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ABSTRACT
Dwarf galaxies hold the key to crucial frontiers of astrophysics, however, their faintness renders

spectroscopy challenging. Here we present the JWST Cycle 2 survey,All the Little Things (ALT, PID
3516), which is designed to seek late-forming Pop III stars and the drivers of reionization at z � 6-7.
ALT has acquired the deepest NIRCam grism spectroscopy yet (7-27 hr), at JWST's most sensitive
wavelengths (3-4� m), covering the powerful lensing cluster Abell 2744. Over the same30 arcmin2,
ALT's ultra-deep F070W+F090W imaging ( � 30 mag, 5� ) enables selection of very faint sources at
z > 6. We demonstrate the success of ALT's novel \butter
y" mosaic to solve spectral confusion
and contamination, and introduce the \Allegro" method for emission line identi�cation. By collecting
spectra for every source in the �eld of view, ALT has measured precise (R � 1600) redshifts for 1630
sources atz = 0 :2-8:5. This includes one of the largest samples of distant dwarf galaxies: [1015, 475,
50] sources less massive than the SMC, Fornax, and Sculptor with log(M � =M � ) < [8.5, 7.5, 6.5]. We
showcase ALT's discovery space with: (i) spatially resolved spectra of lensed clumps in galaxies as
faint as M UV � � 15; (ii) large-scale clustering { overdensities atz=[2.50, 2.58, 3.97, 4.30, 5.66, 5.77,
6.33] hosting massive galaxies with striking Balmer breaks; (iii) small-scale clustering { a system of
satellites around a Milky Way analog at z � 6; (iv) spectroscopically con�rmed multiple images that
help constrain the lensing model underlying all science in thislegacy �eld; (v) sensitive star-formation
maps based on dust-insensitive tracers such as Pa� ; (vi) direct spectroscopic discovery of rare sources
such as AGN with ionized out
ows. These results provide a powerful proof of concept for how grism
surveys maximize the potential of strong lensing �elds.

� E-mail: rnaidu@mit.edu , jorryt.matthee@ist.ac.at
y These authors are the PIs of ALT (JWST Program #3516)
and contributed equally to this work.
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1. INTRODUCTION

The hallmark of �CDM cosmology is hierarchical
structure formation, wherein galaxies like our Milky Way
continually assimilate smaller dwarf galaxies (e.g.,White
& Frenk 1991). Directly observing these dwarf galaxies
in the early Universe holds the key to unraveling the two
great transformations wrought on the cosmos by the very
�rst generations of stars: the synthesis of the chemical
elements (e.g.Tinsley 1980), and the epoch of Hydrogen
reionization (Loeb & Barkana 2001).

Metal-free stars (so-called Population III [Pop III]
stars) forming out of pristine gas after the Big Bang are
predicted to have forged heavier elements in their cores
for the �rst time, setting o� the chemical evolution of
the universe that would one day seed life on Earth (e.g.,
Partridge & Peebles 1967). While directly witnessing the
light from the very �rst Pop III stars at z � 15� 20 may
require a 100m telescope in space (e.g.,Schauer et al.
2020), late-forming Pop III stars may be observable well
into the epoch of reionization. Pristine pockets of dense
gas may persist even amidst subsequent generations of
stars due to e.g., inhomogeneous metal mixing where the
ejecta from supernovae never pollute these pockets, due
to re-accretion of pristine gas that was ejected into the
halo, and by remaining shielded on the peripheries of
galaxies growing inside-out (e.g.,Tornatore et al. 2007;
Katz et al. 2023; Venditti et al. 2023, 2024), though note
the galaxies in which this is possible and survival red-
shifts vary widely across these models. Late-blooming
low-mass galaxies in under-dense voids that take longer
to collapse compared to denser regions of the Universe
may also host such pristine pockets (e.g.,Pallottini et al.
2014; Xu et al. 2016; Jaacks et al. 2019). The chances
of pollution are a function of star-formation activity and
feedback strength, and are likely lower in dwarf galaxies
that typically display low star-formation e�ciency (e.g.,
Ma et al. 2016).

While JWST ( Gardner et al. 2023) is yet to detect un-
ambiguous Pop III signatures such as bright HeII emis-
sion (e.g., Schaerer 2003) combined with the absence of
metals (e.g.,Wang et al. 2024c; Maiolino et al. 2024), cur-
rent models and their expectations suggest clear search
strategies. While HeII emission is faint and may be pow-
ered by other sources such as AGNs or Pop II stars (e.g.
Plat et al. 2019), all hydrodynamical simulations that in-
clude Pop III models underscore the importance of spa-
tially resolved observations to identify metal-poor pock-
ets (e.g.Pallottini et al. 2015; Venditti et al. 2023). This
is a natural �t for gravitationally lensed �elds, where
JWST's exquisite spatial resolution is paired with galax-
ies that are magni�ed into arcs and resolved into individ-
ual star-forming complexes (e.g.,Welch et al. 2022; Hsiao
et al. 2023; Rigby et al. 2023b; Rivera-Thorsen et al.
2024; Adamo et al. 2024). Another challenge is demon-
strating that a pocket in an arc is indeed metal-poor { a
variety of spectral diagnostics have been proposed (e.g.,
Nakajima & Maiolino 2022), of which the most e�cient
for a blind search across large samples is [OIII]/H� ow-
ing to the strength of these lines and the resulting strin-
gent limits on the metallicity that are practically fea-
sible. Indeed, the most metal-poor object detected to
date with JWST (LAP1 at z = 6 :64, 12 + log(O/H) < 6)
was identi�ed behind the MACS J0416 cluster, with

NIRSpec/IFU spectrosocopy revealing clumps with ex-
tremely low [OIII]/H � line ratios (Vanzella et al. 2023).
Given that [OIII] and H � su�er from enormous sensitiv-
ity loss at z & 9, and the higher the redshift the better
the chances of pristine pockets, Pop III surveys using
these lines are most e�ciently directed at z < 9, and
due to JWST's sensitivity function are most e�ective at
z � 7, right in the heart of the epoch of reionization.

Cosmic reionization is another potential legacy of Pop
III stars and their immediate descendants. This was the
last cosmological phase transition where neutral gas per-
vading the Universe was heated into a hot, ionized state
(e.g., Loeb & Barkana 2001). Even with the advent of
JWST, the protagonists of reionization remain a subject
of debate due to uncertainties in galaxies' emissivities
(e.g., Mu~noz et al. 2024; Simmonds et al. 2024). The
high numbers of UV-faint active galactic nuclei (AGNs)
being discovered have de�ed extrapolations of quasar lu-
minosity functions (e.g., Harikane et al. 2023; Maiolino
et al. 2023; Matthee et al. 2024; Greene et al. 2024; Ko-
cevski et al. 2024; Taylor et al. 2024). These abundant
sources have breathed new life into proposals for AGN-
driven reionization (e.g., Giallongo et al. 2015; Madau &
Haardt 2015; Finkelstein et al. 2019; Dayal et al. 2024;
Madau et al. 2024; Grazian et al. 2024). However, what
fraction of ionizing photons is escaping the dusty tori and
interstellar media of their host galaxies to make it to the
intergalactic medium remains to be seen.

Reionization by \oligarchs", i.e., relatively rare, bright
star-forming galaxies (L & 0:05L � , M UV < � 18; e.g.,
Sharma et al. 2016; Naidu et al. 2020; Matthee et al.
2022) is buoyed by the lack of evolution in the bright
end of the UV LF (e.g., Bouwens et al. 2023) that may
be due to ejection of dust (e.g.,Ferrara et al. 2023), cou-
pled with ionizing photon production at par or exceeding
pre-JWST models (e.g.,Matthee et al. 2023; Simmonds
et al. 2024; Pahl et al. 2024). The rising and bursty
star-formation histories (SFHs) inferred for such galax-
ies (e.g., Cole et al. 2023; Pizzati et al. 2024; Endsley
et al. 2024), is exactly what is required for the escape of
ionizing photons (e.g.,Ma et al. 2016, 2020; Naidu et al.
2022b; Choustikov et al. 2024; Flury et al. 2024). This
is further supported by the detailed inventory of photons
in the bubble around the luminous COLA1 galaxy { a
con�rmed, powerful luminous leaker that dominates its
local ionizing budget (Torralba-Torregrosa et al. 2024;
Matthee et al. 2018; Mason & Gronke 2020).

The key missing item in JWST's reionization budget
is the emissivity from faint sources (< 0:02L � , M UV >
� 16:5) that have so far been poorly explored. Due to
their sheer numbers and predicted ionizing photon pro-
duction e�ciencies (e.g. Saxena et al. 2024), these sources
have been classically viewed as the primary agents of
reionization (e.g., Yajima et al. 2011; Wise et al. 2014;
Paardekooper et al. 2015; Kimm et al. 2017; Finkelstein
et al. 2019). Observations remain sparse due to the large
integration times required { e.g., Atek et al. 2024recently
found four such galaxies to be strong ionizers. However,
based on SED modeling,Endsley et al. (2023) show in-
dications of a larger scatter in emission line equivalent
widths (and therefore ionizing photon production e�-
ciencies) towards fainter galaxies. Clearly, larger spec-
troscopic statistics are bene�cial. Balmer lines o�er the
most direct, e�cient window into the ionizing power of
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galaxies { JWST NIRCam is able to survey the strongest
of these, H� , out to z � 7 and H� out to z � 9.

To seek extremely metal-poor pockets and reveal the
protagonists of reionization, we designed the \All the
Little Things" (ALT) NIRCam grism survey over the
Abell 2744 strong lensing cluster. We were inspired by
the remarkable success of early NIRCam grism programs,
which have returned the largest samples of reionization-
era galaxies across all spectroscopic programs to date
(Kashino et al. 2023; Oesch et al. 2023; Wang et al. 2023)
and have already yielded candidate metal-poor galaxies
in blank �elds ( Matthee et al. 2023). By collecting spa-
tially resolved spectra for every single galaxy in the �eld
of view, ALT is designed to maximize the chances of de-
tecting metal-poor clumps. Pushing to much deeper 
ux
limits than Cycle 1 surveys, we designed ALT to gather
the statistical samples required to inventory the ioniz-
ing properties of faint galaxies. Simultaneously, the vast
amounts of spectroscopic redshifts would bene�t numer-
ous science studies in this legacy �eld.

The outline for this paper follows. In §2 we motivate
our survey design { why we chose the Abell 2744 clus-
ter (§2.1), what considerations informed our grism strat-
egy (§2.2), the development and validation of a \but-
ter
y" mosaicking strategy to solve confusion and con-
tamination ( §2.3), the implementation of our observa-
tions (§2.4), and data reduction (§3.1). In §3 we dis-
cuss how we translate the reduced data into science-
ready products by creating photometric catalogs (§3.2),
estimating photometric redshifts (§3.3), identifying emis-
sion lines in the grism data via two independent meth-
ods { Allegro (§3.4.1) and grizli (§3.4.2), and modeling
the 27-band SEDs to derive physical parameters (§3.5).
We describe the data release accompanying this paper
and validate our reported redshifts in §4. In §5 we
present �rst science results that showcase ALT's capa-
bilities on highly magni�ed arcs ( §5.1), multiply-imaged
systems (§5.2), large-scale environments (§5.3), small-
scale environments (§5.4), clustering statistics (§5.5), ob-
scured star-formation (§5.6), and the serendipitous dis-
covery of rare sources such as Little Red Dots (LRDs;
§5.7). Throughout this work, we adopt a Planck Col-
laboration et al. (2018) cosmology. We often reference
L � , the characteristic luminosity in Schechter function
parametrizations of luminosity functions as perBouwens
et al. (2021). Magnitudes are in the AB system (e.g.,
Oke & Gunn 1983). For summary statistics, we typically
report medians with errors on the median from boot-
strapping (16th and 84th percentiles).

2. DATA

2.1. Public Data

The �eld around the Abell 2744 (e.g., Abell et al. 1989)
lensing cluster is emerging as one of the key extra-galactic
survey �elds in the JWST era. Previously, the main
core of the A2744 cluster was part of the Hubble Fron-
tier Fields program and received ample attention includ-
ing HST and Spitzer imaging (Lotz et al. 2017; Stein-
hardt et al. 2020), HST grism (Treu et al. 2015), MUSE
(Richard et al. 2021), and the GLASS NIRISS ERS pro-
gram (Treu et al. 2022). Flanking �elds have been ob-
served by various parallel programs, most well known of
which are the GLASS-NIRCam parallels that led to the

early JWST discovery of luminous z > 10 galaxies (e.g.,
Castellano et al. 2022; Naidu et al. 2022c). A key distin-
guishing feature of A2744 is the wealth of immediately
public data beginning with GLASS and the Cycle 1 UN-
COVER survey (Bezanson et al. 2022).

As discussed inBezanson et al. (2022), A2744 is a
merging galaxy cluster. Its structure and lensing proper-
ties are extremely well-characterized as a result of more
than a decade of detailed modeling e�orts (e.g.,Merten
et al. 2011; Richard et al. 2014; Wang et al. 2015; Jauzac
et al. 2015; Kawamata et al. 2016). Among well-studied
lensing �elds (e.g., those included in the HFF), it has the
largest area with a magni�cation above 2 (17 arcmin2).
Mosaicking such an area with NIRCam has several con-
venient advantages: 1) e�cient use of parallels, 2) a well-
matched NIRSpec �eld of view for follow-up with 
exi-
bility in position angles, 3) a large intermediate lensing
regime with mean magni�cation � > 2, where lensing
models are more reliable than in the highly magni�ed
regimes. Exploiting these e�ciencies, the UNCOVER
survey (Bezanson et al. 2022; Price et al. 2024) acquired
deep NIRCam imaging in all broadbands except F070W
and F090W, along with follow-up prism spectroscopy.

