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ABSTRACT

We present James Web Space Telescope/NIRSpec dense-shutter spectroscopy (DSS). This novel observing strategy with
the NIRSpec/multi-shutter assembly (MSA) deliberately permits a high number of controlled spectral overlaps to reach
extreme multiplex while retaining the low background of slit spectroscopy. In a single configuration over the JADES
Origins Field, we opened shutters on all faint (mpssaw < 30 mag) zpnot > 3 candidates, prioritizing emission-line science
and rejecting only bright continuum sources. Using 33.6 and 35.8 ks on-source in G235M and G395M, we observed a single
mask with ~850 sources, obtaining spectroscopic redshifts for ~540 galaxies over 2.5 < z < 8.9. The per-configuration
target density in DSS mode is 4-5x higher than standard no- and low-overlap MSA strategies (<200 sources), with no
loss in redshift precision or accuracy. Line-flux sensitivities are 30 per cent lower at fixed exposure time, matching the
expected increase in background noise, but the gain in survey speed is 5x in our setup, more than justifying the penalty.
The measured line sensitivity exceeds NIRCam slitless spectroscopy by at least ~5x (~25x in exposure time) at A ~ 4 pm,
demonstrating that DSS is a compelling method to gain deep, wide-band spectra for large samples. Crucially, NIRSpec/MSA
could deliver even higher target allocation densities than those used here. We derive H a-based star-formation rates, gas-
phase metallicities (including a large sample suitable for strong-line calibrations), and identify rare mini-quenched galaxies
and broad-line AGN. DSS is immediately applicable wherever deep imaging enables robust pre-selection and astrometry,
providing an efficient method to obtain large samples of faint emission-line galaxies, a compelling middle ground between
the completeness of slitless surveys and the sensitivity and bandwidth of NIRSpec/MSA.

Key words: instrumentation: spectrographs-methods: observational -techniques: spectroscopic - surveys - galaxies:
high-redshift - galaxies: ISM.

redshifts and emission-line fluxes allow us to map the physical

1 INTROD TION . iy . g
ODUCTIO conditions within galaxies as they assemble and evolve, providing

With its unprecedented ability to obtain sensitive near-infrared
spectroscopy from 1-5 pum, James Web Space Telescope (JWST; J.
P. Gardner et al. 2023) is providing revolutionary capabilities to
trace galaxy evolution to the earliest cosmic times. Spectroscopic
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insights into gas-phase metallicities, ionization states, and instan-
taneous star formation rates. Further, these observations enable
us to dissect the role of active galactic nuclei (AGN) in regulating
early galaxy growth and to understand how supermassive black
holes themselves grew during the first billion years after the big
bang. As such, large spectroscopic surveys of faint early galaxies
provide key insights on the early stages of galaxy growth.
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JWST offers two primary approaches for near-infrared (NIR)
multi-object spectroscopy: NIRISS or NIRCam slitless grism
modes (T. P. Greene et al. 2017; C. J. Willott et al. 2022) and the
NIRSpec multi-shutter assembly (MSA; P. Ferruit et al. 2022).
However, these approaches present a trade-off that limits survey
efficiency. MSA spectroscopy achieves substantially higher sensi-
tivity by masking away most of the background and benefits from
a wider instantaneous bandwidth and larger pixels that reduce
detector noise. Yet it suffers from low-targeting completeness:
The fixed grid of MSA shutters vignette approximately half of
all sources just by chance, and the standard practice of avoid-
ing spectral overlaps blocks yet more. Further, complex layers
of target priorities make it difficult to identify underlying bias,
let alone to reconstruct unbiased samples, with a few exceptions
(e.g. E. Curtis-Lake et al. 2025; A. Graaff et al. 2025). Conversely,
slitless spectroscopy achieves higher multiplex and substantially
better practical completeness — every source in the field can be
observed simultaneously, at the expense of potential source con-
fusion. However, with nothing blocking the background from the
regions of sky without targets, the sensitivity is reduced signif-
icantly. Further, NIRCam and NIRISS grisms cover much nar-
rower wavelength ranges per exposure. Hence, there has been a
trade-off between spectral coverage, sensitivity, and multiplexing.

Attempting to increase the MSA allocation efficiency has led
to experiments that combine NIRSpec prism spectroscopy with
overlapping grating spectroscopy (A. J. Bunker et al. 2024; M. V.
Maseda et al. 2024; A. Graaff et al. 2025; D. J. Eisenstein et al.
2026). Because the prism spectral traces are shorter than those for
the gratings, these works have relied on the prism to disentangle
overlapping sources. Here we present a hybrid approach that we
believe offers improved efficiency for programmes focused on
emission lines from large samples of faint galaxies. Simply put,
we drop the prism requirement, and focusing on the NIRSpec
gratings we open slits on every target object that has usable cen-
tration in its slit. Typically, this results in the overlap of 5-10
spectra, but this is of little consequence, because the dispersed
background, even in the R = 1000 gratings is still fainter than
detector noise. Because emission lines occupy a tiny fraction of
the spectral footprint compared to continuum light, overlap of
the lines is rare. We avoid targets bright enough that their dis-
persed continua would exceed the detector noise and thereby
degrade statistical precision on other lines. This approach in-
creases targeting density by factors of 4-5 compared to standard
approaches while preserving the sensitivity advantages of slit
spectroscopy.

Given the overlap of spectra, one must successfully associate
the detected lines with the correct target. This is the same prob-
lem as with slitless spectroscopy, but now with even fewer can-
didates (since non-targets are masked). There are many paths
to success. First, the detection of multiple well-separated lines
immediately indicates the location of the source. Secondly, the
astrometric location of sources along the slit is quite diagnostic: a
3-shutter slit is 15 pixels high, so requiring an astrometric match
to even a few pixels is an 80 per cent rejection of false positives.
Finally, one typically has photometric redshifts that inform the
plausibility of line associations.

Clearly, a requirement for this mode is to have adequate pre-
imaging for target selection and astrometric alignment. This is
now available in many well-studied deep fields (e.g. S. L. Finkel-
stein et al. 2023; R. Bezanson et al. 2024; D. J. Eisenstein et al.
2025, 2026). One of the commonly expressed advantages of slit-
less spectroscopy is the serendipitous discovery of emission lines.
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However, we note that if a line can be detected in a slitless grism
exposure, with the full background noise plus the signal losses
from the disperser, then it will be detectable in a direct image in
the same filter and exposure time, even without any boost from
the continuum. Indeed, emission lines are routinely detected in
deep multiband NIRCam imaging, and such sources could be
included in the target lists.

In this paper, we present the results of an on-orbit pilot obser-
vation in which we use a single MSA configuration to target all
faint galaxies with photometric redshift above 3, reaching 30th
magnitude in F444W. Of the ~2500 targets in the MSA footprint,
~850 were observed on a single configuration, and we obtained
secure redshifts for 539 of these. Unlike single-filter grism spec-
tra, these spectra cover a wide wavelength range (1.6-5.3 pm with
two gratings), and hence are useful for analyses that require mul-
tiple emission lines. Because the background is dispersed, the line
detection limits are much fainter than with a wide-band grism,
about a 5-fold decrease in error or 25-fold decrease in exposure
time.

Our scientific purpose in these observations was to augment
the spectroscopic coverage of the JADES Origins Field (JOF; D.
J. Eisenstein et al. 2025), a deep field embedded in the broader
JADES survey of the GOODS-S Field (M. J. Rieke et al. 2023; A.
J. Bunker et al. 2024; D. J. Eisenstein et al. 2026). The JOF has
exceptional NIRCam coverage, with 15 filters totalling about 350
h of exposure time. A partially overlapping NIRCam pointing
from the OASIS programme (Observing All phases of Stochas-
tlc Star formation; PIs: Looser & D’Eugenio, program ID 5997)
extends the region of medium-band coverage. Given this imag-
ing resource, we particularly sought to focus on galaxies above
redshift 3, where the high equivalent width H« and [O 111]A5007
lines can yield spectroscopic redshifts even for very faint galaxies.
The spectroscopic measurements of redshift, line fluxes, metallic-
ities, dynamics, AGN markers, and environment greatly comple-
ment the spectral energy distribution (SED) and morphological
measurements coming from this deep field.

This paper is organized as follows: We start by presenting the
survey design, target selection (Section 2), and the data reduc-
tion (Section 3). We then move to the redshift and flux measure-
ments (Sections 4 and 5), before showcasing the potential of our
novel approach through a series of science highlights (Section 6).
We discuss the current performance and future outlooks of this
‘Dark Horse’ survey (Section 7), and we conclude with a summary
of our findings (Section 8).

Throughout this work, we assume the flat A Cold Dark Mat-
ter cosmology from Planck Collaboration VI (2020). All stellar
masses assume a G. Chabrier (2003) initial mass function. We
adopt the solar metallicity 12 + log(O/H) = 8.69 (M. Asplund
et al. 2009). All magnitudes are in the AB system (J. B. Oke & J.
E. Gunn 1983). All wavelengths are vacuum wavelengths (but we
use air wavelengths when reporting the name of optical emission
lines).

2 SURVEY DESIGN AND TARGET SELECTION

2.1 Observations

The Pilot Survey to showcase dense-shutter spectroscopy is
Dark Horse, which is based on observations from JWST PID
3215 (PIs: D. J. Eisenstein and R. Maiolino). A fraction of PID-
3215 Cycle-2 observations failed due to MSA shorts and were
re-allocated as compensation in Cycle 3. However, when these
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Figure 1. Position of the Dark Horse pilot survey pointing (shown in
pink) in relation to existing multiband NIRCam coverage from JADES
(solid black) and to the deep JOF field (dashed green). The NIRCam
mosaics are from B. E. Robertson et al. (2026).

replanned observations were lost to a telescope safing, implying
a further year of delay, we redesigned the observations to target
the JOF and provide dense spectroscopy of the emission-line
targets there. The position of the final pointing is illustrated in
Fig. 1.

To focus on rest-optical lines at z > 3, we use the G235M
and G395M gratings. These R ~ 1000 medium resolution grat-
ings sufficiently disperse the background and target continua
so that one can overlap many spectra, but they only marginally
resolve the emission lines of normal galaxies, with a limited
drop in emission-line signal-to-noise ratio (SNR) in compari-
son to the detector noise level. They also provide the nomi-
nal wavelength coverage, save the gap between the two NIR-
Spec detectors, for any location in the MSA, and they are
able to split several useful emission-line groups. These include
He 111640 and O 111]AA1661,1666, H y and [O 111]A4363, H« and
[N 1I]A16548,6583, and [S11]A6716 and [S11]A6731.

The spectroscopic observations were obtained as Observation
901 on 2024 Dec. 17-18. They consist of a single MSA config-
uration with a 3-nod pattern, repeated several times with both
gratings. Nodding further reduces the Dark Horse multiplexing,
by requiring one functional shutter above and one below the allo-
cated source; however, for Dark Horse, we adopted this approach
to help design and evaluate a master background subtraction in
the future. The two dispersers received 9.3 and 10.0 h on source,
respectively. These were distributed in four identical sets of three
nodded exposures each, with 19 groups per integration and 2
integrations per exposure, using the IRS? readout (B. J. Rauscher
et al. 2012) and totalling 8403 s for each of the four sets. We
note that long integrations, here 1400 s, are preferred to suppress
detector noise (S. M. Birkmann et al. 2022). The G395M also had
a single set of three nodded exposures, with 10 groups and one
integration, totalling 2232 s, to finish using the available time
allocation.

