (22pp), 2021 December Esdaile et al.

w/o K-split with K-split
L S L I B B BN B
SNR=15 B N e e B p o
6F @ SNR=10 //f. | 0.4Gyr SSP 36
| @ SNR=5 P T ]
sF o ot P d5
B4F + 4
B L I P IR SR - ]
z | I 2000 4000 6000 ]
9 3F T 13
N T 1 ]
2 T 12
it + {:
0f # T« 40
oy eyl
L L L B L N L L L I LB I LN B
100_4.2 <z <52 142<z<52: Jqo0
Floxvap = 0.014 onxmap = 0.01 ]
[|Outlier frac. = 0.0 1|Outlier frac. = 0.0
N 1071 ES
+ F 1
—_ r T
~ B 4
1072k E3
< E 1
107 ¥
by e ] —4
10755 1 ) 3 1 5 60 1 2 3 1 5 6 10
z input z input
(a)
T T T T T T R
[ SNR=15 ]
— 0.2F —— SNR=10 ]
= L — SNR=5 |
¢ 01f .
N4 N ]
o L 4
—~ L .
2 0.0F b
N I 4
< [ ]
——0.1F .
2 [ ]
= 3 ]
§:<—0.27 ]
—~ [ ]
2 0.3k ]
N — - —
< 1
w—04F .
— 0.5k ! ! ! ! I .
0 1 2 3 4 5 6

Z input

(b)

Figure 17. (a) Testing the impact of the K-split filters on photometric redshift recovery using simulated photometry for a 0.1 Gyr SSP model. Same layout as Figure 4.
(b) Ratio of the Az running median lines from the lower panels from (a) for with and without K-split filters. Same layout as Figure 5.
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Figure 18. (a) Testing the impact of the K-split filters on photometric redshift recovery using simulated photometry for a dusty star-forming model. Same layout as
Figure 4. (b) Ratio of the Az running median lines from the lower panels from (a) for with and without K-split filters. Same layout as Figure 5. Blue, gray, and red
shading in lower panel represent the redshift ranges for which, from left to right, Ha, [O 11I] and [O II] emission lines enter the Kye, K, and K4 filters respectively.
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