Cycle 2 saw the award of four survey programs that in-
cluded A2744 as a target: ALT (this paper), MegaScience
(Suess et al. 2024), and two other NIRCam grism pro-
grams over lensing �elds: #2883 (MAGNIF, PI: Sun),
#3538 (PI: Iani). MegaScience is a particularly impor-
tant addition, as it surveyed the cluster in all the NIR-
Cam medium-bands. ALT and MegaScience also com-
pleted the broad-band �lter-set with F070W and F090W
imaging. We also incorporate additional data from a
transient follow-up program that observed NIRCam par-
allels #2756, PI: Chen (e.g. Chen et al. 2022) and the
pure-parallel NIRCam imaging program #3990, PI: Mor-
ishita. Combining these programs, imaging is now avail-
able in all the 20 NIRCam medium and broad bands
across the ALT footprint (see Figure 1).

2.2. ALT NIRCam imaging and grism observations:
rationale

The NIRCam grism is performing exceptionally well
(Sun et al. 2023; Rieke et al. 2023), yielding spectro-
scopic identi�cations of hundreds of galaxies beyond red-
shift z > 6 (e.g., Kashino et al. 2023; Meyer et al. 2024;
Covelo-Paz et al. 2024). The large samples have led to
the serendipitous identi�cation and characterisation of
rare, genre-de�ning sources such as the \Little Red Dots"
(Matthee et al. 2024). These grism surveys are greatly
facilitated by a 20-40 % higher throughput than expected
(Rigby et al. 2022), as well as the simplicity with which
continuum contamination can be removed thanks to the
relatively high spectral resolution of R � 1600 (Kashino
et al. 2023), � 10� higher than the HST grisms (Bram-
mer et al. 2012).

The �rst deep grism data from the EIGER program
(Kashino et al. 2023) identi�ed galaxies through their
[OIII] doublet emission at z � 6 down to magnitudes
as faint as MUV � � 17 (Matthee et al. 2023), inter-
estingly including galaxies with [OIII]/H � . 3 implying
relatively low metallicites (with oxygen abundances of
1/50 Z � ) and including spatially resolved galaxies with
varying [OIII]/H � line ratios. Obtaining such data in a
�eld targeting a strong lensing cluster was a logical next
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Fig. 1.| The The ALT survey footprint around the Abell 2744 lensing cl uster. Top: Maximum on sky �eld of view of the ALT
NIRCam WFSS data (red lines; at the undeviated wavelength, � = 3 :95� m) illustrated on top of a background F356W image (combining
ALT and UNCOVER data). The dashed purple line shows the minim um �eld of view at 3.15 � m. Contours highlight the increasing
magni�cation closer to the three main cores of the cluster (a t z = 6 from the model by Furtak et al. 2023 ). The center of the footprint
is at � =0:14:18.0, � = � 30:22:47.3 (J2000). Bottom, left: Wavelength dependence o f the spectroscopic data and the total �eld of view
(along the main axis of the mosaic, it is constant along the mi nor axis). Our data are most sensitive in the deep stripes and around 3.8
� m. Bottom, right: Spatial variation of the sensitivity of th e grism data, shown at a wavelength of 3.8 � m. The deep stripes and mosaic
pattern, as well as the di�erence in sensitivity between mod ule A and B data can clearly be seen. One can also notice the sli ght decrease
in sensitivity near bright objects.
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Fig. 2.| Illustration of how the mosaic design facilitates the analys is of the grism data . Left : ALT �eld of view in the two
rolls (solid and dashed black line) on top of the same backgro und F356W image as in Figure 1. Blue circles show the galaxies for which the
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red squares. Right: NIRCam false colour stamps (based on F115W/F200W/F356W imagi ng) and 2D grism emission-line spectra for the
four objects highlighted in the left panel. The grism spectr a span � 15 nm in the observed frame. For objects 1 and 4, we show 2D spec tra
separated by Roll 1 vs. Roll 2, while for objects 2 and 3 we sepa rate Module A vs. Module B. These spectra illustrate how obse rvations of
the same source across di�erent rolls and modules helps in di sentangling contamination and confusion.

step. We set out to do this in the A2744 �eld primarily
because of the relatively large existing NIRCam mosaic
from the UNCOVER program ( Bezanson et al. 2022),
which enables an e�cient mosaicking survey design to
optimize the grism analysis.

We chose to observe with the F356W �lter primar-
ily because this is the broad-band �lter in which the
grism is most sensitive (as WFSS data are background-
limited) and it has the largest fraction of the �eld of view
with complete wavelength coverage (� = 3 :15� 3:95� m).
The redshift z � 6 is where JWST can most strongly
constrain the [OIII]/H � ratio that is the most sensi-
tive metallicity indicator in the extremely low metal-
licity regime (e.g. Nakajima & Maiolino 2022). Addi-
tionally, the H � 
ux (needed to estimate the nebular
attenuation) could be inferred from its impact on the
F410M+F444W photometry from the UNCOVER data 1.
As the background level is minimal at 3.5 micron (Rigby
et al. 2023a), swapping F356W for a medium-band �lter
(such as F335M or F360M) instead would yield<

p
2 sen-

sitivity increase at the expense of losing more than half of
the covered volume and wavelength coverage of identi�ed
galaxies. We also note that the wider LW �lter (F322W2)
would result in much higher backgrounds, as well as a
smaller fraction of the �eld of view with complete wave-
length coverage. Simultaneous to our grism observations,
our program acquired imaging in the F070W and F090W

1 Note that our ability to infer the H � 
ux from z � 6 galaxies
is now much easier with the acquisition of additional medium -band
photometry from the simultaneously executed Cycle 2 MegaSc ience
program ( Suess et al. 2024).

�lters with the NIRCam SW channel over the same foot-
print. This extends the UNCOVER wavelength cover-
age blueward and adds dropout photometric bands for
exactly the redshifts of interest probed by [OIII]+H � .

2.3. ALT NIRCam imaging and grism observations:
motivation and validation of a \butter
y" mosaic

Early NIRCam WFSS analyses demonstrated that con-
tinuum light from neighbouring objects is not the catas-
trophic source of contamination it may seem at �rst
glance. It can be subtracted relatively easily with sim-
ple methods such as a running median �lter, adding only
a little extra Poisson noise on the detector due to the
high resolution of the NIRCam grism (R � 1600) and
the largely 
at spectrum of most objects at � obs � 3:5
micron (Kashino et al. 2023; Matthee et al. 2023).

Source confusion of detected emission-lines, however,
can be a signi�cant issue in case grism observations are
taken only with a single dispersion direction. The nom-
inally recommended way of addressing this is via mul-
tiple observations taken with grism dispersers that sep-
arate the direction of dispersion by 90 degrees, such as
the grismR + grismC combination. However, due to the
wavelength dependence of the �eld of view (in particu-
lar, due to parts of the spectra falling o� the detector),
and the �xed relative locations of modules A and B, e�-
cient mosaic designs with this constraint are challenging.
Furthermore, using grismC requires out-of-�eld images
taken at 35" o�sets, and therefore separate visits, which
result in enormous overheads without any gain in sensi-
tivity (see discussion in §2.1.1 ofOesch et al. 2023).

The EIGER team developed a novel mosaic design



6 Naidu & Matthee et al.

where pointings are o�set in the horizontal direction (us-
ing grism R alone), which produces survey areas with
overlapping NIRCam modules, and yields Module A+B
spectra that disperse in opposite directions (by 180 de-
grees) from each other (Kashino et al. 2023). This solves
the confusion issue, helps remove complex contamination
and can accurately measure kinematics on> 100 km s� 1

scales. Nonetheless, it can only be applied in� 15 % of
the survey area where both NIRCam modules overlap.

We further developed this idea by covering the deep
�eld around A2744 with two sets of a 2x2 mosaic pattern
(i.e., 8 visits/pointings in total). The two sets of mo-
saics are identical except they are observed with slightly
di�erent roll angles (V3-PA of 56.1 and 60.1 degrees).
The four-degree di�erence was chosen as a compromise
between a maximal �eld of view with full coverage and
confusion-solving power. The ability to solve confusion
with such small di�erence in dispersion angle depends
on the speci�c position in the mosaic and on the wave-
length. Generally, confusion can more easily be solved in
the blue end of the spectrum and in the outskirts of the
mosaic where the o�set PAs produce more leverage. To-
wards the center, where this advantage diminishes, the
joint module A + B coverage kicks in. To summarize,
in this \butter
y" mosaic, contamination in the wings
is solved with the four-degree PA di�erence, and in the
center it is solved via the module overlap.

Figure 2 shows this strategy in action. It depicts the
maximum �eld of view of the grism data obtained with
the two roll angles (left panel), and illustrates how the
survey strategy helps to solve confusion and contamina-
tion issues (right panel). The �rst highlighted object 1
has only been covered by module A, and its Roll2 spec-
trum is consistent with [OIII] and H � emission with a
very low [OIII]/H � ratio. However, no H� is detected in
the Roll1 spectrum, indicating that this emission line is
not associated to this galaxy and contaminates the Roll2
spectrum. Objects 2 and 3 fall in the region with joint
module A and B coverage. Emission-lines that originate
from the objects in question are observed in identical
positions in their module A and B spectra, respectively,
while other emission-lines only appear in a single spec-
trum. Object 4 is unfortunately contaminated by the
trace of a star in the Roll2 observation, but its emission-
line can still be identi�ed in the Roll1 data.

2.4. ALT NIRCam imaging and grism observations:
implementation

After deciding on the mosaic strategy, we set a target
sensitivity to produce a mass-complete sample of main
sequence galaxies with H� detections (with a signal to
noise of 10) at masses above 108 M � at z = 6. Ac-
cording to the JAGUAR simulations ( Williams et al.
2018), we found that this required a 10� 18 erg s� 1 cm� 2

line-sensitivity limit (assuming a median magni�cation
� = 2). Of course, whether this limit indeed implies
mass-completeness above this mass depends on the exact
shape of the relation between H� luminosity and mass
(and its scatter), and is a subject of further study (Di
Cesare et al. in prep).

To achieve this sensitivity, we found that we required
a typical exposure time of � 25 ks. This is obtained by
splitting each visit (out of the total of 8) in two sequences

of WFSS observations in the F356W �lter with 3 IN-
TRAMODULEX primary dithers and 4 subpixel dithers
(to optimize the image quality in the short-wavelength
imaging data). By splitting in two sequences, we can
change the �lter used in the simultaneous SW imag-
ing between F070W and F090W. For all WFSS observa-
tions, we used MEDIUM8 with 5 groups/integration as
readout mode for an optimal compromise between data
rate and ability to identify cosmic ray hits. The total
WFSS exposure time is 12.4 ks per visit, yielding a typ-
ical total WFSS exposure time of 24.8 ks for the major-
ity of the sky area after both rolls are observed. The
exposure time is a factor two higher for three central
stripes that cover the main regions with high magni�ca-
tion (see Figure 1). Direct and two out of �eld images
in the F356W images were taken with exposure times
526s at the end of the WFSS exposure sequences, with
SHALLOW4 readouts with 10 groups/integration. Co-
ordinated parallel NIRISS imaging data are taken in the
F090W and F277W �lters, as those data were lacking
in the respective parallel �elds. The total allocation of
telescope time was 47.7 hours. Observations were taken
in 2023 on November 26-27, December 1, 5, 6 and 10.

3. METHODS

3.1. Data reduction

We process all publicly available NIRCam imaging in
A2744 (see§2:1 for the list of programs) with the grizli
software following the steps outlined in Valentino et al.
(2023). Brie
y, level-2 NIRCam exposures are retrieved
from the Mikulski Archive for Space Telescopes (MAST),
calibrated with `jwst 0995.pmap', and then processed
with custom algorithms that handle various artefacts
such as snowballs, 1/f noise, wisps, and bad pixels. Im-
ages are aligned to stars from Gaia DR3 (Gaia Collabo-
ration et al. 2023) and drizzled to a shared pixel grid (40
mas for long-wavelength channel and 20 mas for short-
wavelength channel images). These images are publicly
available as v7.2 JWST mosaics from the DAWN JWST
archive (DJA) 2. Archival HST imaging is incorporated
from the Complete Hubble Archive for Galaxy Evolu-
tion (CHArGE; Kokorev et al. 2022). All the �lters used
in our analysis are listed in Table 1.

For the grism data reduction as well as spectral ex-
tractions, we follow two independent, complementary ap-
proaches (see Figure3). In the �rst approach we deploy
the grizli pipeline end-to-end akin to FRESCO (Oesch
et al. 2023), following similar reduction steps as above for
the imaging. Astrometric alignment of individual grism
exposures is performed using a catalog of bright sources
(F356W< 26 mag) extracted from the imaging mosaics.
Sensitivity curves and dispersion functions for the grism
images are drawn directly from CRDSspecwcsreference
�les. To facilitate emission line searches, the grism im-
ages are median-�ltered following Kashino et al. (2023)
to remove continuum. The �lter is 71 pixels wide with
a central hole of 10 pixels. To prevent over-subtraction
around emission lines, the �ltering is run in two steps
where the second pass is run after masking S/N> 3 pix-
els identi�ed in the �rst pass. We emphasize that con-
tinuum spectra are also recoverable from the un�ltered

2 https://dawn-cph.github.io/dja/index.html



All the Little Things: JWST dwarf galaxies at high redshift 7

data { as shown in Figure 2, our multi-roll strategy helps
disambiguate overlap and contamination (see examples
of clean continuum spectra with absorption features in
Figure 18).

In our second approach (\Allegro"), the pre-processing
steps of the NIRCam grism data reduction are the follow-
ing. First, we acquire the RATE �les from MAST and
then we use thejwst pipeline3 (version 1.11.0; CRDS
11.16.20, pmap 1166) to assign a World Coordinate Sys-
tem (WCS) using assign-wcs . We re�ne this solution by
comparing the positions of sources in the direct F356W
images to their positions in the GAIA-aligned Abell2744
image (see above). O�sets are typically small (� 0:001),
but we correct for them by �tting coordinate transfor-
mation matrix (allowing for both a shift and a rotation).
This procedure is applied for each visit individually. We
then useImage2 to 
at-�eld the data. The background
subtraction is not trivial due to the high number of pix-
els that are a�ected by traces from sources (due to the
high source density in the cluster �eld). We therefore
estimate the background level by scaling the norm (i.e.,
the most common value) of object-free pixels to match
a background template that we based on deep archival
F356W GrismR data from the EIGER program. This
background template is constructed by measuring the
sigma-clipped median value along each column. We scale
by matching the norm, rather than the mean, as it is less
sensitive to the presence of sources. Similar toKashino
et al. (2023), we then split the grism data into a con-
tinuum and emission-line component. The continuum
image is obtained by running a median �lter along the
dispersion direction with a kernel with 71 pixels width,
and a central hole of 9 pixels.