JADES Dark Horse 3

The resulting data set is very deep, with 33.6 and 35.8 ks of
exposure in G235M and G395M, respectively. We chose to con-
centrate our observing time on a single deep MSA configura-
tion rather than splitting across multiple shallower pointings to
maximize sample size. This strategy leveraged the exceptional
depth of the JOF imaging to probe faint galaxy populations while
allowing us to test the method’s limits for data reduction and
deblending of faint lines. This depth also distinguishes the new
data set from the 4 JADES Medium/JWST pointings in the same
area (E. Curtis-Lake et al. 2025; J. Scholtz et al. 2025), each with
9.3 ks of exposure in these dispersers. Within JADES, only the two
deep pointings, each of 25 ks per disperser, and the 3215 ultra-
deep pointing with 160 ks in G395M are of comparable or deeper
depth. The Deep/JWST pointing (programme 1287) is located on
the JOF; the other two are elsewhere, on the Hubble Ultra Deep
Field.

2.2 Target selection

The target selection in the Pilot Survey is chosen to maximize
coverage at z > 3 while being unhesitant about using the high
multiplex to push to the faint galaxies available in the JOF. From
the JADES catalogue version v0.9.5 (F. D’Eugenio et al. 2025b),
we require a 7-o detection in any of F277W, F335M, F356W,
F410M or F444W inside a circular aperture of radius 0.15 arcsec.
To minimize detector artefacts, we also require a 7-0 detection
in the short-wavelengths stack, constructed by adding FO90W,
F115W, F150W, and F200W. This enables selection to very faint
levels, as faint as 3 nJy in the JOF and 8 nJy in the flanking
JADES Medium imaging (16th percentile; the sample medians
are 13 and 27 nly, respectively). Although this is very faint, the
anticipated line-flux limit around 2 x 107 ergs™ cm~2 would
itself be only a 1 nJy contribution to a NIRCam wide-band. Such
a line at 3 microns in a source with a flux of 3 nJy would have
an observed equivalent width of 2000 A corresponding to a rest-
frame equivalent width of 440 A in H & or 330 A in [O 111]A5007;
these are routine values at high redshift (R. Endsley et al. 2023;
K. Boyett et al. 2024). This calculation reinforces the point that
the strong lines at high redshifts allow JWST slit spectroscopy to
keep pace with the deep imaging.

For the redshift cut, we use EAZY photometric redshifts (G.
B. Brammer, P. G. van Dokkum & P. Coppi 2008) obtained as
described in K. N. Hainline et al. (2024). We impose Zpnot > 3
and redshift uncertainty o, /(1 4 z) < 0.1, where Zpho is z_a and
0 is u68—168 from the updated catalogue of K. N. Hainline
et al. (2024). We stress that the medium-band imaging available
in this field combined with the strong lines of high-redshift galax-
ies tends to yield unusually accurate photometric redshifts; of
course, we can test this after the fact, as presented in Section 4.2.

In dense-shutter mode, avoiding bright sources is essential,
because the wide spectral coverage of the long-pass filters means
that spectral overlaps have a long footprint in the dispersion
direction of the detector. To reject bright continuum sources,
we require that the minimum flux between F277W, F356W, and
F444W is F, < 300 nJy (AB mag 25.2). This use of minimum
seeks to avoid the rejection of galaxies with strong emission lines
that might boost 1 or 2 filters. This removes 2.5 per cent of the
targets from the parent sample. Unfortunately, two stars were also
included by this selection, because they mimic FO90OW dropouts
(providing high-precision, inaccurate redshifts) and their red flux
is already in the Rayleigh-Jeans tail, eluding our continuum flux
cut.

MNRAS 549, 1-23 (2026)
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Figure 2. Comparison of a standard MSA target allocation allowing only moderate spectral overlaps (red slitlets; from PID 1287, E. Curtis-Lake et al.
2025), and the dense-shutter method presented in this paper (blue). Both configurations use 3-shutter slitlets. The outlines of the individual MSA
quadrants are shown as solid lines for Dark Horse and dashed lines for the standard MSA setup used in PID 1287. The shape of the latter reflects the
mask design used by JADES to avoid truncated PRISM spectra, while Dark Horse uses the standard NRS_VIGNETTED_ MSA aperture. The background

image shows a stacked F356W mosaic (B. E. Robertson et al. 2026).

Most selected sources have weight 1 for MSA design. However,
to ensure a guaranteed science return in this experimental ob-
servation, we upweight a number of promising sources, giving
them weight 10. These consist of ‘Little Red Dot” AGN candidates
(LRDs; J. Matthee et al. 2024) and z > 7 galaxies from K. N.
Hainline et al. (2024). A single notable source, JADES-GS-z13-1-
LA (J. Witstok et al. 2025, NIRSpec ID 13731) was allocated man-
ually, with weight 100. This galaxy is a remarkable Ly o emitter
spectroscopically confirmed at z = 13.1 with the JWST/NIRSpec
prism, so our observations provide increased depth to attempt a
detection of Ly « and rest-frame UV lines in the gratings (J. Wit-
stok et al. 2026). After the allocation procedure, we assigned 854
targets for observation, of which 28 targets are located in already
occupied slitlets. The location of allocated slitlets is shown in
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Fig. 2. For targets with weight 10, the allocated fraction was 26/42,
1.8 times higher than unweighted targets.

In Fig. 3, we show the allocated sample as well as the objects
for which we were able to obtain spectroscopic redshifts, reaching
levels of 2-3 nly.

In Section 2.4, where we evaluate the effect of spectral overlaps,
we also consider the photon noise added by overlapping source
spectra. For this, we use the typical brightness of the allocated
targets, measured inside circular apertures of 0.15-arcsec radius.
The aperture area is 20 per cent smaller than the open area of
a shutter, but this is compensated by the fact that shutters (0.2-
arcsec width) enclose only 80 per cent of the circle’s area. To es-
timate the continuum, we use the minimum (considering both
detected fluxes and 3-o upper limits) among F150W, F200W,
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Figure 3. Distribution of the Pilot Survey galaxies in the redshift—
magnitude plane (dashed green), compared to the subset that had suc-
cessful spectroscopic redshifts (purple). Dots are individual sources out-
side the outermost contour. We stress the high-success rate to even 3 nJy
continuum sources.

F277W, F335M, F356W, F410M, and F444W. This yields flux den-
sities of 14 nJy (mean) and 5 nJy (median). Using the mean flux
density in each filter, we would get higher values ranging between
25-40 nly in the filters above. This estimate is 2-3 times higher
than the previous; the difference is a combination of spectral
slopes and emission-line contribution.

2.3 Allocation efficiency and completeness

The completeness of the single Dark Horse configuration is fc =
0.34: we allocate 854 sources out of 2516 targets within the four-
quadrant footprint of the MSA (i.e. ignoring the 23-arcsec Q1-
Q3 gap and the 37-arcsec Q3-Q4 gap). Such completeness is
remarkable, given that the maximum completeness reached in
the JADES Medium/JWST survey — for much brighter targets
with lower number density - is fc ~ 0.45, which required mul-
tiple overlapping pointings (E. Curtis-Lake et al. 2025). Three
effects set fc: vignetting by the MSA bars (fv = 0.64), inoperable-
shutters fraction coupled with the three-shutter slitlet require-
ment (fr = 0.60), plus a user-defined exclusion zone around
allocated targets (4 shutters in the dispersion direction; fx ~
0.80-0.90). So fc >~ fv x fr X fx. We now proceed to estimate
each term.

We evaluate these three terms at the actual pointing, be-
cause the JOF is very deep, with over twice the target den-
sity of the surrounding JADES field (after selection, pjor ~
350 arcmin? versus 150 arcmin™2). At the assigned position
angle 177.57° and at the final NIRSpec pointing (R.A., Dec.) =
(3h32m7.50%, —27°53™2.71°%), we select 2516 targets across the
four MSA quadrants, of which 1516 are in the JOF (4.3 arcmin?;
38 per cent of Dark Horse) and 1000 in the shallower flanking
field.

To limit aperture losses, we accept sources whose centre falls
within the open-shutter area, i.e. the inner 64 percent of the
0.27 x 0.53 arcsec? microshutter area (entire open setting in
MPT; MSA Planning Tool, D. Karakla et al. 2014). This downscales
the allocatable counts to 975 (JOF) and 643 (non-JOF).

Not all shutters are operable, and forming three-shutter
slitlets further reduces availability. We calculate the average
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usable-shutter fraction to be fr = 0.60, which yields 589 and 388
expected allocations in the JOF and flanking field, respectively,
for a total allocatable source count of 977.

While we allow spectral overlaps, MPT still requires a mini-
mum intersource spacing of four shutters along the dispersion
direction. This sets an effective 3 x 9-shutter exclusion box, inside
which only one slitlet can be opened. To estimate the impact of
this exclusion box, we use two approaches. First, we estimate
fx by using the exclusion-box area of 3.86 arcsec® (equivalent
radius 1.1 arcsec) to identify targeting conflicts. Of the 1516 can-
didates in the JOF, 849 have no neighbour within 1.1 arcsec; the
remaining 667 have, on average, 1.6 neighbours. For simplicity,
we assume that we can assign only half of these sources, 667/2.
We thus estimate 849 + (667/2) = 1183 allocatable targets. Out-
side the JOF, 684 candidates are isolated; the remainder aver-
age 1.4 neighbours, for 842 effective targets. We thus estimate
the allocation completeness due to the exclusion box to be fx =
(1,183 + 842)/2, 516 = 0.80. As a sanity check, we can compare
the number of sources inside the acceptance region of operable
shutters (977, estimated earlier) to the actual allocated number
of 854; this gives fx = 0.9. The fact that this number is actually
higher than the first estimate suggests that there are no other
significant contributions to the efficiency of the target allocation.
The discrepancy between the two estimates can be due to the
simplification of assuming we observe only half of the sources
with neighbours.

These factors vary with assumptions. fx depends on the
exclusion-zone size and survey depth; we measure fx ~ 0.85 in
the JOF and fx ~ 0.91 outside. The 2x higher target density in
JOF more than compensates for the drop in fx, yielding more
allocations per unit area. fy reflects the accepted in-shutter area
and can approach 1.0 if positional constraints are relaxed. Finally,
fr depends on operable-shutter statistics and slitlet length. With
the current operability mask, one- and five-shutter slitlets result
in fp = 0.74 and fr = 0.5, respectively. In addition, the slitlet size
also affects the MPT exclusion box. For reference, single-shutter
observations (dropping nodding) would shrink the exclusion box
(from 3 x 9 to 1x9 shutters). For our parent sample, this raises
the calculated fx from 0.8 to 0.88-0.92. Together with the in-
creased fr = 0.74, this would yield fc = 0.40, roughly 30 per cent
more targets per MSA configuration than this pilot survey.

2.4 Spectral overlaps

To calculate the penalty due to spectral overlaps, we compare the
standard noise terms in standard MSA spectroscopy, background
and detector noise, to the additional noise due to spectral over-
laps.

Each 1400-s integration with IRS? readout incurs detector
noise orpgz ~ 6.3-7.4 e~ (S. M. Birkmann et al. 2022, interpolated
from their table 3). This term also includes noise due to dark
current. This is generally the dominant noise term for faint-object
grating spectroscopy with NIRSpec/MSA.

The second important noise source is photon noise from
the sky background. In December, JOF incurs ug ~ 66-130 nJy
per NIRSpec detector pixel at A = 2-4.5 pum, appropriate for
0.1-arcsec pixels and 0.2-arcsec wide shutters (J. Rigby et al.
2023). The additional photon noise per pixel corresponds to o =
2-3.7 e~, where we have used

h -1
o2 = up % A (CT) APCE(\) At, &)
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where A A & 6-17.6 A is the size of a NIRSpec detector pixel, A
is the telescope area, and At =1, 400 s is the integration time.
The photon-to-electron conversion efficiency PCE also includes
optical telescope element (OTE) losses; we use the values based
on in-flight measurements (G. Giardino et al. 2022).