The post-processing steps of the grism data reduction
primarily involve the extraction of spectra. We extract
spectra using thegrismconf package4, which predicts
the (x,y) grism coordinates on the grism images for each
(RA,DEC, � ) value. We combine spectra using a three-
times iterated 5 � -clipped mean. We create combinations
of all data, as well as separate combinations of data us-
ing only one of the NIRCam modules and the data from
the individual roll angles. The 
ux calibration is ap-
plied in the spectral extraction step using the most up-
to-date (V9) grism sensitivity curves. The sensitivity of
the grism data depends on the wavelength and in the
position of the source in the �eld of view, as illustrated
in the bottom panel of Figure 1. The best sensitivity
of 6 � 10� 19 erg s� 1 cm� 2 (5� ) is achieved at � � 3:8
micron, whereas the typical 5� compact-source line-
ux
sensitivity is 8 � 10� 19 erg s� 1 cm� 2 and always better
than 2 � 10� 18 erg s� 1 cm� 2.

3.2. Photometric catalog

Starting from the reduced NIRCam + HST mosaics,
we generate a photometric catalog largely following the
methods outlined in Weibel et al. (2024a) as summarised
below, and with a few custom steps adapted to the ALT
data set and its speci�c application purposes. In order
to detect potentially highly magni�ed objects near or
behind the cluster we wish to remove cluster members
before measuring photometric 
uxes. To this end we

3 https://github.com/spacetelescope/jwst
4 https://github.com/npirzkal/GRISMCONF

TABLE 1
5� depth of images used in this analysis

Band Depth (0 :0016) Depth (0 :0008)
[magAB ] [magAB ]

HST (ACS, WFC3)
F 435W 28.91 29.87
F 606W 28.62 29.62
F 814W 28.52 29.51
F 105W 27.63 28.63
F 125W 27.73 28.76
F 140W 29.06 30.11
F 160W 27.45 28.44

JWST (NIRCam)
F 070W 28.91 29.89
F 090W 29.36 30.34
F 115W 29.02 30.05
F 140M 28.03 29.04
F 150W 29.12 30.14
F 162M 28.11 29.11
F 182M 28.48 29.50
F 200W 29.21 30.26
F 210M 28.37 29.37
F 250M 28.11 29.11
F 277W 29.64 30.66
F 300M 28.63 29.64
F 335M 28.65 29.70
F 356W 29.82 30.86
F 360M 28.72 29.72
F 410M 29.02 29.99
F 430M 27.98 28.98
F 460M 27.75 28.72
F 480M 27.91 28.87
F 444W 29.44 30.43

Note . | Measured in 0 :0016 radius and 0:0008 radius circular aper-
tures. Notably, ALT adds � 29 hrs in F070W and F090W while
\Medium Bands, Mega Science" ( Suess et al. 2024) observed all the
medium-bands to complete the NIRCam �lter-set over Abell 27 44
when combined with the Cycle 1 UNCOVER survey ( Bezanson
et al. 2022). See §2.1 for a full list of imaging programs. The aver-
age depth reported for F140W is higher than all the other WFC3
bands because the coverage in this �lter is limited to deep im ages
taken over the cluster core, whereas for the other �lters the average
includes shallower imaging taken across the ALT mosaic.

run a simple median �lter with a box size of 101� 101
pixels (4:0004 � 4:0004) on all the images (similar to e.g.,
Bouwens et al. 2017). We use sigma-clipping to re-
duce over-subtraction around stars. Subtracting the
median �lter map reliably removes most of the light
coming from bright foreground objects. We then run
SourceExtractor in dual mode with an inverse-variance
weighted stack of the median �lter subtracted images
in all the available long-wavelength channel (LW) �l-
ters (F250M, F277W, F300M, F335M, F356W, F360M,
F410M, F430M, F444W, F460M and F480M) as the de-
tection image. Fluxes are measured in circular apertures
with a radius of 0:0016 on all images, PSF-matched to
F444W. We use a low deblending parameter of 10� 4 to
ensure we detect faint sources whose light may still be
contaminated by foreground objects even after the me-
dian �lter subtraction. We note that a consequence of
this deblending parameter is that some clumpy galaxies
are broken up in multiple components with separate en-
tries in our catalog. Each PSF-matched aperture 
ux
is �rst scaled to the 
ux measured through a Kron-like
aperture on a PSF-matched version of the detection im-
age. Then, it is scaled to a total 
ux by dividing by the
encircled energy of the Kron ellipse on the F444W PSF.

To estimate the average depth of the images, we di-



8 Naidu & Matthee et al.

�3�K�R�W�R�P�H�W�U�\
�F�D�W�D�O�R�J

�5�H�G�X�F�H�G���J�U�L�V�P
�U�D�W�H���I�L�O�H�V

�(�[�W�U�D�F�W�����'
�V�S�H�F�W�U�D

�'�H�W�H�F�W���H�P�L�V�V�L�R�Q
�O�L�Q�H�V���L�Q�����'

�,�G�H�Q�W�L�I�\���I�L�G�X�F�L�D�O
�O�L�Q�H���D�Q�G���U�H�G�V�K�L�I�W

�9�H�U�L�I�\���U�H�G�V�K�L�I�W
�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q

�(�[�W�U�D�F�W�����'
�V�S�H�F�W�U�D

�)�L�W���O�L�Q�H���W�H�P�S�O�D�W�H
�D�U�R�X�Q�G���S�K�R�W�R���]

�V�R�O�X�W�L�R�Q

�9�H�U�L�I�\���N�H�\���O�L�Q�H
�G�H�W�H�F�W�L�R�Q

�9�H�U�L�I�\���U�H�G�V�K�L�I�W
�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q

�$�/�7���O�L�Q�H���H�P�L�W�W�H�U���F�D�W�D�O�R�J

�*�U�L�]�O�L

�$�O�O�H�J�U�R

Fig. 3.| A schematic illustrating the procedure of constructing our ALT DR1 emission-line galaxy catalog. Our starting
points are the photometry catalog and the reduced grism imag es. Spectroscopic redshifts are measured with two independ ent and com-
plementary approaches: Allegro , which detects emission-lines in 2D spectra and identi�es a �ducial redshift using the photometric redshift
and Grizli , which searches for spectroscopic redshift solutions arou nd photometric redshift priors in optimally extracted 1D sp ectra. While
Grizli is by designed for optimal sensitivity and exploitation of e xisting data, Allegro is designed for robustness to contamination, photo-
metric redshift errors and complete identi�cation of all li nes.

vide the 
ux images by the rms images to get e�ectively
a \signal-to-noise" image. Then, we sum the pixels on
that image through 0:0016 radius circular apertures in 5000
random positions across the �eld, selected to not be con-
taminated by light from any nearby sources according
to the segmentation map from SourceExtractor . The
scatter among these 5000 measurements provides an es-
timate of the (1� ) depth of each image for the given
aperture size. We specify the average 5� depths in each
�lter measured within the ALT footprint in Table 1.

3.3. Photometric redshifts

Photometric redshifts (photo-zs) play an important
supporting role in the identi�cation of emission lines in
the grism data. We derive eazy (Brammer et al. 2008)
photo-zs following Weibel et al. (2024a). We adopt the
agn blue sfhz 5 template set which is comprised of thir-
teen FSPStemplates (Conroy et al. 2009, 2010; Con-
roy & Gunn 2010b,a; Foreman-Mackey et al. 2014). A
key feature of these templates is redshift-dependent star-
formation histories that e.g., do not allow templates
older than the age of the universe. In order to incor-
porate JWST's discoveries, two empirical templates are
included that are �t to: i) a z = 8 :5 source fromCarnall
et al. (2023) representative of the strong nebular emis-
sion line galaxies at these redshifts (e.g.,Matthee et al.
2023; Meyer et al. 2024; Boyett et al. 2024); ii) a z = 4 :5
source fromKilli et al. (2023) representative of the \little
red dots" thought to host broad-line AGN (e.g., Matthee
et al. 2024; Kocevski et al. 2024; Kokorev et al. 2024)
with \V-shaped" SEDs that are blue in the rest-UV and
red in the rest-optical (e.g., Labbe et al. 2023; Greene
et al. 2024). Zero-point photometric o�sets are allowed
in the eazy �ts and are found to be < 15% for all bands,
including the medium-bands and HST bands.

We test the photo-zs against literature spectroscopic
redshifts, as well as \blind" ALT grism redshifts { i.e.,
multi-line redshifts, or redshifts that use very weak pho-
tometric constraints such as non-detection below the im-
plied Lyman limit (see the discussion of in §3.4). The
redshift precision is hj� zj=(1 + z)i = 0 :005 with a stan-
dard deviation of 0.16, with 3% catastrophic outliers.

5 https://github.com/gbrammer/eazy-photoz/tree/
4747b5955ef95117615560c45b96e1d4487e6613/templates/ sfhz

These numbers are in excellent agreement withSuess
et al. 2024, who independently report similar precision
and accuracy in their analysis of imaging in Abell 2744.
We note that our comparison spectroscopic sample is
dominated by galaxies with strong emission lines, which
are easier to derive precise redshifts for, and so these
numbers are optimistic relative to the entire galaxy pop-
ulation. The remarkable precision and accuracy is per-
haps unsurprising given the complete NIRCam �lter-set
and archival HST imaging available. This allows us to
adopt strict photo- z priors to improve some of the grism
emission line search methods discussed in§3.4.

3.4. Emission-line galaxy identi�cation in Grism data

In order to construct an exhaustive catalog of line-
emitters, we undertook two complementary approaches
to the grism data. These approaches are summarised in
Figure 3. Both approaches start from the sources iden-
ti�ed in the photometry catalog, but use the grism data
in slightly di�erent ways.

3.4.1. Allegro

The Allegro approach (Kramarenko & Matthee in
prep.) is based upon the line-targeted search developed
for EIGER (see Kashino et al. 2023) and is conceptually
similar to emission-line searches in narrow-band or IFU
data (e.g. Ouchi et al. 2008; Bacon et al. 2016; Matthee
et al. 2016). We extract 2D emission-line spectra from
the continuum-subtracted grism data (§3.1) for each ob-
ject in the photometric catalog (§3:2). Emission lines
are detected and identi�ed in the stack of all data using
Source-Extractor (Bertin & Arnouts 1996). We also
measure line 
uxes in the combined data from each roll
and module individually using Source-Extractor 's
dual-mode. These measurements enable us to easily add
consistency requirements { for example, a contaminant
line will have very di�erent 
ux and source centroids in
data from di�erent rolls and modules (as illustrated in
Figure 2).

We then use the catalogs of emission lines produced
by Source-Extractor to identify the highest S/N line
within � y = � 3:5 pixels of the trace. At this step, we
only consider emission lines detected in the stacked 2D
spectra with a S=N > 10. Additionally, we require that
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line 
uxes measured in two di�erent rolls, F R1 and FR2 ,
are similar, i.e.: 0:5 < FR1 =FR2 < 2:0. If for some galaxy
the grism data are available in both NIRCam modules
(A and B), we also consider emission lines with 0:5 <
FA =FB < 2:0 even if they are discarded based on the
FR1 =FR2 criterion.

We proceed to automatically assign a redshift to each
galaxy as follows. For each line identi�ed in the previ-
ous step, we test di�erent redshift solutions by assuming
that the line is either [OIII] 5008 , H� , [SIII] 9533 , HeI10833 ,
Paschen-� , Paschen-� or Bracket-� . Taking advantage of
the exquisite photometric data, we use the photometric
redshifts (§3.3) as priors and require � z=(1 + z) < 0:15.
This usually narrows down the choice to one or two lines,
for example [OIII]5008 and H� . For each of these tenta-
tive redshift solutions, we search for \secondary" emis-
sion lines in the stacked 2D spectra that would allow
us to unambiguously tell the redshift of a galaxy (e.g.,
[OIII] 4960). Here, we consider all S=N > 5 emission lines
that lie within � y = � 1:5 pix of the highest S/N line and
have a maximum velocity o�set of � � = 500 km s� 1 with
respect to their expected position in the spectrum. We
also apply the same consistency checks as in the previous
step. These criteria result in the detection of \secondary"
lines in approximately 30 % of the galaxies. For the rest
of the sample, we adopt a redshift solution that yields
the smallest � z=(1 + z) with respect to the photometric
redshift.

We then visually inspect all redshift solutions sug-
gested by our algorithm, and particularly check whether
any secondary line vetoes or con�rms the redshift. For
a small fraction of galaxies (6%), we change the redshift
based on a tentative (S=N < 5) detection of a secondary
line, or when a suspected H� -emitter is assigned a low-
redshift solution due to photometry contaminated by a
foreground galaxy.

The main strengths of Allegro are therefore that it is
fast, 
exible and enables a well-controlled and easily re-
producible selection of line emitters. Completeness is
high, since no line is \left behind", i.e., all viable line-
candidates with consistent positions along the trace are
considered. A relative weakness of the method is that it
does not reach optimal signal-to-noise as it does not con-
sider the source morphology when identifying emission-
lines (i.e., no optimal extraction is used), leading to a
slightly lower sensitivity. Another weakness is that in
grism datasets where multiple rolls are unavailable (the
majority of the area currently covered by deep NIR-
Cam grism surveys), the number of viable lines may be-
come intractable. When supporting photometry is sparse
and photo-z constraints are weak (e.g., EIGER,Kashino
et al. 2023), assigning the single line candidates a rest-
wavelength becomes more challenging. ExtendingAlle-
gro to address these situations will be tackled in a forth-
coming paper (Kramarenko & Matthee in prep.), which
builds upon the experience of the ALT data reduction.
For now, the \butter
y mosaic" and exquisite photome-
try allow us to apply this method.

3.4.2. grizli

The grizli approach is complementary { here we take
the photometric redshifts as our starting point instead of
in the �nal step, and then seek emission lines at their
expected observed wavelengths. In detail, optimally-

extracted 1D spectra are produced for each roll based
on segmentation masks of the objects derived from the
detection image (NIRCam LW stack in §3.2). Emission
lines are detected and identi�ed in these 1D spectra. We
iteratively search for lines in windows of � z such that
� z=(1 + z) < [1%; 5%; 10%; 25%], where the search is
stopped when at least one S/N> 5 line is found. Pure
emission-line templates scaled fromFSPSare used for this
search, and all expected lines at 3� 4� m are �t simulta-
neously. The iterative search leverages the high photo-
z precision available in the ALT survey �eld. Starting
with tighter windows also protects against contaminat-
ing emission lines from interloper galaxies that may be
picked up with higher S/N. Protection against contam-
ination is necessary due to the depth of the ALT data
that is sensitive to emission lines down to� 6� 10� 19 erg
s� 1 cm� 2, due to the complex morphology of extended
lensed arcs that are dispersed over several rows, and due
to residuals from median �ltering to remove continuum
(e.g., #4 in Figure 2). Spurious lines grizli latches
onto are apparent in visual inspections (Figure2) and in
cross-checks with the other method.

The relative strengths of the grizli approach are that
it uses more sensitive optimal extractions (e.g.,Horne
1986) based on morphology priors, and that it uses more
data for redshift �ts (there is no S/N requirement on de-
tected lines, S/N> 5 is required only for the strongest line
and fainter lines are also picked up). The main weakness
is the total reliance on photometric redshifts. The �lter
coverage and depth of the Abell-2744 photometry rep-
resents the best-case scenario for JWST redshifts, and
photo-zs are likely to be less certain elsewhere { e.g.,
the quasar �elds surveyed by the EIGER (Kashino et al.
2023) and ASPIRE ( Wang et al. 2023) grism surveys
have imaging in only three NIRCam bands. Further-
more, the selection function of the emission line catalog is
not as well-controlled as it also depends on the accuracy,
completeness, and precision of the photometric redshifts,
which are non-trivial to characterize and challenging to
combine across various surveys requiring detailed recov-
ery and completeness simulations.

While the two methods are strictly independent, we
did not run them independently in the process of cre-
ating our exhaustive line-emitter catalog. In practice,
we implemented insights obtained through one method
with the other. For example, initial [OIII] and HeI+Pa 

(pseudo-)doublet searches where we could identify red-
shifts without photo- zs with Allegro quickly revealed that
the photo-zs typically were very precise. This enabled
the use of strong priors in thegrizli method, which then
succeeded in identifying large samples of single-line H�
emission line galaxies that in turn inspired us to imple-
ment the highest-S/N-line identi�cation approach that
Allegro uses.

3.5. SED modeling

Physical parameters for all galaxies are estimated using
the Prospector SED-�tting framework ( Leja et al. 2017,
2019; Johnson et al. 2021) closely following the choices
outlined in Naidu et al. (2022c,a); Tacchella et al. (2022).
We use FSPS (Conroy et al. 2009, 2010; Conroy & Gunn
2010b) with the MISTstellar models (Choi et al. 2017)
and MILESspectral library ( Falc�on-Barroso et al. 2011)
and assume aChabrier (2003) IMF. Nebular emission
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Fig. 4.| Prospector SEDs for representative galaxies in the various redshift re gimes probed by ALT. The SEDs (orange) are
constrained by up to 27 JWST+HST broad-bands (purple) and med ium-bands (blue). The wavelength range probed by ALT is high lighted
in a pink band along with the primary spectral feature picked up by the survey. 100 draws from the posterior spectrum are su mmarized
by their median as a solid orange line and the corresponding p hotometry is shown in orange squares. The area between the 16 th and 84th
percentiles of the draws is shaded, but is barely discernibl e at most wavelengths given the highly constraining data. In set 3:000� 3:000 RGB
images showcase the deep, high-resolution F070W and F090W i mages acquired by ALT that reveal rich substructure and the d iversity of
galaxies captured by the survey ranging from young, clumpy s tar-forming systems with extreme emission lines and Balmer jumps (bottom-
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is modeled with the CLOUDY(Ferland et al. 2017) grid
described in Byler et al. (2017). The parameters we �t
for include ten bins describing a non-parametric star-
formation history, the total stellar mass, stellar and gas-
phase metallicities, nebular emission parameters, and a

exible dust model ( Kriek & Conroy 2013). We adopt a
\bursty continuity" prior for the star-formation history
(Tacchella et al. 2022) with the time bins logarithmically
spaced up to a formation redshift ofz = 20. We hold the
�rst two bins �xed at lookback times of 0-5 and 5-10
Myrs to capture bursts that power strong emission lines
(e.g., Whitler et al. 2022) and that are expected to grow

ubiquitous with increasing redshift. The large number of
bins in the SFH are motivated by the rich data spanning
0.4-5.0� m (up to 27 bands total, see Table1).

We �t all available photometry and �x the redshift to
the ALT grism redshift. Bands including and blueward
of Ly� are masked (see Heintz et al. in prep., for mod-
eling of DLA features at these wavelengths). Observed

uxes are corrected for magni�cation with an updated
version of the lensing model fromFurtak et al. (2023)
presented in Price et al. (2024)6. This lensing model

6 https://jwst-uncover.github.io/DR4.html
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TABLE 2
F356W Grism Specs

Property Measurement

Nominal Wavelength Range 3-4 � m
Spectral Resolution R � 1600
Typical Exposure Time 24.8 ks
Depth (5 � averaged) 8� 10� 19 erg s� 1 cm� 2

Depth (best) 6 � 10� 19 erg s� 1 cm� 2

Depth (worst) 2 � 10� 18 erg s� 1 cm� 2

Note . | In detail, the wavelength range varies as a function of
mosaic position (see bottom panel of Figure 1). The best depth is
achieved in the stripes highlighted in Figure 1 which received 2�
the typical exposure time, whereas the sensitivity is lowes t towards
the edges covered by a single roll.

is now fully spectroscopically constrained using multiply
imaged systems discovered using ALT and UNCOVER
NIRSpec/Prism spectroscopy (Price et al. 2024) { see
§5.2 for more details.

The highly constraining nature of the data and excel-
lent quality of the �ts is illustrated in Figure 4, where
we show representative examples from di�erent redshift
slices. The spectroscopic redshifts combined with the
complete NIRCam �lter-set thoroughly pins down the
detailed shape of the SEDs as well as excesses arising
from emission lines (see also Fig. 4 ofSuess et al. 2024).
The �ne wavelength sampling constrains subtle features
such as the 2.5� m dip in the Br � emitter (top-left) and
the Balmer jump in the H � emitter (bottom-left). These
�ts will be even further improved by incorporating ALT
line-
uxes that will be included in our DR2.

4. DATA RELEASE 1: THE CATALOG

In this paper, we publicly release the catalog with
source coordinates and spectroscopic redshifts of the
1630 sources that we identi�ed (DR1). Table 3 shows
the example entries of the objects that are shown in this
paper. In this section, we discuss general characteristics
of the galaxy sample, such as the redshift distributions,
the lines that we typically detect, how our catalog com-
pares to other spectroscopic galaxy samples in the �eld,
and how the spectroscopic redshifts compare to photo-
metric redshifts.

4.1. The numbers

Figure 5 shows the distribution of the spectroscopi-
cally measured redshifts. This immediately shows the
strong redshift clustering of our emission-line sample,
with prominent redshift spikes at, for example, z =
2:6; 4:0; 4:3; 5:7 (see §5.3), illustrating the high bias of
early galaxies (e.g.,Fry 1996; Tegmark & Peebles 1998;
Desjacques et al. 2018). We highlight the primary
emission-lines that are covered in our grism data (with
F356W) at various redshifts. We also show which ob-
jects have multiple lines at S/N> 10. For the majority of
galaxies (� 74 %), we only detect a single emission-line
whose identity strictly relies on additional photometric
information, i.e., these are photo-z identi�ed, spectro-
scopically measured redshifts. For doublets, in partic-
ular [OIII] 4960;5008 and HeI+Pa
 , the redshifts can be
spectroscopically identi�ed and measured. While the ob-
served separations of the [OIII] doublet and the HeI+Pa


TABLE 3
Example entries of the ALT DR1 catalog

ID R.A. (J2000) Dec. (J2000) zgrism

18986 3.56053 � 30.41615 2.2909
20720 3.61408 � 30.41045 6.3230
23000 3.63696 � 30.40636 8.5116
26222 3.62512 � 30.40142 2.4941
26974 3.56893 � 30.40279 2.5835
27075 3.54669 � 30.39973 0.7628
29936 3.61755 � 30.39501 4.5692
39921 3.58247 � 30.37717 4.3055
41171 3.55831 � 30.37617 2.5780
42272 3.60451 � 30.38044 7.8771
42549 3.54281 � 30.38065 5.7918
45408 3.55918 � 30.38521 1.8854
62975 3.56573 � 30.33597 3.9898
69688 3.56943 � 30.34823 4.3069
71962 3.57193 � 30.35168 4.3048
80091 3.52965 � 30.36484 2.5034

Note . | This list includes various sources shown in this pa-
per. The full catalog is available at https://zenodo.org/records/
13871850.
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Fig. 5.| Spectroscopic redshift distribution of the
emission-line galaxies in ALT DR1. The red histogram shows
all redshifts, while the blue histogram show the galaxies fo r which
more than one line is detected above S/N > 10. This illustrates
that the majority of pairs are HeI+Pa 
 at z � 2:5 and the [OIII]
doublet at z � 6 and that the vast majority of H � emitters are
single-line emitters in our data. We highlight the redshift ranges
at which the primary lines are covered in the F356W grism spec tra.

lines can be similar, we �nd that HeI is always brighter
than Pa
 (see alsoBrinchmann 2023), which is the op-
posite of the [OIII] doublet where the redder line is the
brighter one. As there are no strong emission-lines in the
rest-frame � = 0 :7-0.9 micron range, our F356W GrismR
survey has a lack of redshifts atz � 3:3-3.8. A less promi-
nent redshift valley is visible around z � 1:5, where we
lack strong lines between Pa� and Pa� (� 1:3-1.8 mi-
cron). Beyond z > 7, H� and the strong [OIII] doublet
shift out of the �lter, so spectroscopic redshifts rely on
much weaker lines like H
 and [OII], e�ectively limiting
our survey to z � 7 apart from a handful of exceptionally
bright sources.

Figure 6 showcases example spectra of the variety of
galaxies in our catalog. This includes the most distant
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galaxy in our catalog at z = 8 :51 that was previously con-
�rmed spectroscopically in Fujimoto et al. (2023b), and a
new spectroscopically con�rmed galaxy atz = 7 :877 that
likely belongs to a known over-density at that redshift
in the �eld ( Morishita et al. 2023). These two sources
highlight the capability of NIRCam grism spectroscopy
to identify redshifts beyond the redshifts covered by the
strong [OIII] doublet. In addition to the strong [OIII]
doublet and H� line that have been the focus of the ma-
jority of NIRCam grism analyses so far, we also show
galaxies atz � 1� 2 that display a suite of emission-lines
from [SIII], HeI and various Paschen- and Bracket-series
transitions. The spectra of ID 41171 and 27075 appear
smoothed due to the spatial extent of these galaxies along
the dispersion direction. ID 80091 is a clumpy galaxy,
which is re
ected by multiple peaks in the spectrum. ID
45408 is highlighted as it is an unusually young and star-
bursting low mass galaxy atz = 1 :88 that shares various
properties with the typical [OIII] emitter at z � 6 in our
sample.

Despite the increasing luminosity distance with red-
shift and the peak in the cosmic star formation rate den-
sity at z � 2 (e.g. Madau & Dickinson 2014), we have
detected roughly equal numbers of galaxies above and
below z = 4. This primarily originates from the fact
that the H � and [OIII] luminosity produced per unit of
star formation is much higher than the HeI, Paschen,
Brackett, and [SIII] line luminosities. For example, un-
der standard Case-B recombination assumptions, Pa� is
expected to be� 9� weaker than H� (e.g., Reddy et al.
2023).

Figure 7 shows the spectroscopic redshifts and F356W
magnitudes of the ALT sample, compared to other sam-
ples in the Abell 2744 �eld. The VLT/MUSE redshifts
(Richard et al. 2021), that originate from a 3 � 3 arcmin2

dataset around the main cluster core, contain a larger
number of cluster galaxies at z � 0:3 and also more
galaxies at z � 1:5, where it bene�ts from the use of
rest-frame optical lines as [OII]. The MUSE sample con-
tains few galaxies atz � 2 � 3, where our sample has a
large number of galaxies with redshifts from HeI+Pa
 .
MUSE detects Lyman-� emission atz = 3-6.6, including
in extremely UV-faint galaxies (e.g. Maseda et al. 2018).
However, Ly� emitters are only sample a sub-set of the
galaxy population (e.g. Cassata et al. 2015; Kusakabe
et al. 2020; Matthee et al. 2021) and at z > 5 the sensi-
tivity is strongly impacted by various night sky emission
lines, such that the majority of ALT galaxies are not
detected in Ly� emission.

We also show spectroscopic redshifts from the pub-
lic DAWN JWST archive7, which are compiled from
JWST/NIRSpec observations as part of various follow-
up programs (Heintz et al. 2024). The selection function
of these archival observations appears to be biased to-
wards high redshifts. With the full 1-5 � m range covered
by NIRSpec, it is easier to detect galaxies atz > 7, such
as the relatively large number of spectroscopic redshifts
for the over-density at z � 7:8 (Morishita et al. 2023).
The NIRSpec sample also slightly �lls our redshift gap
at z � 3:5. Apart from that, the ALT spectroscopic red-
shifts vastly outnumber the NIRSpec redshifts, in par-
ticular at z � 2:5. It is furthermore interesting to note

7 https://dawn-cph.github.io/dja/spectroscopy/NIRSpec /

that while NIRSpec is in principle more sensitive than
the NIRCam grism, there are few galaxies with spectro-
scopic redshifts that have a fainter F356W magnitude
than those that we have identi�ed. As this is likely due
to prioritisation of more luminous systems in the NIR-
Spec observations, it highlights that the source-density
of objects for which JWST can in principle measure spec-
troscopic redshifts is higher than the typically used max-
imum number of open NIRSpec shutters.