Finally, we estimate the photon noise from the continuum,
which given our mean flux density of 14 nJy (Section 2), amounts
to os = 1.5-2.0 e~ (equation 1). We assume this extra noise is
spread in the spatial direction in the same manner as the main
source, and we do not account for second- and higher-order spec-
tra, whose contribution to the noise is lower (though in this pilot
survey some rows are affected by bright targets).

Our reference noise is thus ogg, = 07, + 0 + 0§ (see also
equation 2 below).

In Dark Horse, 854 targets opening 2562 shutters in the 342
rows of the MSA, corresponds to an average of Nog = 7.5 over-
lapping background spectra per pixel on the detector. So overlaps
cause an effective background pop which is 7.5 times higher than
the standard background pg. This is a conservative estimate: for
G235M, the reddest end of the wavelength range after 3.2 pm is
significantly fainter, due to the grating efficiency decreasing away
from blaze wavelengths. For G395M, the detector efficiency drops
to zero at A 2 5.5 um, hence the spectral traces are noticeably
shorter than a detector, and the effective overlap should be 2x
lower than for G235M. In practice, since the outer 1/3 of both
NRS1 and NRS2 is unused, the G395M traces are distributed
effectively over 2/3 of the total detector area, hence the effective
overlap in G395M is 7.5/(2 x 2/3) = 5.6, where the factor 2 rep-
resents the spread over two detectors. For the rest of the article,
we ignore this difference in the interest of simplicity.

Overlapping spectra also incur additional photon noise from
overlapping sources. With 854 targets over 342 rows and two de-
tectors, the number of source overlaps per shutter is Nos = 2.5 =
Nog/3, S0 pos = 2.5 pg, where we divide by three since each 3-
shutter slitlet contains typically only one source.

Overall, the noise ratio between dense-shutter and standard
MSA can be estimated from

O’SH _ O'Istz +NOB UB%"'NOSUSZ
UI\Z/ISA GIZRSZ +O—]§ +USZ
Nog — 1)o2 + (Nos — 1) 02
:1+(OB )BZ(OS )s. (2)
OMsA

By comparing o1zsz, 05, and os, we conclude that in dense-shutter
spectroscopy the dominant noise source is still detector noise, just
like in non-overlapping NIRSpec spectroscopy. This outcome de-
pends on our configuration, sample properties, and background.
With our mean target brightness, it is not until an average overlap
of 10 (30 per cent larger than our allocation) that the overlap noise
reaches a level comparable to the detector noise. Conversely,
holding constant the degree of overlaps, one needs a mean sample
brightness of 120-280 nJy in F277W-F444W before the overlap
noise due to the sources reaches the detector noise. Finally, while
background noise is generally subdominant in NIRSpec grating
spectroscopy, this can change when combining many spectral
overlaps with higher background, e.g. in fields close to the Eclip-
tic.

With our same-pixel background subtraction strategy, based on
three nods, one must further add the photon and detector noise
due to the subtracted background, which are only +/2 lower than
for the pixel under consideration. This further reduces the gap
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Figure 4. Number of sources in dense-shutter mode relative to standard
MSA allocation, requiring the same sensitivity, and correcting dense-
shutter for the exposure time penalty due to spectral overlaps. Since
overlaps incur higher photon noise (in our case, primarily from the back-
ground), achieving the same data quality requires longer integration,
increasing with the square-root of the number of allocated sources. In
practice, confusion will eventually cause a maximum in the curve. The
single data point is the empirical estimate from Dark Horse, based solely
on the number of successful redshifts (Section 4).

between dense-shutter spectroscopy and non-overlapping alloca-
tions.

With our mask design - and ignoring subdominant noise terms
- the increased noise in dense-shutter spectroscopy corresponds
to a single-source time penalty factor of (opp/omsa)* ~ 1.7 rela-
tive to non-overlapping MSA spectroscopy. This estimate is val-
idated empirically in the next section. At the blue and red ends
of the wavelength range, the time penalty increases: 2.5 at A =
1.5 pm and 2.8 at A = 5.3 um; this is due to the increasing
sky background, which means these wavelengths approach the
background-dominated regime with fewer spectral overlaps than
2-4 um. In any case, accepting this penalty is extremely advan-
tageous, due to the large increase in sample size, resulting in
remarkably faster survey speed (Fig. 4 and Section 4). Fig. 4 shows
the factor increase in sample size as a function of how many over-
laps one allows. This calculation takes account of the increase in
noise as a result of overallocation, thus giving an indication of the
gain in efficiency allowed by dense-shutter.

3 DATA REDUCTION

The data reduction procedure followed the standard methods
developed by the JADES collaboration, based on work by the
ESA NIRSpec Science Operations Team. The original algorithms
have been extensively updated, as described in the JADES spec-
troscopic data-release articles (A. J. Bunker et al. 2024; J. Scholtz
et al. 2025; F. D’Eugenio et al. 2025b). The static calibrations
used are based on the context file version 1413. The current
pipeline does not automatically reduce objects falling in back-
ground shutters (28/854 sources). We perform nod background
subtraction and point-source path-loss corrections. We refer the
reader to the JADES Data Release 4 article for more information
(J. Scholtz et al. 2025). Separately, we also perform a reduction
with no background subtraction, to assess the feasibility of such a
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Figure 5. Count-rate maps from PID 3215 Obs 1 (a) and Dark Horse
(PID 3215, Obs 901; b). The two observations use the same integration
per exposure (Section 2), but each mask in Obs 1 allocates ~150 targets,
while Dark Horse allocates 854. The significantly higher target density of
the dense-shutter comes at the cost of a somewhat brighter background.
The bright spots on the left half of the NRS1 detector are zero-order slit
images.
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Figure 6. The emission-line sensitivity of dense-shutter spectroscopy
(purple) is comparable to that of traditional NIRSpec/MSA observations
of similar exposure time from JADES Deep (green). The curves show the
5-0 sensitivity in a 3-pixel boxcar extraction, estimated as the median of
the noise, while the shaded regions spans the 16th-84th interpercentile
range. JADES Deep used slightly shorter integration times; for an equal-
time comparison see Section 7.1.1.

strategy for emission-line science surveys (Section 5). To illustrate
the target density, we show a reduced detector image in Fig. 5,
where we compare a G235M observation from a standard MSA
configuration (Fig. 5a) to the Dark Horse observation (Fig. 5b).
The resulting 5-0 emission-line sensitivity is shown in Fig. 6
(purple curve). This value is measured from the emission-line
flux and flux error of all detected emission lines (SNR > 3), mea-
sured inside a 3-pixel boxcar extraction. We consider only lines
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from galaxies with redshifts. The sensitivity is obtained by group-
ing the emission lines in twenty wavelength bins with equal num-
bers of lines, then for each wavelength bin i we fit the flux error
with the formula og; = /s; + a; - F;, where F; and o ; are the flux
and flux error of the ith emission line in the jth wavelength bin,
while a; and s; free parameters. We then define the sensitivity as
5 x s;, under the reasonable assumption that the photon-noise
term a; - F is subdominant near the sensitivity limit of our deep
observations. The uncertainties are calculated for each bin by
bootstrapping the emission lines in that bin. We validate this
method against sampling the background noise in random, line-
free apertures (e.g. D. J. Eisenstein et al. 2026), and find good
agreement. For reference, we use the same method to calcu-
late the sensitivity from traditional MSA observations with fewer
overlaps (green; PIDs 1210, A. J. Bunker et al. 2024 and 1287, J.
Scholtz et al. 2025); these deep observations from JADES have
comparable exposure time to Dark Horse, enabling a direct per-
formance evaluation. The empirical noise penalty is 13 per cent,
calculated as the median ratio between Dark Horse and JADES
deep. This value is comparable to the estimated exposure-time
penalty from Section 2.4. There, we estimated dense-shutter to
require 1.7 longer exposures to achieve the same sensitivity as
standard MSA. After accounting for the longer actual integration
of Dark Horse versus PIDs 1210 and 1287 (33 ks versus 25 ks),
we obtain an estimated noise increase of 1.14 (/1.7 x 25 = 33),
meaning that our knowledge of the instrument and sample en-
able accurate prediction of the dense-shutter performance.

4 REDSHIFT CATALOGUE

4.1 Redshift determination

The redshift measurements follow the procedures outlined in F.
D’Eugenio et al. (2025b). These consist of an initial round of
visual inspection, which uses a user-movable slider to refine or
change the initial redshift guess, based on the photometric red-
shift from the input catalogue. This procedure is usually accurate
to within a single spectral pixel.

Spectral overlaps are readily identified because they are not
centred in the cross-dispersion direction, and/or the wavelengths
of multiple emission lines are not consistent with any redshift
solution (Fig. 7a), and/or if they are incompatible with the known
SED from photometry (Fig. 7b). This outcome is fully consistent
with the expectations based on the small detector footprint of
emission lines. Examples of successful and unsuccessful mea-
surements are shown in Fig. 8

Based on the visual-inspection redshift, we use the medium-
resolution line-fitting pipeline (J. Scholtz et al. 2025) to fit a
pre-defined set of emission lines, including hydrogen and he-
lium recombination lines, nebular lines, and the auroral line
[O11]14363. From these lines, we then define the spectroscopic
redshift as follows. We establish a line priority, consisting of
[O11]A5007, Her, H B, [ST1]29532, He 1A1.08um, [Ne I11]13869,
Hy, Paw, PaB. For each target, we run through this list, and
assign the redshift of the first line that has a SNR > 5 detection.
The resulting redshift table consists of 519 robust redshifts from
multiline associations (and 105 tentative redshifts, identified in
visual inspection from tentative emission lines, or from strongly
detected single lines). This amounts to success rates of 63 (75)
per cent.

After measuring the line fluxes, we identify 535 objects with
emission-line detections above SNR > 5, representing a success
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Figure 7. Example of spectral overlap identification. The 1D spectrum
has two readily identified H g-[O 111]Ar4959, 5007 groups at 2.6 and
3.4 pm. In the 2D spectrum, y = 0 corresponds to the centre of the cen-
tral shutter. The 2D spectrum shows additional H g-[O 111]A14959, 5007
emission near 2.3 pum. The latter is readily excluded due to its spatial
offset from the middle of the central shutter. The group at 2.6 um does
not correspond to any redshift solution.

rate of 65 per cent. As a benchmark, we can use the JADES deep
pointing in the HUDF (PID 1210), which has similar gratings
depth (A. J. Bunker et al. 2024), although their configuration
also includes G140M and a three times longer exposure with the
prism. For the comparison, we consider only galaxies with grating
observations (198 of 253 targets), and take successful redshift
measurements as those with redshift flag ‘A’, yielding a success
rate of 103/198 or 52 per cent (A. J. Bunker et al. 2024). Of course,
being constrained by avoiding prism spectral overlaps (and grat-
ing spectral overlaps for primary sources), the A. J. Bunker et al.
(2024) result resorted to allocate a number of suboptimal ‘filler’
sources. Additional losses come from the fact that PID 1210 used
three dithered pointings, resulting in a distribution of integration
times between one third, two thirds, and the full exposure time.
This complication underscores the difficulty of preserving high
allocation efficiency in a single MSA configuration - another
advantage of Dark Horse.

Overall - comparing just the grating observations - the dense-
shutter approach delivers 25 per cent higher success rate, and —
crucially - five times more redshifts. This is also true for the high-
redshift sources: PID 1210 delivered 9, 4, and 1 grating redshifts
in the intervals 6 < z < 7,7 < z < 8, and gz > 8, respectively; the
Dark Horse survey yields 34, 24, and 6. The resulting distribution
of spectroscopic redshifts is shown in Fig. 3(a), and spans 2.5 <
zZ < 8.86.