Various scienti�c results about the properties of galax-
ies can already be discerned from a glance at Figure7.
We show 27 galaxies detected in the ALMA 1.2 mm con-
tinuum map ( Fujimoto et al. 2023a) with green-�lled cir-
cles. The majority of these objects are among the most
luminous, highly star forming galaxies in our �eld at
z � 2, but there are also three luminous H� line-emitting
galaxies at z � 4 with a high amount of obscured star
formation. These galaxies (of which some are shown in
Section 5:7) typically have detections of the [NII] line as
well, indicative of a relatively high gas-phase metallic-
ity (e.g., Sanders et al. 2023). The luminous galaxy at
z = 4 :47 with F356W� 22 that is not detected in the
ALMA data is the most luminous broad-line H� emitter
known at z � 4:47 (Greene et al. 2024, Labbe et al. in
prep.), indicative of di�erent physical processes causing
the high F356W luminosity (such as AGN activity), com-
pared to the other luminous galaxies at similar redshift.

Figure 7 also highlights a remarkable di�erence in the
F356W magnitude distributions of ALT galaxies at dif-
ferent redshifts. The z � 1-2 samples peak at F356W
magnitudes � 24 and drops at magnitudes fainter than
27. The z � 4-7 samples peak at much fainter mag-
nitudes, F356W� 28, but rapidly drop at fainter mag-
nitudes. These di�erences can be understood as follows:
our sample selection is emission-line 
ux limited, and the
F356W magnitude is a combination of line and contin-
uum 
ux. The H � and [OIII] emission lines that are used
to identify galaxies at z � 4-7 have much higher equiva-
lent widths (EWs) than the [SIII], HeI and Paschen lines
that are used to measure redshifts atz � 1-2. Therefore,
we are simply not detecting galaxies atz � 2 with mag-
nitudes as faint as� 28 as it would require these lines to
have unusually high equivalent widths. The same argu-
ment applies to the z � 8 samples, where we rely on lines
like [OII] and H 
 , whose EWs are signi�cantly lower than
[OIII]. At �rst glance, a comparison of the H � and [OIII]
emitter samples suggests a lack of faint [OIII] emitters
which could possibly be ascribed to a decrease in the EW
distribution at faint (continuum) magnitudes, e.g., due
to a lower metallicity. However, a detailed comparison
shows that the drop in F356W magnitudes is very simi-
lar when normalising the H� and [OIII] distributions to
their peak number densities. A detailed investigation on
the implications of the continuum-dependence of the EW
distributions (e.g. Endsley et al. 2023) will be pursued in
a future paper. A clear di�erence is that the H� sample
extends to brighter F356W magnitudes, probably owing
to the build up of the bright end of the luminosity func-
tion towards lower redshift (e.g., Sobral et al. 2013).

In terms of spectroscopic completeness with respect to
our photometric parent catalog (limited to F356W < 29
mag), we have measured spectroscopic redshifts for 6%
of all the sources. This fraction depends strongly on
the photometric redshift, given that intrinsically stronger
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lines are accessible to ALT towards higher redshift.
ALT's completeness is 4% forzphot = 0 � 4, 30% at
zphot = 4 � 7, and peaks at 50% atzphot = 6 � 6:5. For
objects with F115W< 27 mag, we have measured 20% of
their redshifts over the full redshift range, ranging from
10% at zphot < 4 and 60% at zphot = 4 � 7. For con-
text, comparing against a typical NIRSpec prism survey
in extragalactic legacy �elds (e.g., the UNCOVER sur-
vey's prism component in Abell 2744,Price et al. 2024),
the completeness fractions for F356W< 29 mag are 0:7%
at z < 4, and 2:0% at z = 4 � 7.

To place the ALT sample in the context of existing
grism datasets in legacy extragalactic �elds, in Figure8
we compare theintrinsic UV luminosity (i.e., corrected
for magni�cation and redshift) of the ALT H � and [OIII]
emitters at z � 3:5 � 7 with the corresponding sample
from the FRESCO survey (Oesch et al. 2023) that tar-
geted the GOODS �elds with the redder F444W �lter
and identi�ed galaxies at higher redshifts of z � 5 � 8:5
(e.g., Herard-Demanche et al. 2023; Covelo-Paz et al.
2024; Xiao et al. 2023; Meyer et al. 2024; Helton et al.
2024). The FRESCO SEDs are modeled exactly as de-
scribed in §3.5 for fair comparison. This �gure illustrates
how ALT pushes roughly an order of magnitude deeper at
�xed redshift, returning spectra for faint galaxies (down
to M UV � � 15, � 0:005L � ), extending FRESCO's reach
(M UV � � 18, � 0:1L � ) to lower luminosities. ALT is
assisted by gravitational lensing (typically � 2� ) as well

as deeper integrations (� 7 � 28� ) in a more sensitive
�lter ( � 1:5� ). Conversely, the rare M UV � � 20 sys-
tems are sparse in the ALT sample, likely due to the
smaller volume probed on-sky, as well as when adjusted
for lensing (1=� ). Overall, ALT shows a clear path to
spectroscopically probing the faint end of the UVLF in
lensed �elds.

4.2. Redshift performance

There are 79 ALT galaxies with a previously published
redshift from VLT/MUSE ( Richard et al. 2021). Only
2/79 galaxies have a large redshift discrepancy. These
are ALT IDs 28423 and 45074, which are atz = 2 :5824
and z = 2 :494, respectively. Both their redshifts are
con�rmed by multiple lines (HeI, [SIII]) and their pho-
tometric redshifts are consistent with the ALT redshift.
The reported MUSE redshifts are z = 0 :951; 0:787, re-
spectively. In the case of 45074, the redshift di�erence
can be explained by misidenti�cation of real CIII] 1907;1909
lines as an [OII] doublet. For the other galaxies, we �nd
very good redshift agreement with a median � zMUSE �
zALT =(1 + z) = 0 :0004 (� 100 km s� 1). This di�erence
is driven primarily by the use of Lyman-� redshifts at
z > 3, which are known to be typically redshifted with
respect to the systemic redshift (e.g.Verhamme et al.
2018). Indeed, when limiting our sample to z < 3, we
�nd a median o�set of 10 � 60 km s� 1. At z > 3, we
�nd a median o�set of 220 km s� 1, which is a very com-
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mon Ly� o�set ( Trainor et al. 2016; Muzahid et al. 2020;
Matthee et al. 2021). Overall, these comparisons are a
con�rmation of the absolute wavelength calibration of
the NIRCam grism data, yielding a redshift precision of
� 60 km s� 1 (consistent with Torralba-Torregrosa et al.
2024; Bordoloi et al. 2024).

In Figure 9 we compare our spectroscopic redshifts to
photometric redshifts. In the left panel, we use pub-
lished UNCOVER DR1 photometric redshifts that use
HST/ACS, WFC3 and (broad-band) JWST/NIRCam
data (Weaver et al. 2024), while we also additionally in-
clude our F070W and F090W data, medium-band imag-
ing (Suess et al. 2024), and all other literature data ( §2.1)
in the photometric redshift measurements (§3.3) that are
displayed in the right panel. In each panel, we show the
median redshift di�erences hj� zj=(1 + z)i . In particular
the photometric redshifts with medium-band data are
extremely precise with hj� zj=(1 + z)i = 0 :005 (� 1500
km s� 1). We also quantify the overall quality of the
photometric redshifts using the normalised median devi-
ation, � NMAD (Brammer et al. 2008), which is 0.037 for
the UNCOVER photo- zs and reduces to values as low as
� NMAD = 0 :008 for our photo-zs. Outliers are de�ned as
objects for which j� zj=(1+ z) � 0:15 and constitute 17.3
% and 2.7 % of the sample, respectively. The majority of
these 2.7 % outliers are objects for which the photometry
is blended with a foreground galaxy (for example, object
#3 in Figure 2) or AGNs.

We note that the ALT photometric redshift is used in
the line-identi�cation of single line-emitters, which could
lead to an arti�cially precise agreement between the
grism-z and photo-z. However, for objects in which we
detect multiple emission lines (and for which the photo-z
was not necessarily used), we �nd that the photometric
redshifts are even more precise,� NMAD = 0 :025; 0:005,
respectively. For the majority of objects that are sin-
gle line-emitters, the photo-zs are used to distinguish
whether lines are either H� at z � 4, or lower redshift
Paschen lines, which have vastly distinguishable SEDs.

Our photometric redshift precision has improved signif-
icantly relative to Cycle 1 data (Weaver et al. 2024; Wang
et al. 2024b) owing to the use of F070W/F090W and
medium-band data. One could question the added value
of spectroscopic redshifts over photometric redshifts. We
should however note that the photometric redshifts of
our emission-line sample are relatively `easy' to get right
thanks to the multitudes of emission-lines boosting vari-
ous medium-bands. Indeed, the results fromSuess et al.
(2024), who report a slightly higher 7% outlier fraction
and � NMAD = 0 :015, stem from a spectroscopic sample
that is primarily based on JWST/NIRSpec observations
which also includes objects with weaker emission-lines.
We also discuss in§5.5, that despite this wealth of data
there exist critical blind-spots in the photo-zs (yielding
\phantom overdensities", possibly due to the template
set included in eazy) and science applications that are
only possible with the grism redshifts (e.g., clustering).

5. RESULTS

In this section we demonstrate the discovery space
opened by a deep grism survey over a lensing cluster.
The �rst results presented here are made possible by
the unique combination of ALT's depth, statistics, all-
inclusive selection function, and spectral and spatial res-

olution. To begin this exploration, we present some
general �ndings in this paper that also characterize our
dataset and its potential for mapping early galaxies in
unprecedented ways. We will present more speci�c re-
sults in dedicated forthcoming publications that will ad-
dress the main science goals of the survey outlined in
§1.

5.1. Unlocking the Potential of Lensing Clusters I:
Highly Magni�ed Arcs

Sources with signi�cant gravitational magni�cation
represent the key reason to survey lensing cluster �elds
to complement blank �elds. These highest-value targets
are often strongly sheared into arcs and have complex,
extended morphology (see Figure10). They present the
rare opportunity of resolving early galaxies into individ-
ual star-clusters and probing galaxy evolution on sub-
kpc scales (e.g.,Claeyssens et al. 2023; Adamo et al.
2024; Fujimoto et al. 2024; Mowla et al. 2024). How-
ever, spectroscopy of such sources comes with the chal-
lenge of charting the strong spatial variation of line emis-
sion across the extended arcs. It is di�cult to measure
the variations with slit spectroscopy, it is time consum-
ing to build statistical samples with IFUs, and it is un-
wieldy to extract emission line ratios of interest (e.g.,
[OIII]/H � ) that are blended in photometry, even with
medium-bands.

In Figure 10 we show spatially resolved spectra of
lensed arcs surveyed by ALT. The galaxy in the top-row
of Figure 10 is an illustrative case-study (ID = 30094 at
zALT = 3 :9773; for prior work on this source seeMahler
et al. 2018; Vanzella et al. 2022; Bergamini et al. 2023;
Lin et al. 2023; Katz et al. 2024). The SW image cover-
ing the rest-UV shows half a dozen clumps embedded in
di�use light, whereas the line map shows only a fraction
of them are bright in H� . Capturing this kind of spatial
variation is key to the quest for metal-poor clumps (e.g.,
by identifying [NII]-weak and H � -strong or [OIII]-weak
and H� -strong regions). Furthermore, such spectra are
essential for measuring the total line luminosity across
all clumps to e.g., evaluate the contribution to cosmic
reionization of such faint systems. Overall, ALT DR1 in-
cludes 72 sources with� > 5 and 27 sources with� > 10,
with the faintest reaching M UV � � 15.

Another challenge is that the most magni�ed arcs are
often found in extremely crowded regions, amidst clus-
ter members, their globular clusters, and embedded in
the intra-cluster light. Indeed, as seen in Figure11, the
critical lines crisscross the cluster centers. In Figure2,
with Object #3, we illustrate how the butter
y mosaic
strategy is able to overcome the challenges of crowding.
In particular, this \peekaboo galaxy" is almost entirely
hidden behind a cluster member. However, we are able
to extract a spectrum by �nding the [OIII] doublet �rst
in the grism image, and then associating it with a source
location that is invariant across the multiple rolls and
modules.

5.2. Unlocking the Potential of Lensing Clusters II:
Multiply Imaged Systems

A robust lensing model is critical to reconstructing
the intrinsic properties of magni�ed sources. With well-
constrained models, the scienti�c output from a cluster
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Fig. 10.| Spatially resolved spectra of highly magni�ed arcs. 3:000� 3:000 RGB cutouts of NIRCam images (left, center) are shown
for comparison with ALT emission line maps (right). Discove ring such highly lensed sources was our key motivation for su rveying a cluster
�eld, and has allowed us to probe sources as faint as M UV � � 15 (bottom row). The grism spectra capture the complex morph ology of
the emission lines that are challenging for slit spectrosco py. The high spectral resolution separates [OIII] from H � and [NII] from H � to
help isolate metal-poor clumps that display relatively wea k metal lines compared to the Balmer lines.

�eld is greatly ampli�ed. As an example, with the Hub-
ble Frontier Fields program (e.g., Lotz et al. 2017), it
was not only the ambitious investment of telescope time,
but also the reliable models developed by multiple teams
(compiled in Meneghetti et al. 2017) which helped UV
LF studies push as faint asM UV & � 15 (e.g., Bouwens
et al. 2017, 2022; Livermore et al. 2017; Atek et al. 2018).

Precise spectroscopic redshifts of multiply-imaged
sources are the gold standard inputs for lens modeling
(seeNatarajan et al. 2024for a recent review). The high
spectroscopic completeness, wide redshift coverage, and
statistics of surveys like ALT are tailor-made for this
task. For example, MUSE redshifts have played a cru-

cial role in the modeling of several clusters (e.g.,Richard
et al. 2021) { ALT adds sources in MUSE's \redshift
desert" at z � 2 � 3 and extends coverage well into the
reionization epoch, where Ly� that su�ers from absorp-
tion in the ISM, CGM and IGM was previously the pri-
mary tracer available.

ALT redshifts independently con�rm twelve multi-
ple image systems of the thirty-one currently known in
A2744 (Price et al. 2024), with three being new discover-
ies { systems #71 at zALT = 2 :582, #84 at zALT = 6 :873,
and #85 at zALT = 4 :753 with IDs as per Furtak et al.
(2023) and updated in Price et al. (2024). In Figure
11 we plot the locations of all the multiple image sys-
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zALT = 6.872

Abell 2744 Ð Main cluster

Critical line zs = 1 .6681
Critical line zs = 10
Known multiple images
ALT-detected multiple images

[OIII]5008[OIII]4960H!

Fig. 11.| ALT e�ciently characterizes multiply imaged systems . Critical curves from the Furtak et al. (2023); Price et al.
(2024) model are overlaid on the central core of the Abell 2744 clus ter (left). All known spectroscopic multiple image systems are shown in
yellow, with those found in ALT ( � 40% of all known systems) highlighted in green. The sources m issed by ALT almost all lie at z . 3:5
{ in redshift gaps (see Figure 5), or at redshifts where ground-based surveys push deeper us ing luminous emission lines such as [OIII] as
opposed to e.g., Pa� in ALT. Conversely, ALT is highly complete at z � 3:5-7, and detects systems such as the one highlighted in the ri ght
panel { four images of a z = 6 :873 source, including images buried deep in the intra-clust er light (such as 84.4, top-right).

tems around the main cluster core along with the lensing
model that is now �t to these systems. Here we high-
light System #84 whose redshifts were measured for the
�rst time by ALT, including for images that were deeply
buried in intra-cluster light.

Given that A2744 is one of the most well-studied clus-
ters with a wealth of prior redshifts, ALT's relative con-
tribution to the census of multiple images is seemingly
modest. Nevertheless, the results presented here demon-
strate that an ALT-like survey would be highly e�cient
at characterizing clusters without JWST coverage { e.g.,
in a single shot it would return lensed arcs as well as mul-
tiple images without requiring any JWST pre-imaging or
pre-existing photometry to select targets from.

5.3. Environments on Large Scales: Thez = 0 -7
Galaxy Distribution Behind A2744

In Figure 12, we show the full distribution of galaxies
in our DR1 dataset. Besides the redshift, we also illus-
trate the projected spatial distribution of the sources (in
comoving coordinates) and their inferred stellar mass.
Objects are shown at the locations in the source plane
as predicted from our lensing model. Our data map the
galaxy distribution over z � 0-7, with small gaps (e.g.,
around z � 1:3, z � 3:3, z � 5:1) where no strong emis-
sion lines fall in F356W. At z < 1 the covered comoving
volume is relatively small and no galaxy is detected in
front of the cluster itself ( z � 0:3). The typical stellar
mass of our sample atz < 4 is higher (log(M ?=M � )=
8.8) than at z > 4 (log(M ?=M � ) = 7.7) owing to the

weaker emission lines accessible to ALT at lower red-
shifts. Large-scale clustering over� 10 cMpc scales is
clearly visible in the form of sharp vertical structures
at �xed redshift owing to the pencil-beam nature of our
survey. More localized overdensities that are not part of
these structures are also apparent (e.g., atz = 4 :46 and
z = 5 :04).

To approximately identify the most prominent over-
densities, we project our dataset into comoving coordi-
nates and apply the DBSCAN algorithm (Ester et al.
1996). The seven overdensities found with at least 20
members are listed in Table4 and correspond to struc-
tures apparent \by eye" in Figure 12. DBSCAN is an
unsupervised clustering technique that excels at �nding
overdense regions of arbitrary shape such as the �laments
seen in protoclusters (e.g.,Herard-Demanche et al. 2023;
Sun et al. 2024). We set the \epsilon" parameter that de-
�nes the size of the \neighborhood" around each galaxy
to 5 cMpc and require at least 5 galaxies to de�ne a dense
region. To control for inhomogeneity, we split the data
based on the emission line used to identify the sources
and impose a stellar mass limit equal to the 20th per-
centile of each split. We stress that this is a very rough
treatment to pinpoint the most striking structures to en-
able further investigations, and we do not account for
e.g., completeness corrections and lensing distortions.

These overdensities host some of the most spectacular
objects in the ALT sample (see Table4). Furthermore,
they provide simple demonstrations of the dark matter
paradigm at high redshift. For example, we observe in
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Fig. 12.| Large scale galaxy distribution behind A2744 as measured by ALT. The projected source plane distribution of the galaxie s is
illustrated on the y-axis (Dec.) and through the color scali ng (RA). The sizes of the data-points correlate with stellar mass. Rich structure
is readily apparent, with cold vertical spikes that span the plot identifying large-scale overdensities whereas clust ered points identify more
local overdensities. The largest points representing the m ost massive galaxies tend to fall in these regions.

Figure 12 that the most massive galaxies in our sam-
ple are typically found in the most overdense regions,
exactly as expected in hierarchical structure formation
(e.g., Wechsler & Tinker 2018). In a companion pa-
per (Matthee et al. in prep), we show that galaxy stel-
lar mass indeed strongly correlates with the degree of
overdensity across the whole log(M ?=M � )=7-10 range at
z = 4-5.

A fundamental prediction of structure formation is
that clustered regions generally collapse at relatively ear-
lier epochs making them likelier to host ancient galaxies
(see e.g., discussions of \assembly bias"Desjacques et al.
2018). Therefore, high-redshift overdensities are precious
sites for galactic archaeology as they host some of the

�rst galaxies that formed in the universe. Indeed, using
the z = 5 :655 and z = 5 :769 structures as a case study,
in Figure 13, we demonstrate that a preponderance of
galaxies in these two overdensities display strong Balmer
breaks that are a hallmark of old stellar populations (see
also Morishita et al. 2024; Witten et al. 2024). Detailed
study of the old stellar populations in these Balmer break
sources is a powerful, complementary way to approach
the questions surrounding the surprisingly early and vig-
orous onset of cosmic dawn that JWST is revealing (e.g.,
Oesch et al. 2016; Bunker et al. 2023; Naidu et al. 2022c;
Castellano et al. 2022, 2024; Robertson et al. 2024; Car-
niani et al. 2024).



20 Naidu & Matthee et al.

5.5 5.6 5.7 5.8 5.9 6.0
zgrism; ALT

6

4

2

0

2

4

6

¢
 D

ec
. [

cM
pc

]

log 10(M star/M ¯ )=7

log 10(M star/M ¯ )=8

log 10(M star/M ¯ )=9

log 10(M star/M ¯ )=10

1 2 3 4 5
Observed Wavelength [ m]

0

100

200

300

400

f
 [n

Jy
]

f4050Å /f3670Å =1.73+0.18
0.17

z = 5.6438

F115W
F090W
F070W

F115W
F090W
F070W

68739

1 2 3 4 5
Observed Wavelength [ m]

0

50

100

150

200

f
 [n

Jy
]

f4050Å /f3670Å =1.77+0.12
0.14

z = 5.7813

F115W
F090W
F070W

F115W
F090W
F070W

35436

1 2 3 4 5
Observed Wavelength [ m]

0

100

200

300

400

f
 [n

Jy
]

f4050Å /f3670Å =1.50+0.11
0.06

z = 5.6485

F115W
F090W
F070W

F115W
F090W
F070W

46252

1 2 3 4 5
Observed Wavelength [ m]

0

100

200

300

400

f
 [n

Jy
]

f4050Å /f3670Å =1.57+0.20
0.11

z = 5.7686

F115W
F090W
F070W

F115W
F090W
F070W

27108

Fig. 13.| ALT demonstrates the connection between environment and ga laxy properties. In �CDM, the most overdense
regions are predicted to collapse �rst, and are hence expect ed to host ancient galaxies. Indeed, two of the most over-den se regions in ALT
at z = 5 :66 and z = 5 :77 (top panel, zoomed-in version of Figure 12) contain several galaxies with strong Balmer breaks, which are a
signature of older stellar populations. The Balmer break st rength is indicated in each panel ( f

4050 �A =f
3670 �A ) and denotes the ratio of f � in

two feature-less windows on either side of the break. The ALT sample as a whole has f
4050 �A =f

3670 �A � 1, in agreement with typical values
found at these redshifts (e.g., Roberts-Borsani et al. 2024 ).

5.4. Environments on Small Scales: A Case Study of a
\Local Group" at z = 5 :7 and High-z Tests of

� CDM

The detailed properties of the Milky Way's satellite
galaxies have posed a succession of challenges to the
�CDM paradigm (e.g., the \missing satellites" prob-
lem; Bullock & Boylan-Kolchin 2017; Kim et al. 2018;
Perivolaropoulos & Skara 2022). While these challenges
are being addressed to various degrees, it is clear that the

dwarf sector remains a fertile ground to stress-test and
re�ne the current paradigm (e.g., Drlica-Wagner et al.
2022). A key advance in recent years has been the ex-
tension of the census of satellites around the Milky Way
to other galaxies of comparable mass out to� 40 Mpc
(e.g., Geha et al. 2017; Carlsten et al. 2022; Mao et al.
2024). These surveys have provided critical statistical
context to address the Milky Way's uniqueness vis-a-vis
the various proposed challenges for �CDM.
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TABLE 4
The Largest Overdensities Found in ALT

Redshift Members Notable Members

2.496 51 26222, LRD with HeI absorption ( §5.7, Figure 19)
72835, elliptical galaxy with log( M ? =M � )= 10 :9

2.582 36 26974, broad-absorption line AGN ( §5.7, Figure 19)
19866, most massive galaxy in ALT with log( M ? =M � )= 11 :2

3.970 84 65118, most massive H� emitter with log( M ? =M � )= 10 :4
48598, quenched galaxy from Setton et al. (2024)

4.304 59 39921, log(M ? =M � )= 9 :3, H� +[NII] and ALMA 1.2mm continuum detection
71962, massive galaxy with log( M ? =M � )= 9 :6

5.655 33 46252, 37715, 68739
massive galaxies with log( M ? =M � )> 9 and strong Balmer breaks

5.769 50 35436, 27108, 26124, 30041, 18849
massive galaxies with log( M ? =M � )> 9 and strong Balmer breaks

6.328 29 26902, LRD with log( M BH =M ? ) = 8 :1, ID = 13821 in Greene et al. (2024)

With ALT, we now have the opportunity to extend
such surveys of Milky Way-like galaxies to higher red-
shift. In particular, with increasingly precise knowledge
of the Milky Way's assembly timeline emerging from sur-
veys exploiting Gaia (Gaia Collaboration et al. 2023),
we are now able to de�ne \Milky Way-like" not only
at z = 0, but also out to z � 6 (e.g., Bonaca et al.
2020; Naidu et al. 2021; Conroy et al. 2022; Belokurov
& Kravtsov 2024; Chandra et al. 2024b). What new
challenges might censuses of satellites at high-redshift re-
veal? Already at these epochs, the remarkable e�ciency
of structure formation as seen in the early emergence of
massive (e.g.,Xiao et al. 2023; Akins et al. 2023; Baggen
et al. 2023, 2024), quenched (e.g.,Carnall et al. 2024;
de Graa� et al. 2024b; Weibel et al. 2024b), and bright
galaxies (e.g.,Conselice et al. 2024; Akins et al. 2024;
Casey et al. 2024; Harikane et al. 2024) is at odds with
standard models of galaxy formation and perhaps even
�CDM (e.g., Shen et al. 2024).

Here we demonstrate that a detailed census of satel-
lites around Milky Way-like galaxies at high redshift is
viable with ALT-like surveys. In Figure 14, we present
a galaxy (ID: 45621, zALT = 5 :7691) with stellar mass
comparable to that inferred for the Milky Way at z � 5-
6 (log(M ?=M � ) � 7-9; Chandra et al. in prep.,de Graa�
et al. 2024a; Buch et al. 2024; Belokurov & Kravtsov
2024; Semenov et al. 2024). Remarkably, the environ-
ment of this galaxy has a number of features reminiscent
of the present-day Local Group { e.g., a pair of satel-
lites akin to the Magellanic Clouds hovering just outside
the virial radius, a slightly more massive Andromeda-
like companion � 1 cMpc away, and several other dwarf
galaxies comparable to Fornax within 1.5 cMpc. Of
course, this comparison must not be taken too literally,
and the fate of this \Local Group" is likely to have di-
verged from ours. For example, the Clouds in the Milky
Way likely entered its virial radius only in the last 1

Gyr, and were at � 1-3 cMpc at z � 6 (e.g., Besla et al.
2007; Conroy et al. 2021; Chiti et al. 2024; Chandra et al.
2024a). It is also possible that all these galaxies pic-
tured in Figure 14 merge rapidly with the \Milky Way".
Nonetheless, it is remarkable that such systems of satel-
lites may be studied in detail, at such high redshift, owing
to the depth and statistics of the survey.

Beyond this one example, in a more statistical sense,
we argue in a companion paper via clustering metrics
that about 20% of the galaxies in our sample atz = 4-5
(where our survey is most sensitive) are likely satellites
of other galaxies in our sample (Matthee et al., in prep.).
Overall, it is clear that ALT-like surveys are well-suited
to deliver galleries of high-redshift \Local Group"s such
as what is shown in Figure14 that are ready for detailed
analysis akin to, e.g., the SAGA survey's gallery of 100
z � 0 Milky Way-like galaxies (matched on stellar mass)
and their diverse satellite systems (Mao et al. 2024, see
their Fig. 7).

5.5. Environments on All Scales: Grism Redshifts
Uniquely Enable Clustering

One could question: why do we even need grism red-
shifts when the photometric redshifts are as accurate as
we �nd ( hj� zj=(1 + z)i = 0 :005; � NMAD = 0 :008, with
only 3% catastrophic outliers; Figure 9)? The answer
to this question depends on the required precision of the
redshifts.