Among the 202 redshift failures, we identify three main rea-
sons.

(i) Approximately one third (60/202) are invalid targets: objects
with unreliable redshifts due to contaminated photometry (by
neighbours or diffraction spikes), objects that are overshredded
regions of bright foreground galaxies, and parts diffraction spikes
themselves. Of course, removing these objects from the pool of
valid galaxies would increase the success rate to 81 per cent.

(ii) The second category of failed redshifts (63/202) are ob-
jects that are faint (<5 nJy), show some line excess in the pho-
tometry, but no detected emission lines at the expected loca-
tion in the spectrum. The sensitivity of these spectra may have
been suppressed by the increased background or by overlapping
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Figure 8. Three example overlaps showing a successful redshift (top), a
rare example of emission-line overlap, i.e. a successful redshift with some
corrupted line fluxes (H y—[O 11]A4363; middle), and an example where
no redshift could be measured (bottom).

continuum. A better target selection without bright AGN or stars
would likely recover some of these sources.

(iii) The final category of redshift failures (58/202) are objects
with intrinsically weak emission lines. These are identified by
visual inspection of the EAzY SED fits, where we identified clear
Balmer breaks in the photometry and little or no emission-line
photometric excess. Interestingly, this group of sources still en-
ables compelling science (Section 6.5).

Finally, two minor classes of failed redshifts are objects where
the main emission lines are lost due to nod subtraction of bright
overlapping spectra (regardless of whether one uses all three nods
or just two nods; 4 objects) and objects where the main emission
lines landed on the detector gap (17 objects).

4.2 Comparison to photometric redshifts

As this is a sample of faint galaxies, with rather simple flux
and photometric redshift cuts, it presents a good opportunity
to test the photometric redshifts. This is particularly important
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Figure 9. Comparison of the redshift accuracy in relation to photometry,
splitting between the deeper JOF galaxies (a) and the shallower flanking
field (b). Overall, the agreement is excellent, as quantified by the robust
scatter measure oNnmap (see main text for the definition). Additionally, the
few outliers are well understood, as explained in the text.

because the selection requires Zpnot > 3. Fig. 9 shows the com-
parison of our spectroscopic redshifts to the input photometric
redshifts, split between the JOF (Fig. 9a), with deeper imaging
and more complete filter set, and the flanking field (Fig. 9b).
We find very good agreement, with modest bias (defined as the
median of Az/(1+ z) ), and 3 per cent 5-0 outliers - the latter
driven by the extremely small dispersion onxmap, calculated from
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the median absolute deviation and upscaled by the inverse of
V2 erf™1(1/2) = 0.6745 . . ., to match the relation between me-
dian absolute deviation and standard deviation in a Gaussian
distribution (erf ' is the inverse error function). The excellent
agreement is a testament to the accuracy of the photometric input
(K. N. Hainline et al. 2024). The JOF displays smaller bias and
scatter by a factor of 2.

Catastrophic outliers are still present in both imaging subsets.
These fall into three main categories: LRDs, dusty sources, and
strong [OI11]A5007 emitters near Zgec = 8. LRDs are generally
difficult to obtain good photometric redshifts for; at zgpec =~ 3,
[0 111]A14959, 5007 and H« mimic a strong Balmer break with
flat optical continuum. This difficulty is not limited to faint
sources, as exemplified by GS-35453, arobust candidate quiescent
galaxy at Znot = 5.33 (S. Alberts et al. 2024), which Dark Horse
reveals to be an AGN at Zg,ec = 3.66 (Section 6.6). Dusty galaxies
generally lack both strong spectral breaks and high-EW lines
capable of anchoring a redshift; they can appear as catastrophic
outliers, but this difficulty is correctly reflected in their large
confidence intervals. One of the notable outliers in the JOF is the
‘Cosmic Rose’ at z = 3.69 (S. Alberts et al. 2024; D. J. Eisenstein
et al. 2026), the sub-mm galaxy ALESS009.1 (J. A. Hodge et al.
2013; J. E. Birkin et al. 2021). Even after 10 h on source, we still
only detect the Ha—-[N 11]A16548, 6583 complex, while H 8 and
[O m1]AA4959, 5007 remain undetected. Finally, there is a class
of strong [O 11]A5007 emitters that suffer from a systematic bias
of Az ~ 0.5; these objects are characterized by strong F410M-
F444W excess, and weak detection in FO90W; the latter may be
driving the redshift solution to z 2 8, and is perhaps connected
to damped Ly o absorption (e.g. S. Fujimoto et al. 2023; Y. Asada
et al. 2025).

Another notable outlier in Fig. 9(a) is GS-634005, a compact,
red galaxy with a clear spectral break and a red SED. The nominal
solution at Zpnot = 16.8 would imply high-dust attenuation and
large stellar mass. Instead, a clear detection of Ha in NIRSpec
places this galaxy at Zgpec = 4.2918 &£ 0.0001. The strong dust at-
tenuation implied by the red SED is anomalous for such a com-
pact, low-mass system, but the proximity to the sub-mm galaxy
ALESS010.1 at z = 3.47 (separation 3 arcsec; J. A. Hodge et al.
2013) suggests we are witnessing foreground dust extinction in
the circumgalactic medium (CGM) of ALESS010.1 (Section 6.3;
F. Sun et al. 2026).

It is particularly remarkable that only two galaxies have spec-
troscopic redshifts below 2.5, indicating a very small rate of true
low-redshift galaxies in the z > 3 input sample. We note that we
would have detected the strong He« line down to z = 1.6, and
there are plenty of rest-infrared lines (e.g. [S1II]19532 or Paw)
that would have been in-band at lower redshift.

As a spectroscopic validation of our z measurements, we
consider the 43 galaxies in common between the Pilot Survey
and JADES DR4 (Fig. 10). Of these, 40 have valid redshifts in
Dark Horse, and 36 have valid redshiftsin JADES DR4. The agree-
ment is consistent within better than a single spectral pixel, un-
derscoring that — as far as redshifts are concerned - the dense-
shutter multiplexing has no cost compared to low- or no-overlap
NIRSpec/MSA spectroscopy. We note a single outlier, where we
measure Paa at Zgpec = 1.0012 while JADES DR4 1eports Zspec =
5.077 89. Both redshifts are accurate: This system is an LRD AGN
at z = 5 plus a z =1 interloper (F. D’Eugenio et al. 2026); the
position of the MSA shutter in Dark Horse misses most of the
LRD flux (even though faint [O 111]A5007 and H « are still seen
in the spectrum).
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Figure 10. Comparison of the Dark Horse redshifts to known grating
redshifts from JADES DR4. The agreement is within 10 per cent of a
resolution element. The single outlier is due to foreground contamination
inside the shutter.

5 FLUX MEASUREMENTS

The fluxes are measured using standard methods from the JADES
Collaboration (J. Scholtz et al. 2025), consisting of a local Gaus-
sian fit with a polynomial background. The list of lines considered
isin Table 1. Groups of spectrally adjacent emission lines were fit
simultaneously, using a common redshift and full width at half-
maximum (FWHM) and the same continuum model; these line
groups are also indicated in Table 1.

The depth of our observations is illustrated in Fig. 6, where
we show the 5-0 emission-line sensitivity as a function of wave-
length. The achieved depth is almost the same as what was
obtained in the JADES deep pointings (green line). Overall,
we demonstrate that the Dark Horse approach substantially in-
creases the MSA multiplex with an acceptable penalty in sensi-
tivity. We expect these conclusions to also apply to the higher-
resolution gratings. In contrast, the prism may suffer from ad-
ditional noise, due to its lower spectral resolution and higher
continuum sensitivity; the exact performance of the prism in
Dark Horse mode will be the subject of a dedicated article.

In Fig. 11 we gauge the accuracy of Dark Horse spectroscopy,
using fluxes from JADES DR4 as a benchmark. We identify 43
galaxies in common between JADES DR4 and the Dark Horse
pilot survey, which include 129 emission lines above a robust
detection threshold of SNR > 5. The adopted SNR cut is applied
to Dark Horse only, because the JADES DR4 sample includes
targets from the medium-depth tiers, which received 1-2 h in-
tegration per grating, i.e. 5-10 times shallower than the Pilot Sur-
vey. This results in some line detections being only upper limits
in JADES DR4. To identify systematic differences, we split the
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Table 1. List of the emission lines. All wavelengths are in vacuum. Emis-
sion lines inside the same cell were fitted simultaneously using the same
redshift, FWHM and continuum.

Line(s) x(A) Column name
C1VAA1548,1551 1549.48 C4_ 1549
He 1111640 1640.00 He2 1640
O111]AL1661, 1666 1663.00 03_1663
C111]AA1907, 1909 1907.71 C3_1907
[O11]AA3726, 3729 3728.49 02_3727
[Ne 111]A3869 3869.86 Ne3 3869
Hs 4102.86 HD 4102
Hy 4341.65 HG 4341
[0 111]A4363 4363.44 03_4363
Hp 4862.64 HB 4861
[O 111]A14959,5007 4960.30, 5008.24 03_5007
He 115875 5877.25 Hel 5875
[O1]A16300,6364 6302.05 01_6300
Ha 6564.52 HA 6563
[N 11]AA6548,6583 6549.86, 6585.27 N2_6584
[S1]Ar6716,6731 6718.29, 6732.67 S2 6718,
S2 6732
He 117281 7283.36 Hel 7281
[S111]A29069,9532 9071.10,9533.20 S3_9069,S3_9532
Pas 10052.12 PaD 10049
He 1110829 10832.06 Hel 10829
Pay 10 940.98 PaG 10938
Pap 12821.43 PaB_ 12818
Paa 18755.80 PaA 18751
a [OII1]A5007 R " Ha
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Figure 11. Comparison of the flux measurements from this work to
those from JADES DR4, for 43 objects in common between the two sur-
veys. The four panels show either individual lines ([O 111]A5007 and H «
in panels (a) and (b), or a selected range of other notable emission lines
(c), or all strongly detected lines together (d). In each panel, we report
the number of emission lines above the specified detection threshold,
the median flux ratio, the robust normalised median absolute deviation
(NMAD) scatter about the median, and the fraction of 3-o outliers. The
results show excellent correlation; the 10 per cent flux discrepancy due
to different path-loss corrections. We detect no bias between forbidden,
permitted, or weak lines, which all agree with the trends observed in
the full line data set. Dark Horse spectroscopy delivers high-fidelity line
fluxes.
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Figure 12. Comparison of the default flux measurements obtained us-
ing nod background subtraction to those obtained without removing the
background, and using the emission-line fitting code to also model a local
background. There is excellent agreement. At high fluxes, the alternative
reduction without background subtraction yields higher fluxes, because
it avoids self subtraction.

emission lines in four subsets: [O 111]A5007 is representative of
strong forbidden lines (Fig. 11a); H« is representative of strong
permitted lines, which can be broad in AGN (Fig. 11b). We then
show a selected set of other emission lines; here we use a more
generous threshold of SNR > 3, because these lines are generally
weaker than [O 111]A5007 and H « in the mass and redshift range
relevant here (Fig. 11c). Finally, we show all robust detections
(Fig. 11d). Each panel reports the median of ¢, the flux ratio
between the Pilot Survey flux and the JADES DR4 flux, with
the latter adopted as ground truth. We find 10 per cent higher
flux in Dark Horse relative to JADES. This discrepancy correlates
with both the intrashutter offset along the dispersion direction
(P = 0.01) and anticorrelates with the observed line wavelength
(P = 0.03). We attribute the discrepancy to the empirical path-
loss corrections, which are reflection-symmetric along the cross-
dispersion direction of the MSA, but not along the dispersion
direction, thus explaining the correlation with the intrashutter
offset in the dispersion direction only (see J. Scholtz et al. 2025,
their Appendix B). The anticorrelation with wavelength is read-
ily explained by the increasing size of the point spread func-
tion (PSF) with redder wavelengths. Over several pointings, this
bias should be effectively random, but since we are dealing with
single-pointing surveys and a small overlap of 43 galaxies, the
fixed pitch of the MSA introduces this systematic trend.