Figure 15 zooms in on the H� and [OIII] redshift dis-
tributions. The photo- zs derived with the full NIRCam
�lter-set are clearly better than the Cycle 1 UNCOVER
photometry at �nding redshift spikes, such as the major
ones at z = 4 :3 and z = 5 :6; 5:8. However, even these
updated photo-zs still miss major structures such as the
one at z = 4 :0. Another striking feature in this �gure
is the appearance of \phantom" photo-z spikes, which
imply the presence of massive overdensities, but that are
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zALT  = 5.7691    

``Local GroupÓ, d/cMpc < 1.5 from ``MWÓ

Fig. 14.| Approximate analogs of the Milky Way, Magellanic Clouds, and t he Local Group at z = 5 :77 identi�ed owing
to the depth, completeness, and redshift precision of ALT. Left: 3 :000� 3:000 RGB image (top) and [OIII] line map (bottom) of a
galaxy whose stellar mass is comparable to that of the Milky W ay at z � 6. The two neighboring galaxies, reminiscent of the Magella nic
Clouds, are only a few 100 cKpc ( < 100 pKpc) away as borne out by the appearance of all three sour ces in the [OIII] line map. Right: All
sources within 1.5 cMpc (approximately the scale of the Loca l Group) of the Milky Way-like galaxy ordered by separation. These objects
include several dwarf galaxies as well as an Andromeda analo g with similar mass as the Milky Way analog (bottom-left). Al l these galaxies
are only moderately magni�ed ( � = 1 :7 � 2:3), which is the typical magni�cation found across the ALT fo otprint. Such an exhaustive
census of satellites, the likes of which have posed challeng es to �CDM in the local Universe, may now be extended to higher redshifts with
ALT-like surveys.

completely absent from the grism sample. There are sev-
eral such phantom spikes, e.g., atz � 4:6 and z � 6:6.
These are spurious solutions that coincide with photo-
metric redshift solutions where no strong-line falls in an
MB. There are perhaps also subtle issues with the the-
oretical �lter curves, such that the uncertainties around
the edges of the curves translate to spikes at particu-
lar redshifts. Even the older broad-band photo-zs from
UNCOVER miss several prominent spikes, and also have
similarly prominent phantom overdensities.

In the context of measuring galaxy clustering, in Figure
16 we compare the fraction of galaxy-pairs as a function
of the redshift di�erence using either grism or photomet-
ric redshifts (in excess to the random expectation assum-
ing a 
at redshift distribution). Here we use the subset
of ALT sources with redshifts betweenz = 4-5. A clus-
tering signal is detected below separations of �z < 0:04

using both grism and photometric redshifts. Note that at
large scales (i.e., �z > 0:1), the results in Figure 16 are
cosmic variance dominated as we are mostly counting the
separations to the most prominent redshift spikes in our
data, and the numbers are lower than the random expec-
tation due to the integral constraint (as we normalised
the number of random pairs to the total number of pairs).
The photometric redshifts roughly match the excess pair
fraction measurements from the grism redshifts around
� z = 0 :01 � 0:05, but they strongly under-estimate the
clustering on scales below �z < 0:005, which correspond
to line of sight separations of about 5 cMpc ignoring pe-
culiar velocities. This implies that any clustering analy-
sis below 5 cMpc / � z < 0:01 requires grism redshifts,
whereas clustering on somewhat larger scales could be
performed with photometric redshifts in the ALT data,
although the caveat of phantom redshift spikes discussed
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Fig. 16.| The excess pair fraction as a function of the red-
shift di�erence of galaxy pairs. While the excess pair fractions
derived from photo- zs broadly follow those based on grism redshifts
on large scales, indicating galaxy clustering, the cluster ing signal is
severely underestimated on 5 Mpc scales. This demonstrates that
even with the most optimal possible �lter coverage, photo- zs are
too coarse to probe environments required to, e.g., situate sources
in dark matter halos of appropriate mass or to �nd Milky Way-l ike
local groups.

above is challenging to quantify.

5.6. Revealing Obscured Star-Formation across
Cosmic Time

Some of the key unresolved questions in galaxy evolu-
tion are: How is star formation regulated and quenched
in galaxies? Which physics establishes the star-forming
main sequence of galaxies? How do galaxies grow
and build-up their structure, including their bulges and

disks? To address these questions, we need to map
star formation on spatially-resolved scales within galax-
ies across cosmic time (e.g.,Tacchella et al. 2015; Nel-
son et al. 2016b, 2021; Baker et al. 2023; Matharu et al.
2024). The fundamental challenge is that light emitted
from stars is obscured by dust, which severely compli-
cates empirical measurements of star formation rate in
galaxies (e.g.,Shivaei et al. 2015; Nelson et al. 2016a;
Tacchella et al. 2018; Popping et al. 2022; Miller et al.
2022; Zhang et al. 2023; Le Bail et al. 2024).

With JWST, for the �rst time, relatively dust-
insensitive infrared emission-line tracers (e.g., Paschen
lines, [SIII]) are now accessible out toz � 4 (e.g.,Reddy
et al. 2023; Neufeld et al. 2024; Liu et al. 2024; Shapley
et al. 2024). These lines, however, are weak { e.g., Pa� is
typically � 9� weaker than H� at �xed SFR (e.g., Reddy
et al. 2023). ALT's depth, aided by magni�cation, not
only allows us to capture an enormous statistical sam-
ple of these lines (Figure5), but also allows us to create
robust line maps that reveal the spatial structure of star-
formation (Figure 17).

The most striking aspect of the Paschen and [SIII] line
maps in Figure 17 is that the star-forming clumps are
barely visible in the rest-UV and rest-optical wavelengths
are, in fact, the dominant centers of star-formation (com-
pare the NIRCam SW RGBs in the left column with
the line maps on the right). Even comparing photome-
try at rest-near-infrared wavelengths (center column) vs.
the line maps shows dramatic di�erences owing to the
weak EWs of these lines, underscoring the unique value
of these line maps. Consider the galaxy in the bottom-
row (ID: 76041, zALT = 3 :7792). The [SIII] map resolves
the star-formation in this galaxy into three major com-
plexes with comparable luminosity, of which one is en-
tirely obscured in the rest-UV. Furthermore, parts of the
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Fig. 17.| ALT provides a resolved unobscured view of star-formation a t cosmic noon. With ALT's depth, we are able to
measure weak rest-infrared emission lines such as Pa� and [SIII] that are e�ectively dust insensitive compared to classic rest-optical tracers
such as H� . Further, we are able to produce high-SNR line maps (right co lumn) that paint a striking picture of clumpy clustered comp lexes
dominating the overall star-formation in these galaxies. T he dramatic contrast between the line maps and NIRCam images (left columns)
demonstrates the power of these data { they reveal how relati vely nondescript, faint clumps sitting behind veils of dust in the RGB images
dominate the line maps and therefore the star-formation bud get in these galaxies.

galaxy that have comparable luminosity to that of the
clumps in the NIRCam LW image (e.g., the core) disap-
pear when viewed in [SIII], implying weak star-formation
activity and pointing to inside-out growth. We anticipate
such rich, resolved line maps delivered by ALT-like sur-
veys will help usher an era of high-redshift star-formation
studies that boast a richness of detail comparable to stud-
ies set in the nearby universe (e.g.,Krumholz et al. 2019;
Kruijssen et al. 2019; Tacconi et al. 2020; Chevance et al.
2020; Schinnerer et al. 2023).

5.7. Maximizing Serendipity: Pure Spectroscopic
Discovery of Rare Sources

The spectral resolution of the NIRCam grism is rel-
atively high ( R � 1600), i.e., about a factor 10 higher
than the resolution of the Prism mode on NIRSpec (at
comparable wavelength). Combined with the unbiased
spectroscopic coverage (i.e., coverage without any depen-
dence on previous interpretations of photometric data) of
all sources in the �eld of view, this provides a signi�cant
serendipitous discovery space for galaxies with unusual
line-pro�les or closely separated emission-lines. An ex-
ample of this is the discovery of broad line H� emitters
(\Little Red Dots") in the �rst NIRCam grism surveys
(Matthee et al. 2024) (see alsoLin et al. 2024). In fact,
grism surveys have yielded more LRD spectra than Cycle
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Fig. 18.| The H � , [NII] and [SII] spectra of two luminous, massive galaxies at r edshifts z � 4 � 5. These galaxies have
masses log(M ? =M � )� 9:3 and � 10 respectively. These spectra illustrate that H � and [NII] are well-resolved by the NIRCam grism. The
2D spectrum of ID 29936 further shows the di�use H � emission bridging two clumps of the galaxy.
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Fig. 19.| The HeI + Pa 
 spectra of two galaxies with AGN emission at z � 2:5. Unlike in the rest of the paper, these spectra
are the original grism spectra without removing the continu um (fortunately available without contamination in subset s of the data). The
x-ray detected ID 26974 shows various broad, blue-shifted H eI absorption systems indicative of ionized out
ows. HeI ab sorption is also
detected in the compact AGN ID 26222, but this is very narrow a nd close to the systemic redshift. ID 26222 further shows bro ad Pa

emission and resembles the z > 4 Little Red Dots in various ways.

1 NIRSpec programs (e.g.Harikane et al. 2023; Maiolino
et al. 2023), perhaps due to their peculiar colors eluding
typical selection criteria used for selecting follow-up can-
didates. Indeed, in the ALT data, in addition to verify-
ing various previously published broad-line H� emitters
(e.g. Greene et al. 2024), we have identi�ed a further four
such sources atz = 4 � 5 (presented in Matthee et al.
in prep), some of which were missed even in photometric
colour selections targeting LRDs (e.g.Labbe et al. 2023).

In Figure 18, we further illustrate the H � +[NII]+[SII]
spectra of two luminous H� emitting galaxies that are
among the most massive galaxies in thez = 4-5 sample,
with stellar masses 1010 M � and 2� 109 M � for ID 71962
and ID 29936, respectively. While [NII] is faint or even
undetected in grating spectra of low mass galaxies that
typically dominate the observed number at high-redshift
(e.g. Cameron et al. 2023), the [NII] emission-line dou-

blet, especially the redder line at� +1000 km s� 1 from
the H� line, can be identi�ed relatively clearly in these
rare massive sources. The [SII] doublet, that is sensi-
tive to the electron density is further also detected and
resolved in these data. ID 71962 is the most massive
galaxy in a very large overdensity of galaxies (60 galax-
ies within � 1000 km s� 1). ID 29936 is among the few
galaxies in our data abovez > 4 that has an ALMA con-
tinuum detection (as illustrated in Figure 7; Fujimoto
et al. 2023a). This indicates that the galaxy has a high
rate of obscured star formation (e.g.Casey et al. 2021),
consistent with its relatively red UV slope of � = � 1:1,
possibly associated with the merging activity that can
be identi�ed through di�use H � emission in Figure 18,
likely due to interactions with a nearby galaxy.

In Figure 19, we show two original grism spectra (i.e.,
spectra that have not been continuum-subtracted) of two
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galaxies that likely show AGN activity at z � 2:5. These
emission/absorption line features were �rst found in the
�ltered data, but the un�ltered spectra were then ob-
tained by using only the subsets of the data where we
found that (by fortunate coincidence) the trace of these
galaxies was not signi�cantly contaminated by spec-
tra from other sources. These spectra illustrate that
absorption-line science can be performed with the NIR-
Cam grism for brighter sources (these have F356W=20.7
and 22.3, respectively). In ID 26974, which is an x-
ray detected, very massive galaxy with a stellar mass of
1011 M � , we detect multiple broad, high velocity HeI ab-
sorbers at velocities� � 1000 to� � 5000 km s� 1 indica-
tive of multiple bursts of out
ow events similar to broad
absorption line quasars (e.g.Liu et al. 2015; Wildy et al.
2021). The rest-frame optical SED of ID 26974 is well �t
with stellar population models, indicating a stellar mass
of 1011 M � , and it is closely located to the mass-weighted
center of a large overdensity atz = 2 :58 (of which it is
the most massive member).

The galaxy ID 26222 (right panel of Figure19), resem-
bles a lower redshift version of an LRD (Matthee et al.
2024), i.e., very compact, broad hydrogen emission-lines
(in this case Pa
 ), no detection in the x-rays, and nar-
row absorption close to the systemic redshift (possibly
allowing us to study how out
ows develop, e.g.,Leighly
et al. 2011; Zhang et al. 2018). Similarly to the source
studied in Wang et al. (2024a), the SED of ID 26222 is
not well explained by stellar population models alone, in
particular due to a steep and red continuum bump from
� 0 � 0:4-1� m, above which wavelengths the continuum
is relatively 
at. While ID 26222 is at the edge of a large
overdensity, it is not in its center nor is it the most mas-
sive galaxy associated to it (which is ID 34715, a pas-
sive galaxy with HeI emission likely excited by shocks;
Brinchmann 2023). These properties are strikingly sim-
ilar to the z & 4 little red dots ( Wang et al. 2024a;
Matthee et al. in prep), making this a rare and useful
lower redshift version of such systems.

6. SUMMARY

This paper provided an overview of the design, imple-
mentation, and yield of ALT, which is JWST's deepest
NIRCam grism survey yet. ALT sought to survey faint
dwarf galaxies out to the Epoch of Reionization, leverag-
ing the magni�cation of the Abell 2744 cluster to further
amplify the power of the NIRCam grism: high resolu-
tion ( R � 1600), coverage of every source in the �eld of
view, and spatially resolved spectroscopy. ALT acquired
sensitive 3� 4� m spectra reaching average 5� depths
of 8 � 10� 19 erg s� 1 cm� 2, with simultaneous F070W
and F090W imaging over the same 30 arcmin2 reaching
depths of � 30 mag. To execute and analyze this �rst-
of-a-kind survey, we deployed:

ˆ A \butter
y" mosaic in which each source is dis-
persed at two slightly di�erent roll angles. Galax-
ies in the \wings" have the most divergent traces,
whereas towards the center, we optimize for overlap
of the NIRCam A+B modules that disperse sources
in opposite directions. We demonstrate how this
strategy solves spectral confusion and contamina-
tion, and validate it as an e�ective template for
future deep grism surveys. [Figs.1, 2, §2.3]

ˆ Photometric redshifts of exquisite quality:
hj� zj=(1 + z)i = 0 :005, a standard deviation of
0.16, and 3% catastrophic failures. The ALT
photometric catalog incorporates all existing
JWST and HST imaging in Abell 2744, which now
includes the entire set of NIRCam broad-bands
and medium-bands. The SEDs of galaxies are
thoroughly constrained by 27 JWST+HST bands,
and display subtle features such as Balmer jumps
and breaks. [Figs.4, 9, §3.3]

ˆ Two independent spectroscopic catalog construc-
tion methods { Allegro , which takes a \line-�rst"
approach and then seeks source associations as-
sisted by photometric redshifts, andgrizli , which
takes a \source-�rst" approach and searches for
emission lines in windows around the source pho-
tometric redshift. [Fig. 3, §3.4]

Along with this paper, we release a catalog of 1630
sources with ALT grism redshifts that double the num-
ber of JWST spectra in this critical legacy �eld. Some
notable features of this catalog are:

ˆ Pan-redshift coverage spanning A2744 cluster
members at z � 0:3 detected in Br� to z > 8
sources detected in H� , with \deserts" in a hand-
ful of redshift slices (e.g.,z = 3 :3 � 3:8) where no
strong feature occurs at 3� 4� m.