As an alternative to the standard data reduction, we also anal-
ysed the emission-line fluxes without background subtraction,
leaving it to the line-fitting algorithm to remove the background.
The resulting line fluxes are shown in Fig. 12, where we find
good agreement with the default data reduction. The systematic
offset to higher flux is due to avoiding nod subtraction; this can
happen in some faint sources, but is systematic for bright sources,
due to self-subtraction of spatially extended sources. Overall, the
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agreement supports allocating even more microshutters, and us-
ing local methods or a model for background subtraction.

6 SCIENCE HIGHLIGHTS

Being a method to simply increase the emission-line yield of
NIRSpec/MSA, Dark Horse naturally lends itself to most of the
applications of standard NIRSpec/MSA spectroscopy. The only
notable exception is continuum science, which includes stellar-
population inference and equivalent-width measurements. Still,
precise knowledge of the redshift and emission-line fluxes en-
ables us to supplement and improve photometric constraints,
which are available by design in Dark Horse. In the following
we present a list of science highlights, using where relevant the
JADES HUDF observations as a benchmark.

6.1 Star-forming main sequence

The pilot survey reports the 5-0 detection of 620 Balmer lines,
between Ho, H B, Hy, and H4. These can be used to estimate
accurate SFRs on short time-scales of 3-10 Myr (R. C. Kennicutt
& N. J. Evans 2012), for instance using the scalings between H «
luminosity and SFR from A. E. Shapley et al. (2023), which are
appropriate for low-mass, metal-poor galaxies. Where multiple
Balmer lines are detected, we estimate directly the dust attenu-
ation, with the usual assumption of intrinsic Balmer ratios for
case-B recombination (e.g. D. E. Osterbrock & G. J. Ferland 2006),
electron temperature T, = 10000 K and electron density n. =
500 cm~3 (Y. Isobe et al. 2023). Following M. Curti et al. (2023), we
employ the extinction curve from K. D. Gordon et al. (2003, here-
after: G03) to infer the dust-attenuation Ay. We measure 177 Ay
values using the flux ratio Ho/H g and 51 values using H y /H B.
This is comparable to or larger than other studies of the nebular
attenuation at high redshift with JWST (A. E. Shapley et al. 2023;
L. Sandles et al. 2024; C. Woodrum et al. 2025). For all other
galaxies, we use the dust attenuation estimated from SED models
obtained with the Bayesian tool PROSPECTOR (B. D. Johnson et al.
2021), using the public catalogue from C. Simmonds et al. (2025).

We illustrate the resulting star-forming main sequence (SFMS)
in Fig. 13. Multiple Dark Horse pointings can deliver thousands
of galaxies, which would enable dissecting the SFMS in redshift,
M, and environment - all while using a self-consistent selection
function, high completeness, and slit-spectroscopy depth. Last
but not least, the depth of the Pilot Survey enables studying galax-
ies below the SFMS, which we discuss in Section 6.5.

6.2 Gas-phase metallicity

JWST has revolutionized our knowledge of emission-line galaxies
at epochs earlier than Cosmic Noon, which were only known
through a handful of ground-based observations of UV-bright or
far-infrared-bright galaxies (e.g. P. L. Capak et al. 2015; J. Matthee
et al. 2015; D. P. Stark et al. 2015; A. K. Inoue et al. 2016; S. Car-
niani et al. 2017). A number of JWST works have uncovered the
increased scatter about the metallicity relations at z > 4 (e.g. K.
Nakajima et al. 2023; M. Curti et al. 2024), including the possible
breakdown of these fundamental relations (M. Curti et al. 2023,
2024).

We measured gas-phase metallicities adopting the strong-line
calibrations for the high-z Universe presented in E. Cataldi et al.
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Figure 13. Redshift-collapsed star-forming main sequence from
Dark Horse, at gz = 2.8-8.6. Based on PROSPECTOR-derived M, and
on SFR from Dark Horse emission lines. The binned measurements
highlight the increasing main-sequence zero-point at earlier epochs.

(2025).! The strong-line metallicities are based on the dust-
corrected strong emission-line ratios

__ [Om1]A5007
3 = }Iﬂ

[O11]11.3726, 3729

R2 =
Hp

R = 0.88 x loglo(R3) + 0.46 x loglo(Rz)
Nel1]A3869
Ne,0, = — [Nemr3869 (3)

[O11]AA3726, 3729

The best-fitting metallicity is found adopting a minimization ap-
proach as described in M. Curti et al. (2024), and an Markov
Chain Monte Carlo (MCMC) [with D. Foreman-Mackey et
al. (2013) implementation] is run to infer the uncertainties. In
order to include a given diagnostic in the procedure, we request
3-¢ detections on the involved emission lines, while upper limits
on [0 11]AA3726, 3729 and/or [N 11]A6583 are used to discriminate
among the lower- and upper-metallicity branch in case R; is the
only diagnostic available. This procedure allocates 354 strong-
line metallicity measurements, roughly 10 times more than PID
1210, when considering only the 36 galaxies with grating mea-
surements; for a fair comparison, we removed the prism-based
metallicities (M. Curti et al. 2024), which in PID 1210 rely on 3x
longer NIRSpec integration using the prism (A. J. Bunker et al.
2024).

In addition, we could apply the ‘direct’ T.-based method (e.g.
1. H. Laseter et al. 2024) for 18 galaxies with [O 111]A4363 auroral
line detection at >3-¢ significance, highlighting the potential of
the Dark Horse approach in performing a less-biased search of
this line emission in large galaxy samples (Fig. 14). When com-
pared to strong-lines-based metallicities for the same galaxies, Te-
based metallicities are ~0.07 dex larger on average (mean offset),
with a scatter between the two measurements of ~0.13 dex, con-
sistent with the measurement uncertainties (the uncertainties on
the T,-based metallicity take into account also the uncertainties
on T, itself).

ISee also R. L. Sanders et al. (2025) for recent developments.
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relations, underscoring the advantage of dense-shutter spectroscopy in
gathering large samples of faint emission-line measurements. The cross
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Figure 15. Mass-metallicity relation based on strong-line calibrations,
illustrating the redshift evolution (using two equal-size subsets split by
redshift), and the selection bias with star-forming activity (highlighted by
the clear trend in sSFR). The horizontal lines are fits from M. Curti et al.
(2024). The offset with respect to our measurement reflects the different
strong-line calibrations used here.

With these numbers, a single pointing in Dark Horse mode
delivers sufficient galaxies to reconstruct the mass-metallicity
relation at z = 3-8 (Fig. 15). As for the SFMS (Section 6.1), here
too the analysis does benefit from straightforward selection crite-
ria. The colour coding shows the prevalence of evolved systems
(low-specific SFR, sSFR) at the high-mass end (blue hues) and
starburst systems at low M, (green). The Dark Horse observing
strategy provides almost the same gratings depth as deep point-
ings, but with sufficient flexibility to simultaneously probe M, <
10 M.



6.3 Probing CGM dust using background galaxies

The high-target density of Dark Horse and the depth of our ob-
servations enable using background galaxies to trace the CGM
around massive galaxies. We report the case study of the sub-
mm galaxy ALESS010.1 at z = 3.471 (Fig. 16; source 645014 in
Dark Horse). The background galaxy 634005 is red and compact
and the photometry indicates a clear spectral break in F200W. If
interpreted as a Ly« break, this would place 634005 at 7 > 16.
However, at this redshift, the rest-frame UV slope would be un-
usually flat (Byy > 0), and the stellar mass of the galaxy would
be unusually large. SED fitting with PROSPECTOR finds Zphot =
16.4 + 0.5 and log(M, /Mg) = 9.3 £ 0.3 (see Section 6.5 for our
PROSPECTOR setup). However, thanks to the depth of Dark Horse,
we detect unambiguous H « emission at z = 4.29 (Fig. 16c¢), con-
sistent with EAZY’s secondary low-redshift solution, where the
spectral break is the Balmer break, made stronger by dust atten-
uation.

However, even this low-redshift solution seems at first un-
likely: In this case, the SED model infers a quiescent solution,
with log(M,/Mg) = 8.7£0.2 and Ay ~ 1.4 mag in the stellar
continuum. Since dust attenuation correlates with M, (e.g. L.
Sandles et al. 2024; C. Woodrum et al. 2025), such a high amount
of obscuration in such a low-mass galaxy seems unlikely - par-
ticularly for the stellar continuum. Intriguingly, other galaxies
around ALESS010.1 also display unusual levels of attenuation,
given their redshift and stellar mass. This suggests that the dust
attenuation is in the foreground, such that these low-mass galax-
ies are probing dust in the CGM around the ALESS010.1, at dis-
tances of ~20 kpc. This is smaller but comparable to the scales
over which we see filamentary ionized structures - likely out-
flows - in quasar-submm galaxy pairs (100 kpc; B. Peng et al.
2025). An in-depth analysis has been presented in (F. Sun et al.
2026), but here we remark that Dark Horse spectroscopy provides
a compelling way to use faint emission-line galaxies as a probe
of diffuse CGM dust and, therefore, feedback mechanisms in
massive galaxies.

6.4 Outflows

JWST enabled the study of energy and momentum injection from
star formation and accretion at lower M, than what was possible
before (S. Carniani et al. 2024; R. A. Cooper et al. 2025; Y. Xu et al.
2025). Among the unexpected discoveries is the high-incidence
rate of neutral-gas outflows, traced primarily by Na 1415890, 5896
seen in absorption (S. Belli et al. 2024; F. D’Eugenio et al. 2024;
R. L. Davies et al. 2024; E. Taylor et al. 2024; F. Valentino et al.
2025; P.-F. Wu 2025). These outflows seem to have much higher
mass loading than the ionized phase (e.g. S. Belli et al. 2024; F.
D’Eugenio et al. 2024). Crucially, they are seen also in quiescent
galaxies, including old systems (Y. Sun et al. 2026), suggesting a
role in keeping these galaxies from forming new stars.

In Dark Horse, we report the discovery of multiphase gas out-
flows in ID 175773 at z = 2.54. This dusty galaxy was selected
with weight 10 (i.e. overriding the 300 nJy threshold from Sec-
tion 2). It hosts an AGN identified via a tentative broad Ha
component (Section 6.6) and J. A. Baldwin, M. M. Phillips &
R. Terlevich (1981; BPT) classification. Narrow-line detections
include hydrogen recombination lines H 8, He, Pag, Pay, and
Pa 8. The forbidden lines [O 111]AA4959, 5007 and [SI11]AA9069,
9532 show a blueshifted wing, confirming the presence of out-
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Figure 16. NIRCam false-colour image of the sub-mm galaxy
ALESS010.1, which Dark Horse places at z = 3.47 (a). The bottom
two panels show the grating spectra of the background galaxy 634005;
the 2D SNR map from G395M (b) shows a clear detection in the centre of
the shutter at A = 3.47 um, also seen in the negative images (the bright
line at » = 3.37 um is a spectral overlap from a different shutter). The
line at 3.47 um is seen clearly in both the G395M and G235M 1D spectra
(black and purple lines in panel c), ruling out an overlap. We identify
this line with He at z = 4.29 (matching [O 111]A14959, 5007 is also seen
in G235M, not shown here). By studying foreground dust extinction in
background galaxies such as 634005, Dark Horse reveals the presence of
dust in the CGM, at a distance of 20 kpc from ALESS010.1 (F. Sun et al.
2026). Grey shutters show Dark Horse targets without redshift.
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Figure 17. A dust-obscured AGN-host galaxyatz = 2.5(ID 175773), dis-
playing compact morphology and red colour in NIRCam (a). Dark Horse
reveals deep NaIAA5890, 5896 absorption with a small (50 kms™1)
blueshift, tracing the galaxy ISM or a neutral-phase outflow (b and c).
Dark Horse can take advantage of deep observations with high multiplex
to also observe rare, bright sources for science cases that require long
exposures.

flows previously detected using medium-band imaging (Y. Zhu
et al. 2025, their source 209026).

We detect clear absorption near Na 1115890, 5896, blueshifted
by 50 kms~!. Our model follows the approach of D. S. Rupke,
S. Veilleux & D. B. Sanders (2005, see also R. L. Davies et al.
2024; J. Scholtz et al. 2024; P. G. Pérez-Gonzalez et al. 2025). The
model parameters are inferred in a Bayesian framework, using
MCMC integration, to fully explore the degeneracies between
correlated parameters (e.g. covering factor Cy and sodium optical
depth at line centre, 7 o Na 1.5896, R. L. Davies et al. 2024). The
resulting fiducial model is shown in Fig. 17. Using the geometry,
metallicity, and ionization assumptions of Y. Sun et al. (2026), we
estimate a mass outflow rate of log(Moy;/(Mg yr~')) = 2.0 £0.2.
As areference, the maximal SFR (assuming no AGN contribution
to the narrow component of H ) is log(SFR/(Mg yr~!)) = 0.8 +
0.4. So the mass loading factor is clearly above unity, confirming
that neutral-phase outflows are capable of shutting down star
formation (S. Belli et al. 2024; F. D’Eugenio et al. 2024).

Overall, these results show the potential for Dark Horse ‘hy-
brid’ surveys. Whenever the science goals require deep spec-
troscopy of sources with low on-sky density — and provided multi-
band NIRCam coverage is available — any remaining detector real
estate can be allocated to overlapping faint-source spectroscopy.

6.5 Mini-quenched galaxies

In addition to exploring faint and rare emission-line objects, the
survey speed and depth of Dark Horse enable compelling non-
detection science. Thanks to the combination of stringent up-
per limits on strong lines with the continuum shape from deep
NIRCam photometry, Dark Horse enables to study star-formation
burstiness which much higher precision than what is possi-
ble from photometry alone — even when using joint constraints
from medium- and wide-band observations (e.g. S. Tacchella et
al. 2022; C. Simmonds et al. 2025).

These improved constraints from fitting simultaneously pho-
tometry and spectroscopy can be used to study the stochasticity
of SFR at high redshifts. Deep prism observations have shown
the existence of low-mass galaxies (M, < 10° M) with negligible
SFR (V. Strait et al. 2023; T. J. Looser et al. 2024; W. M. Baker
et al. 2025). This population of ‘miniquenched’ galaxies are usu-
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ally identified by their Balmer breaks (e.g. A. Kuruvanthodi et
al. 2024; A. Covelo-Paz et al. 2026), lack of emission lines, and
UV slopes Byy ~ —2, indicating lack of current star formation
but very young light-weighted age. Their number abundance and
physical properties hold compelling constraints on the duty cycle
of star formation and on the time-scale and efficiency of feedback
(D. Ceverino, R. S. Klessen & S. C. O. Glover 2018; C. C. Lovell
et al. 2023; T. Dome et al. 2024, 2025; V. Gelli et al. 2024, 2025; W.
McClymont et al. 2025; J. A. A. Trussler et al. 2025). The rapid
cessation of star formation in these systems seems to require
stronger or more efficient feedback than just supernovae (V. Gelli
et al. 2024), and may point to bright quenched phases with little
or no dust (W. M. Baker et al. 2025; A. Ferrara, A. Pallottini &
L. Sommovigo 2025). While deep, medium-band photometry can
identify ‘lulling’ or ‘smouldering’ galaxies (J. A. A. Trussler et al.
2025), direct spectroscopic constraints provide better time reso-
lution than photometry alone, due to ~100x narrower effective
bandwidth. The price to pay, of course, is completeness, which
Dark Horse spectroscopy mitigates substantially.

To illustrate the improved sensitivity in the low-SFR regime,
we report the identification of a mini-quenched galaxy, ID 61416
at Zphot = 9.6 (Fig. 18). We use photometry from the upcoming
JADES Data Release 5 (B. D. Johnson et al. 2026; B. E. Robertson
et al. 2026), and we compare the star formation histories obtained
by fitting the photometry alone (indicated by the green lines and
symbols in Fig. 18) versus a joint fit of the same photometry plus
the Dark Horse spectrum (purple lines and symbols in Fig. 18).
We use the Bayesian SED tool PROSPECTOR (B. D. Johnson et al.
2021), with the same setup as F. D’Eugenio et al. (2026). Specifi-
cally, we use a rising star-formation history (SFH) prior, inspired
by the success of models of fixed baryon-conversion efficiency
(e.g. S. Tacchella et al. 2018), and implemented as described in C.
Turner et al. (2025, the rising prior is shown in grey, Fig. 18d). We
use a flexible dust-attenuation law (S. Noll et al. 2009; M. Kriek &
C. Conroy 2013), with extra attenuation for stars younger than
10 Myr, representing dust in birth clouds (S. Charlot & S. M. Fall
2000). The redshift is free to vary, with a Gaussian prior set by the
EAZY photometric redshift, and truncated between 7.5 < z < 11,
dictated by the photometric drops seen in NIRCam. The photom-
etry and Dark Horse G395M spectrum are shown in Fig. 18(a). We
optimize the model twice: once based on photometry only (green
lines and circles in Fig. 18), and once based on joint modelling of
the photometry and Dark Horse spectroscopy (purple). The fidu-
cial (maximum a posteriori) models are shown in Fig. 18(a), with
the residuals in Fig. 18(b). The redshift of the source is strongly
constrained by the non-detection in F115W; the photometry-
only model interprets the moderate F410M photometric excess as
strong [O 11]AA3726, 3729 emission, which should be detectable
by NIRSpec. Lacking such detection in our data (grey spectrum
in Fig. 18a), the spectrophotometric model revises the solution to
an even lower recent SFR, suggesting that this galaxy is a ‘mini-
quenched’ system, possibly the highest-redshift such system (V.
Strait et al. 2023; T. J. Looser et al. 2024; W. M. Baker et al. 2025).
The blue UV slope and extremely low-dust attenuation (Fig. 18c)
make 61416 an excellent candidate for a ‘blue monster’ (F. Ziparo
et al. 2023; A. Ferrara et al. 2025).

6.6 Broad-line AGNs

The Pilot Survey observed eight broad-line AGN (and one ad-
ditional tentative source), of which seven were targeted (MSA
weight 10; Table 2), and two were weight 1. Upon inspection of
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Figure 18. Including spectra from Dark Horse-undetected sources like 61416 at Zpho = 9.6 can significantly impact the resulting SED model. The green
lines and circles show the fiducial PROSPECTOR model based on NIRCam photometry only, whereas the purple lines and circles are the model based on
joint fitting of NIRCam and the NIRSpec G395M spectrum from the Pilot Survey. The photometry-only model predicts bright [O 11]A13726, 3729 that
should be detectable by NIRSpec; therefore, including the observed spectrum rules out this solution and forces PROSPECTOR to seek a lower-SFR model,
revealing 61416 as a ‘mini-quenched’ galaxy (similar to T. J. Looser et al. 2024; W. M. Baker et al. 2025).

Table 2. Summary of broad-line AGNSs (including LRDs) in Dark Horse.

D R.A. Dec. Weight Zphot" Zspec LRD
175773 53.048578 —27.865698 10 6.02 2.5486 + 0.0001 0
5756 53.062410 —27.901838 10 3.72 3.43725 £+ 0.00003 1
171973¢ 53.086836 —27.873046 10 5.43 3.4715 4+ 0.0002 0
13064 53.102832 —27.890974 1 3.67 3.56335 + 0.000 02 1
160128 53.050301 —27.900055 10 4.73 3.614 01 + 0.000 02 1
5070 53.092004 —27.903136 10 3.62 3.64372 + 0.000 02 1
35453 53.057029 —27.874376 10 5.06 3.659 81 + 0.000 01 1
634042 53.064113 —27.870934 10 6.05 5.5359 4+ 0.0005 1
642396 53.095910 —27.906901 1 5.83 6.5535 &+ 0.0002 1

Note. Objects with ‘LRD’ flag 1 have a V-shaped SED in NIRCam.
“We show photometric redshifts from the internal catalogue v0.9.5 RC2.

bTentative broad line; classified as type 2 AGN using the BPT diagram (J. A. Baldwin, M. M. Phillips & R. Terlevich 1981).

¢X-ray emitter, see also D. D. Kocevski et al. (2025).

their NIRCam SED, two AGN (175773 and 171973) show weak
UV emission (as expected from dust reddening) while the spectra
show clear [N 11] emission; they appear to be dust-obscured AGN
(171793 is also an X-ray emitter; D. D. Kocevski et al. 2025).
The other seven display the V-shaped SED typical of LRDs (J.
Matthee et al. 2024; C. C. Williams et al. 2024). Thanks to its
straightforward mask allocation with two priority classes, we can
weight these detections by the inverse of the acceptance rates,
which were 0.66 and 0.35 for weight 10 and weight 1, respectively
(Section 2.2). The completeness-corrected number of broad-line
AGN would then be ~17.

With the depth of the grating observations, Dark Horse can
measure accurate broad-line shapes, line fluxes, and even auroral
line fluxes. Of course, the current limitation is the inability to
measure accurate EWs, which would require forward modelling
and removal of all overlapping sources.

To demonstrate the power of Dark Horse, we measure the
narrow- and broad-line fluxes of the seven AGNs, with the same

approach as outlined in F. D’Eugenio et al. (2025a, 2026). We
mask prominent emission lines, then use a cubic spline to fit the
continuum, with linear interpolation across masked regions. The
narrow lines are modelled as Gaussians with common redshift
and velocity dispersion; for doublets arising from the same upper
level, we model the two lines using the flux of the brightest line
as free parameter, and the the fixed flux ratio given by atomic
physics, which we retrieve from PYNEB (V. Luridiana, C. Moris-
set & R. A. Shaw 2015). For any doublet arising from the same
lower level ([O11]AA3726, 3729 and [SII]AA6716, 6731) the free
parameters are the flux of the bluest line and the doublet flux
ratio, with the latter constrained to the range allowed by atomic
physics. We model only three narrow Balmer lines, Ho, H 8, and
H y, using fixed flux ratios appropriate for Case-B recombination,
T. = 10000 K and n. = 100 cm~3. The actual fluxes are then
modulated using the G03 dust-extinction law, parametrized by
the attenuation Ay. For the LRDs, the broad lines are the sum
of a Gaussian and an Gaussian convolved with an exponential
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Figure 19. A collection of broad-line AGN (and candidates) in Dark Horse, including seven LRDs. For each target, we show the NIRCam RGB image,
and the spectrum and fiducial model in the region of H g-[O 111]A14959, 5007 and H «-[N 11]A16548, 6583. dense-shutter can rapidly gather compelling
samples of high-quality LRD spectra with broad spectral coverage, enabling the study of the broad-line profiles, absorbers, narrow-line properties, and
photoionization diagnostics. We find a remarkable range of broad-line shapes and luminosities.

kernel, representing respectively direct light from the broad line,
and light scattered by free electrons (V. Rusakov et al. 2026). The
scattering process is parametrized by the optical depth 7. and by
T: (see F. D’Eugenio et al. 2025a, for more details). Finally, we
also model H o absorption, using the same approach outlined in
1. Juodzbalis et al. (2024) and Section 6.4. A compilation of the
broad-H « lines is shown in Fig. 19, highlighting the diversity of
profile shapes, narrow-to-broad flux ratios, and [O 111]A5007/H 8
ratios.
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6.7 Overdensities and clustering

Since the high spectroscopic completeness and efficiency of
this programme are ideal for constructing spectroscopic redshift
catalogues, this programme is also well suited for identifying
high-redshift galaxy overdensities and performing clustering
analyses. Given the improved sensitivity of NIRSpec/MSA when
compared to NIRCam/WFSS, fainter galaxies can be identified,
thereby probing galaxies that are nearly an order of magnitude
less luminous than galaxies selected by NIRCam/WFSS at fixed
survey time.

As a first look at the scientific prospects of using dense-shutter
NIRSpec/MSA for overdensity identification and clustering anal-
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Figure 20. Dense-shutter NIRSpec/MSA is particularly well suited to study high-redshift galaxy environments by combining the improved completeness
of slitless spectroscopy with the improved depth of slit spectroscopy. Here we show the spatial distribution of N = 215 galaxy candidates at 7.60 < Zphot <
8.55 from the JADES photometric sample, colour-coded by their photometric redshift, or spectroscopic redshift, if available. The thick black polygon
represents the JADES/NIRCam GOODS-S footprint. The underlying density field of the photometric sample is determined using a KDE, following the
methodology from J. M. Helton et al. (2024) and F. D’Eugenio et al. (2025c). The contours illustrate the estimated density field and the blue contours
represent a significance level of 30. Aside from the >3 o peaks near the boundary of the footprint, which are the result of edge effects, the only other
significant peak is spatially coincident with a spectroscopically confirmed galaxy overdensity atz = 7.954 (JADES-GS-OD-7.954; J. M. Helton et al. 2024),
as shown by the gold star. The Dark Horse single MSA pointing (purple outline) identifies 13 spectroscopically confirmed members of this overdensity
(diamonds with black outlines), including six new members (diamonds with red outlines).

ysis, we search for new members of an extreme galaxy overden-
sity at z ~ 8 identified by J. M. Helton et al. (2024), JADES-GS-
OD-7.954, which is the third highest redshift spectroscopically
confirmed galaxy overdensity to date. The location of JADES-GS-
0OD-7.954 is illustrated by the gold star in Fig. 20 and falls within
the Dark Horse Pilot Survey pointing. This protocluster candidate
originally contained four galaxies identified with NIRCam/WFSS
from FRESCO (First Reionization Epoch Spectroscopically Com-
plete Observations; P. Oesch, 2024) and represented a density
around ~6 times that of a random volume. Fig. 20 also shows
the spatial distribution of N = 215 galaxy candidates at z ~ 8
from the JADES photometric sample to further demonstrate the
significance of the overdensity JADES-GS-0D-7.954 (including
six Ly « emitters; G. C. Jones et al. 2025). Following the method-
ology described in F. D’Eugenio et al. (2025c), we determine the
underlying density field of the photometric sample by using a ker-

nel density estimator (KDE). To quickly summarize, we assumed
Gaussian kernels for the KDE and optimized the bandwidth (also
known as the smoothing scale, as shown in the upper left corner
of Fig. 20) by maximizing the likelihood cross-validation quantity.
The estimated density field is illustrated by the contours, where
purple contours represent overdensities above a significance level
of 30. The only significant peak not affected by edge effects is
spatially coincident with JADES-GS-OD-7.954.

Itis obvious from looking at the upper panel of Fig. 9 that there
isan abundance of galaxies at z ~ 8. Indeed, 13/29 galaxiesatz >
7 are within Az = 0.1 of JADES-GS-OD-7.954, demonstrating
the importance of cosmic variance when selecting samples of the
highest redshift galaxies. Out of these 13 galaxies, six are new dis-
coveries, demonstrating the efficacy of using dense-shutter NIR-
Spec/MSA for identifying faint populations of clustered galaxies.
Future work should look into identifying overdensities and voids
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with dense-shutter NIRSpec/MSA, especially given the recent
discovery of pristine massive star formation caught at the break
of cosmic dawn with NIRCam/WFSS in Abell 2744 (T. Morishita
et al. 2025).

7 DISCUSSION

7.1 Dark Horse relative to slitless spectroscopy

Having now presented the results of this programme, we turn to
some more detailed aspects of the trade-off relative to the JWST
slitless grism modes. We stress that while we see considerable
advantages of the dense-shutter method, there are also ways in
which the grism might be preferred, such that each method has
preferred applications.

7.1.1 Emission-line sensitivity

To assess the dense-shutter method relative to slitless, we start
with a comparison of their emission line sensitivities (Fig. 21),
comparing to the deep NIRCam/WFSS observations from JWST
Cycle-3 PID 4540 (D. J. Eisenstein et al. 2025; F. Sun et al. 2026.).
This programme used the F322W, F356W, and F444W filters and
GRISMC to obtain grism spectroscopy of galaxies in the JOF
across 2.4-5.0 um, and the total grism exposure time is 82Kks,
comparable to that of Dark Horse (69.4 ks). PID 4540 uses a
2 x 2 mosaics of NIRCam pointing, and therefore the median
integration time is ~3-5.4 h in each of the three bands. Improving
the grism sensitivity to 10-h on-source equivalent (matching the
on-source time of Dark Horse), the difference of depth between
NIRCam/WFSS and Dark Horse is a factor of ~3 (Fig. 21a). Of
course, this would require at least a 2.5 longer survey with NIR-
Cam, given the actual survey times.

In contrast, in Fig. 21(b), we show a comparison of the ac-
tual sensitivities, achieved at almost equal on-source time (ac-
tually, slightly longer for NIRCam). The median 5-0 emission-
line sensitivity of PID 4540 for unresolved lines is ~5 times of
that for Dark Horse across 3.3-5 um, a factor of 25 in integration
time. The sensitivity improvement is even larger at shorter wave-
lengths, exceeding a factor of 10 (100 in integration) at A < 3 um.

This comparison highlights the high efficiency of the dense-
shutter approach in obtaining deep emission-line spectroscopy of
a large sample of high-redshift galaxies. We also note that prelim-
inary analyses of PID 4540 (F. Sun et al. 2026) yield ~50 per cent
more redshifts at z > 3 than Dark Horse. This is a result of the
higher completeness with slitless spectroscopy and the flux den-
sity cap employed for Dark Horse.

7.1.2 Geometry, field of view, and completeness

When it comes to survey speed, the instrument field of view mat-
ters. The total footprint of the four MSA quadrants of NIRSpec
is about 9.82 arcmin?, similar to the NIRCam field of view (9.30
arcmin?) and about twice that of NIRISS. It is important to note
that the relatively high-resolution of the NIRCam grism means
that the spectral traces are long and hence the coverage at any
given wavelength is often limited by the field stop, reducing the
field of view. In contrast, with the MSA gratings, one obtains the
full wavelength coverage per target, save the small detector gap.
However, single-configuration completeness greatly reduces the
effective footprint of the MSA, even when allowing spectral over-
laps. Since NIRSpec picks from a catalogue, the actual penalty
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Figure 21. A comparison between dense-shutter spectroscopy and NIR-
Cam/WFSS. The purple and green lines are the same as in Fig. 6, where
we use nod background subtraction (while master background would
deliver even better sensitivity). The red dotted lines show the median
NIRCam/WFSS 5-0 sensitivity with PID4540 in the F322W2, F356W,
and F444W band (3-5.4-h exposures; D. J. Eisenstein et al. 2025; F. Sun
et al. 2026). In panel (a), we scale the sensitivity of NIRCam/WEFSS to the
same on-source time as NIRSpec/MSA, while panel (b) shows the actual
measured values, which correspond to approximately the same survey
time. Note that NIRCam/WFSS delivers 50 per cent more sources with
z > 3 than dense-shutter.

depends on the target density of the parent sample (Section 7.2).
Here, we use the completeness of Dark Horse to evaluate the
method, i.e. 854 out of 2516 allocated targets, or 35 per cent (Sec-
tion 2.3). The dominant factors are MSA slit vignetting (0.64
with our choice of entire open)and the three-shutter require-
ment (0.60), with a smaller penalty due to exclusion zone in the
dispersion direction (0.9). Thus the effective MSA footprint is
9.82 arcmin® x 0.64 x 0.60 x 0.9 ~ 3.4 arcmin?, which we will
use below. If high completeness in a given field is needed, one
could use multiple MSA configurations offset by a half-integer
or even third-integer shutter spacing to access most targets. Al-
ternatively, increasing the number of allowed overlaps can also
be achieved, both in the spatial direction (by moving from 3-
shutter to 2- or 1-shutter slitlets) and/or in the spatial direction
(by overriding MPT minimum target separation of 4 shutters).
We note that slitless spectroscopy does not immediately yield full
completeness either, because of overlap with brighter sources;
one needs to use multiple dispersion angles.



Operationally, slitless spectroscopy does not require pre-
imaging for target selection, although such imaging may be de-
sired for line association and for the science application. It is the
only option for pure parallel observing, and observations allowing
many mechanism moves can produce compelling data sets of
both imaging and spectroscopy in novel fields (e.g. F. Sun et al.
2025). Further, it can be awkward that the NIRSpec footprint
of four quadrants in a near square is rather different than the
NIRCam footprint: One not only needs pre-imaging for dense-
shutter to be possible, but typically one needs a filled mosaic of
at least 2x2 pointings if one is to cover the 3.1 x 3.4 arcmin?
bounding box of the NIRSpec MSA.

7.1.3 Sensitivity, bandwidth, and survey speed

As expected, strong suppression of the background by the MSA
and the larger pixels of NIRSpec (0.1 arcsec compared to 0.06
arcsec in NIRCam LW and NIRISS) sharply suppresses noise.
Comparing to PID 4540, which represents a 20 per cent longer
time investment than Dark Horse, dense-shutter delivers a 4-10-
fold improvement in line sensitivities above NIRCam, depending
on wavelength (Fig. 21). This is nominally a factor of 16-100
advantage in exposure time. We note that this result is still using
nod-based same-pixel background subtraction; we expect that the
data could also be reduced with non-local modelling, or ‘master
background’ subtraction, which would suppress the noise fur-
ther and avoid self-subtraction within larger galaxies. This would
make the case for single-shutter configurations even more com-
pelling. Indeed, one could measure accurate line fluxes without
performing any background subtraction at the pipeline level, as
demonstrated in Fig. 12, showing that - at least for emission-line
science which is most relevant here — single-shutter configurations
are both feasible and less noisy, even without master background.

But further, the instantaneous bandwidth of NIRSpec is wider.
The G395M grating alone covers 2.9-5.3 pm, even more than the
union of the NIRCam F356W and F444W filters. If one wants full
wavelength coverage, this is another factor of 2 over the grism.
Of course, NIRSpec also offers the G140M and G235M gratings.
Using all three would give spectra from 0.7 to 5.3 um. Impor-
tantly, NIRISS only goes as red as 2.2 um, while the NIRCam
grism has a zero-dispersion wavelength of 3.95 um and hence a
sharply reduced field of view (and reduced first-order through-
put) shortward of 3 pm, ending at 2.4 pm. This strongly favours
the use of G235M to cover the 2-3 um wavelength range; notably
this disperser will capture the strong H « or [O 111]25007 lines for
1.6 < z < 5.3, which is a workhorse range for galaxy evolution
studies with JWST, capturing the epoch when ~50 per cent of
the stellar mass in the Universe formed (e.g. P. Madau & M.
Dickinson 2014), and the emergence of low-mass, environment-
quenched galaxies (M. Donnari et al. 2021a, b).

To place these considerations on a more quantitative footing,
we consider as a figure of merit the integral over wavelength
of area times inverse variance (5-o0 point source), per unit time.
For the NIRCam grism, we use data from the pure-parallel pro-
gramme SAPPHIRES (Slitless Areal Pure Parallel HIgh-Redshift
Emission Survey, PID 6434, PI E. Egami; Sun et al. 2025, their
table 2). Adopting units of (arcmin?) (x 10~ ¥ergs~! cm=2)~2 (um
ks™1), and assuming AA = 0.2 pum, we obtain metrics of 0.653,
0.677, 0.585, and 0.638 for 356W R, F356W C, F444W R, F444W
C, respectively (i.e. around 0.64 on average). This includes an
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average correction to take into account 20 per cent more noise in
module B than module A.

For Dark Horse, we consider the effective MSA quadrant area
of 3.4 arcmin?, as described in Section 7.1.2. For G395M, we
integrate the sensitivity curve (Fig. 6) and obtain a metric of 7.5,
roughly ten times higher than NIRCam. This suggests that the
dense-shutter method is ten times more efficient than doing both
F356W and F444W with the grism.

To summarize, the key argument for the dense-shutter mode
is that the improvements in line sensitivity, field of view, and
wavelength coverage far outweigh the factor of ~2-3 reduction
of single-configuration completeness.

7.1.4 Caveats

Here we discuss some specific scenarios, and considerations
that are difficult to quantify and may depend on the specific
application. While NIRSpec delivers nearly the full wavelength
range on all objects, save the detector gap, grism slitless
spectroscopy yields a complex distribution of wavelength
coverage across the field, which does not enter our metric. While
the proposed metric is useful for the question of finding a single
bright line in as many objects as possible, if one cares only about
a single wavelength, the grism could switch to a medium-band
filter, boosting inverse variance by a factor of 2.5. In this case, the
useable field of view would also be larger; for example, F410M
could get a metric of around 2.5, comparable to dense-shutter
(i.e. 7.5). On the other hand, the proposed metric does not
capture the requirement to have coverage of two well-separated
lines. The grism loses further efficiency here, unless one is tiling
fairly big areas. Of course, the reported advantage of G395M
becomes even stronger in G235M, because the grism area and
throughput drops badly shortward of 3 pm.

But there are arguments and opportunities for the grism modes
as well. To start, the grism modes can have lower operational
overheads. In particular, if one only needs relatively shallow line
sensitivities, short exposures with the grisms may suffice, plus
one is getting nearly full targeting completeness in one exposure.
There is no value in taking NIRSpec exposures shorter than about
500 s, as the detector noise and MSA overheads will be severe.
We note that at this time, JWST operations require direct im-
ages when NIRCam and NIRISS are used as the prime instru-
ment; these do add overheads not dissimilar to the MSA target
acquisition sequence. Having high single-exposure completeness
is particularly useful for applications like surveys of quasar en-
vironments (e.g. D. Kashino et al. 2023; F. Wang et al. 2023):
here one is primarily interested in a known wavelength and a
small neighbourhood around the quasar, blunting some of the
advantages of MSA spectroscopy.

Slitless spectroscopy is better for the study of line morpholo-
gies. Because of the complicated pattern of the MSA vignetting
and the coarser NIRSpec pixel scale, extracting morphologies
from MSA spectroscopy requires very careful modelling. We note
that the combination of measuring the line with both a grism
and a direct image can yield compelling dynamics studies (e.g. E.
Nelson et al. 2024; A. L. Danhaive et al. 2025). In addition, slitless
spectroscopy is also more reliable for the measurement of line
fluxes, particularly from extended objects, because one is simply
using photometric techniques in the dispersed images. Flux cali-
bration through the MSA slits requires detailed modelling of the
slit vignetting even for cases of known morphological profiles,
and of course deviations from the assumed profiles cannot be
corrected at all, as one has not measured the light beyond the slit.

MNRAS 549, 1-23 (2026)



20  F. D’Eugenio et al.

7.2 Impact of sample selection

The figure of merit reported above depends linearly on the effec-
tive survey footprint, which in turn is linked to the completeness
and to the characteristics of the input sample. The quoted com-
pleteness of 0.35 and effective area of 3.1 arcmin? are specific of
design choices of Dark Horse, not of the dense-shutter method.

To start, the choice of 3-shutter slitlets imposes a loss of ef-
ficiency over single-shutter observations, because the fraction
of operable shutters is 0.74, but the fraction of operable three-
shutter slitlets is only 0.60. This means Dark Horse could have
allocated ~1100 targets with no loss in sensitivity (actually, with
a modest gain, since we would open only 1100 shutters, against
the actual 2562). This change of strategy would raise the com-
pleteness to 0.43. These numbers have been verified with MPT,
but for the actual Dark Horse implementation we adopted a more
conservative approach.

The value of 0.43 is close to the maximum efficiency ceiling;
one could consider relaxing the shutter acceptance zone, but this
would overly penalize compact sources, more so at short wave-
lengths, where the telescope PSF is smaller than the 0.2-arcsec
bar shadows on the MSA. On the other hand, while we noted
that Dark Horse operates in the regime where completeness is
set by vignetting and shutter operability, this is directly linked to
the target density ~150-350 arcmin 2 in the two imaging areas.
For instance, removing our redshift cut, we are left with 12 000
sources inside the four MSA quadrants, reaching target densities
of 700-1700 arcmin~2. Using a single shutter per source, MPT
can allocate ~5000 sources, but this exceeds the threshold where
overlapping background is becoming the dominant noise source.
In this case, to contain background noise (i.e. max 10 sources per
row, Section 2.4), one would want to stay below 342 x 10 ~ 3500
sources, so the completeness would be 3500/12 000 =~ 0.3. On the
other hand, additional gains are possible if one allows multiple
visits; in this case, one could reduce the shutter acceptance area,
which for each mask gives priority to sources with good slit cen-
tration and, therefore, higher throughput.

7.3 Other NIRSpec dispersers

We note that below 2 um, the background increases again, rising
to 45-60 nJy per NIRSpec pixel (applicable to JOF in December).
Since the photon rate per frequency scales as A1, the rise in back-
ground at short wavelengths causes a sharp rise in background
noise, roughly 2x between 2 and 1 pm. With a background noise
of 4 e7, G140M suffers from a much stiffer noise penalty than
the other two gratings, such that an overallocation of two sources
would already cause the background noise to reach the detector
noise. An overallocation of ~7.5, as used here, would imply a
time penalty of 3-4, erasing most of the advantage of dense-
shutter over non-overlapping spectroscopy.

When considering the high-resolution gratings, the back-
ground is dispersed 3 x, allowing the ceiling of 0.43 completeness
to be reached even for the highest target densities. The trade-off
here is spectral truncation at the red end of quadrants 1 and 2 of
the MSA.

We next consider the trade-offs between using this dense-
shutter approach with the grating method and using the NIR-
Spec prism dispersion mode. While the PRISM spectra should
typically not be overlapped because they are background-limited
and hence would increase the dominant noise source, the spectra
are short enough that one can reach multiplex of nearly 200.
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Given that the PRISM covers the same wavelength range as the
union of all three gratings, the difference in multiplex is only
modest. However, per unit exposure time, the PRISM cannot
achieve the line flux sensitivity of the gratings because the higher
throughput of the prism cannot offset the increased noise from
under-resolving the continuum and background. For the detec-
tion of emission lines, the gratings are likely to win this multi-
plexing assessment. A future analysis of overlapping prism spec-
troscopy will clarify the trade-offs.

Of course, achieving continuum spectroscopy even at modest
SNR is scientifically important. This provides the detection of
Lyman breaks, indeed a faster route to a redshift for UV-bright
galaxies at z > 9.5 than the detection of rest-UV emission lines,
and the measure of Balmer and 4000-A breaks, important for the
study of older stellar populations.

On the flip side, the PRISM under-resolves the emission lines.
The gratings are needed to deblend certain close lines as well
as to measure dynamics and outflows (Section 6.4). And as one
gets fainter than 100 nJy, continuum detections require very long
exposures, such that the emission lines provide much of the
science. Indeed, the combination of grating redshifts and multi-
colour NIRCam imaging can support modelling of the continuum
shape, such as for Balmer breaks (Section 6.5). This is particularly
relevant for young galaxies, where the continuum is dominated
by young, hot stars or even nebular emission, which have low-
EW features that are difficult to capture even with the prism.

8 SUMMARY AND CONCLUSIONS

In this article, we presented the Dark Horse spectroscopy survey
using NIRSpec/MSA in ‘dense-shutter’ mode. Building upon the
experience of previous studies that allowed moderate overlaps,
Dark Horse allows for full spectral overlap on the NIRSpec de-
tector, bridging the multiplex of slitless spectroscopy and the
sensitivity of slit observations. To be effective, dense-shutter spec-
troscopy must build upon existing, pan-chromatic and spatially
contiguous NIRCam imaging. For this survey, we leverage the
JADES Origins Field (D. J. Eisenstein et al. 2025) and obtain
a single pointing with G235M and G395M, focusing on z > 3
extragalactic science (Section 2). The existing deep NIRCam cov-
erage in legacy extragalactic fields provides many opportunities
for using dense-shutter spectroscopy.

After reducing the data using off-the-shelf methods, we con-
firm the feasibility of the method. Spectral overlaps cause addi-
tional background noise, which we do detect. With the adopted
setup of Dark Horse, we predict a noise penalty of 1.30, corre-
sponding to a time penalty of 1.7 to achieve the same sensitivity
as standard MSA (Section 2.4). These numbers are confirmed
experimentally (Section 3), meaning we are able to predict the
MSA performance in Dark Horse, and use this knowledge for
survey design. As we argue below, a time penalty of 1.7 is perfectly
acceptable.

We find a redshift success rate of at least 0.65, comparable yet
higher than grating surveys of similar depth (~0.52). This result
islikely driven by the high-quality photometric redshifts available
in GOODS-S, and especially in JOF, where there is extensive and
deep medium-band coverage. Nevertheless, an important com-
ponent of the success rate could be the high completeness, which
enables targeting compelling sources without having to resort to
‘filler’ targets.

What makes the dense-shutter spectroscopy worth it, of course,
is the five-fold increase in survey speed relative to moderate-



overlap grating surveys (Section 4). To demonstrate the method -
aside from measuring redshifts and line fluxes — we present sev-
eral science applications of dense-shutter spectroscopy (Section
6). These range from classic studies of emission lines as probes
of star formation (Section 6.1) and metallicity (Section 6.2), to
studies of multiphase gas outflows (Section 6.4) and broad-line
AGNSs (Section 6.6). Sensitive, high-completeness observations
also enable studies of CGM dust at z ~ 3.5 (Section 6.3), and even
non-detections add value to existing photometry, by delivering
informative flux upper limits that improve the constraints on
photometric SFHs (Section 6.5).

Reviewing the above makes clear why the pursuit of a general-
purpose spectroscopy of a high-density sample of faint galaxies
in established JWST imaging fields is so well suited to this dense-
shutter grating mode. These sources often have strong emission
lines that are both efficient for redshift determination and essen-
tial for physical characterization. The density of sources is very
high, enough to support the high multiplex of this MSA mode.

While our Dark Horse survey identified no unmitigatable prob-
lems, further optimizations are also possible, since there are
trade-offs between different MSA configurations and targeting
choices (Section 7). These future improvements could possibly
make dense-shutter an even more compelling path to efficiently
obtain large numbers of JWST spectra in deep cosmological
fields, with depths that cannot be reached by the grism or by any
current ground-based instrument.
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