ˆ Roughly equal numbers atz < 4 and z > 4 owing
to the relative strength of the tracers (e.g., Paschen
lines are much weaker than the Balmer lines at
higher redshift at �xed SFR). [Fig. 5]

ˆ Order-of-magnitude fainter galaxies (0.05 L � ,
M UV � � 15) compared to existing grism surveys
that push to (0.1 L � , M UV � � 18). [Fig. 8]

ˆ Redshift precision of� 60 km s� 1 validated against
a compilation of ground-based (e.g., MUSE) and
JWST/NIRSpec redshifts. [§4.2]

We present �rst science results and demonstrations
based on the ALT sample to provide a tangible taste
of the discovery space opened by this survey [§5]:

ˆ Highly magni�ed arcs are among the highest value
targets in cluster �elds. Spatially resolved ALT
spectra capture the complex morphology of these
sources, resolve the clumps required to identify low-
metallicity pockets, and collect the total 
ux cru-
cial to the reionization budget. Such sources are
challenging for slit spectroscopy and ine�cient to
survey using IFUs. [Fig. 10, §5.1]

ˆ Multiply imaged sources are the key input for lens-
ing models that underpin all science in cluster
�elds. ALT has independently measured redshifts
in twelve multiple image systems of the thirty one
currently known in A2744, with three new discov-
eries. [Fig. 11, §5.2]

ˆ The completeness and precision of grism redshifts
uniquely enable environmental clustering measure-
ments. Photo-zs, even in this �eld where ev-
ery HST+JWST broad and medium-band �lter
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is available, severely underestimate clustering on
small scales (< 5 cMpc) and are limited by sys-
tematics such as \phantom overdensities" on larger
scales. [Figs.15, 16, §5.5]

ˆ Galaxies are fundamentally shaped by their envi-
ronments. In Fig. 12 we present the density dis-
tribution of all galaxies behind A2744, i.e., the en-
vironmental context of every galaxy in this �eld.
Several striking overdensities on 5 cMpc scales with
dozens of members are clearly visible as redshift
spikes (listed in Table 4).

ˆ The relationship between environment and galaxy
properties is apparent in the ALT data. Some
of the most massive galaxies, quenched galaxies,
and galaxies with large Balmer breaks occur in the
largest overdensities, as predicted for a hierarchi-
cal universe where overdensities collapse �rst [§5.3,
Fig. 13, Table 4].

ˆ On smaller scales (< 1cMpc), a census of satellites
around Milky Way progenitors is possible with the
precision of grism redshifts even out toz � 6. This
opens the door to tests of cosmology with satel-
lite statistics at higher redshifts analogous to tests
performed in the Local Group. [Fig. 14, §5.4]

ˆ ALT's rest-frame infrared tracers (e.g., Pa� ,
[SIII]) paint remarkable portraits of obscured star-
formation in sensitive spatially resolved emission
line maps. These low-EW lines are di�cult to infer
from photometry, which makes their grism spectra
particularly valuable. [Fig. 17, §5.6]

ˆ The unbiased spectroscopic coverage coupled with
high resolution are particularly suited to the
serendipitous discovery of rare sources (e.g., the
\Little Red Dots" found in the EIGER+FRESCO
surveys Matthee et al. 2024). As examples, we
present massive, metal-rich galaxies with [NII]
emission atz � 4:5, continuum spectra of an AGN
with an ionized out
ow, and an x-ray faint z � 2:5
analog of the LRDs. [Figs. 18, 19, §5.7]

Surveys of strong lensing clusters may be the most ef-
�cient way JWST can answer some of the fundamental
questions it was built for, by peering deep into the far-
thest, faintest, �rst galaxies. Here, for the �rst time, we
have demonstrated the pan-redshift power of the NIR-
Cam grism in such strong lensing �elds. The results in
this paper are proof that an ALT-like strategy will be
successful at surveying clusters that JWST is yet to look
at by providing simultaneous imaging and spectroscopy,
complete statistics, multiple images for lensing models,
and the spatial and spectral resolution required to study
highly magni�ed arcs { all in one shot! We hope the rich
returns of ALT inspire the community to design such sur-
veys and complete the spectroscopic census of the small-
est galaxies from the edge of the Milky Way to the brink
of the Big Bang.

ACKNOWLEDGMENTS

ALT was developed in part at the International Space
Science Institute (ISSI) in Bern, Switzerland during the

February 2023 meeting of ISSI Team #562 \First Light
at Cosmic Dawn: Exploiting the James Webb Space
Telescope Revolution" led by Pascal Oesch and Michael
Maseda. RPN extends his heartfelt gratitude to the sta�
at the Swiss consulate in Vienna, particularly Marina
Bont�a, for their assistance with Schengen visa issues, and
for their excitement for astronomy in general and ALT
in particular.

ALT is but the latest link in a long chain of surveys
that have transformed Abell 2744 into a premier, pub-
lic extragalactic legacy �eld. We are grateful to all the
teams that have observed this �eld with ground-based
and space-based campaigns over the last few decades
(see §2.1). We are particularly thankful to the follow-
ing teams that developed JWST programs delivering
immediately public data that we have incorporated in
our analysis: #1324 (GLASS, PI: Treu), #2561 (UN-
COVER, PIs: Labbe & Bezanson), #4111 (MegaScience,
PI: Suess), #2883 (MAGNIF, PI: Sun), #3538 (PI: Iani),
#2756 (PI: Chen), #3990 (PI: Morishita).

RPN acknowledges funding fromJWST program GO-
3516. Support for this work was provided by NASA
through the NASA Hubble Fellowship grant HST-HF2-
51515.001-A awarded by the Space Telescope Science In-
stitute, which is operated by the Association of Univer-
sities for Research in Astronomy, Incorporated, under
NASA contract NAS5-26555. Funded by the European
Union (ERC, AGENTS, 101076224). Views and opinions
expressed are however those of the author(s) only and
do not necessarily re
ect those of the European Union
or the European Research Council. Neither the Euro-
pean Union nor the granting authority can be held re-
sponsible for them. This work has received funding from
the Swiss State Secretariat for Education, Research and
Innovation (SERI) under contract number MB22.00072,
as well as from the Swiss National Science Foundation
(SNSF) through project grant 200020207349. A.F. ac-
knowledges support from NSF-AAG grant AST-2307436.
The work of CCW is supported by NOIRLab, which is
managed by the Association of Universities for Research
in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.

Computations supporting this paper were run on
MIT's Engaging cluster. This publication made use of
the NASA Astrophysical Data System for bibliographic
information. Some of the data products presented
herein were retrieved from the Dawn JWST Archive
(DJA). DJA is an initiative of the Cosmic Dawn Center
(DAWN), which is funded by the Danish National Re-
search Foundation under grant DNRF140. Software used
in developing this work includes: matplotlib (Hunter
2007), jupyter (Kluyver et al. 2016), IPython (P�erez
& Granger 2007), numpy(Oliphant 2015), scipy (Vir-
tanen et al. 2020), TOPCAT(Taylor 2005), and Astropy
(Astropy Collaboration et al. 2013).

This work is based on observations made with the
NASA/ESA/CSA James Webb Space Telescope. The
data were obtained from the Mikulski Archive for Space
Telescopes at the Space Telescope Science Institute,
which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS
5-03127 for JWST. These observations are associated
with program # 3516.



28 Naidu & Matthee et al.

REFERENCES

Abell, G. O., Corwin, Jr., H. G., & Olowin, R. P. 1989, ApJS, 70 ,
1

Adamo, A., Bradley, L. D., Vanzella, E., et al. 2024, Nature, 632,
513

Akins, H. B., Casey, C. M., Allen, N., et al. 2023, ApJ, 956, 61
Akins, H. B., Casey, C. M., Lambrides, E., et al. 2024, arXiv

e-prints, arXiv:2406.10341
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al.

2013, A&A, 558, A33
Atek, H., Richard, J., Kneib, J.-P., & Schaerer, D. 2018, MNR AS,

479, 5184
Atek, H., Labb�e, I., Furtak, L. J., et al. 2024, Nature, 626, 975
Bacon, R., Piqueras, L., Conseil, S., Richard, J., & Shepher d, M.

2016, MPDAF: MUSE Python Data Analysis Framework,
Astrophysics Source Code Library, record ascl:1611.003

Baggen, J. F. W., van Dokkum, P., Labb�e, I., et al. 2023, ApJ,
955, L12

Baggen, J. F. W., van Dokkum, P., Brammer, G., et al. 2024,
arXiv e-prints, arXiv:2408.07745

Baker, W. M., Tacchella, S., Johnson, B. D., et al. 2023, arXiv
e-prints, arXiv:2306.02472

Belokurov, V., & Kravtsov, A. 2024, MNRAS, 528, 3198
Bergamini, P., Acebron, A., Grillo, C., et al. 2023, A&A, 670 , A60
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Besla, G., Kallivayalil, N., Hernquist, L., et al. 2007, ApJ , 668,

949
Bezanson, R., Labbe, I., Whitaker, K. E., et al. 2022, arXiv

e-prints, arXiv:2212.04026
Bonaca, A., Conroy, C., Cargile, P. A., et al. 2020, ApJ, 897, L18
Bordoloi, R., Simcoe, R. A., Matthee, J., et al. 2024, ApJ, 96 3, 28
Bouwens, R. J., Illingworth, G., Ellis, R. S., Oesch, P., &

Stefanon, M. 2022, ApJ, 940, 55
Bouwens, R. J., Oesch, P. A., Illingworth, G. D., Ellis, R. S. , &

Stefanon, M. 2017, ApJ, 843, 129
Bouwens, R. J., Oesch, P. A., Stefanon, M., et al. 2021, arXiv

e-prints, arXiv:2102.07775
Bouwens, R. J., Stefanon, M., Brammer, G., et al. 2023, MNRAS ,

523, 1036
Boyett, K., Bunker, A. J., Curtis-Lake, E., et al. 2024, arXi v

e-prints, arXiv:2401.16934
Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ,

686, 1503
Brammer, G. B., van Dokkum, P. G., Franx, M., et al. 2012,

ApJS, 200, 13
Brinchmann, J. 2023, MNRAS, 525, 2087
Buch, D., Nadler, E. O., Wechsler, R. H., & Mao, Y.-Y. 2024,

ApJ, 971, 79
Bullock, J. S., & Boylan-Kolchin, M. 2017, ARA&A, 55, 343
Bunker, A. J., Saxena, A., Cameron, A. J., et al. 2023, A&A, 67 7,

A88
Byler, N., Dalcanton, J. J., Conroy, C., & Johnson, B. D. 2017 ,

ApJ, 840, 44
Cameron, A. J., Saxena, A., Bunker, A. J., et al. 2023, A&A, 67 7,

A115
Carlsten, S. G., Greene, J. E., Beaton, R. L., Danieli, S., &

Greco, J. P. 2022, ApJ, 933, 47
Carnall, A. C., Begley, R., McLeod, D. J., et al. 2023, MNRAS,

518, L45
Carnall, A. C., Cullen, F., McLure, R. J., et al. 2024, arXiv

e-prints, arXiv:2405.02242
Carniani, S., Hainline, K., D'Eugenio, F., et al. 2024, arXi v

e-prints, arXiv:2405.18485
Casey, C. M., Zavala, J. A., Manning, S. M., et al. 2021, ApJ,

923, 215
Casey, C. M., Akins, H. B., Shuntov, M., et al. 2024, ApJ, 965, 98
Cassata, P., et al. 2015, AAP, 573, A24
Castellano, M., Fontana, A., Treu, T., et al. 2022, ApJ, 938, L15
Castellano, M., Napolitano, L., Fontana, A., et al. 2024, ar Xiv

e-prints, arXiv:2403.10238
Chabrier, G. 2003, Publications of the Astronomical Societ y of

the Paci�c, 115, 763
Chandra, V., Naidu, R. P., Conroy, C., et al. 2024a, arXiv

e-prints, arXiv:2406.01676
Chandra, V., Semenov, V. A., Rix, H.-W., et al. 2024b, ApJ, 972 ,

112
Chen, W., Kelly, P., Castellano, M., et al. 2022, Transient Na me

Server AstroNote, 257, 1
Chevance, M., Kruijssen, J. M. D., Hygate, A. P. S., et al. 202 0,

MNRAS, 493, 2872
Chiti, A., Mardini, M., Limberg, G., et al. 2024, Nature

Astronomy, 8, 637
Choi, J., Conroy, C., & Byler, N. 2017, ApJ, 838, 159
Choustikov, N., Katz, H., Saxena, A., et al. 2024, MNRAS, 529 ,

3751

Claeyssens, A., Adamo, A., Richard, J., et al. 2023, MNRAS, 5 20,
2180

Cole, J. W., Papovich, C., Finkelstein, S. L., et al. 2023, arX iv
e-prints, arXiv:2312.10152

Conroy, C., & Gunn, J. E. 2010a, FSPS: Flexible Stellar
Population Synthesis, Astrophysics Source Code Library,
record ascl:1010.043, ascl:1010.043

|. 2010b, ApJ, 712, 833
Conroy, C., Gunn, J. E., & White, M. 2009, ApJ, 699, 486
Conroy, C., Naidu, R. P., Garavito-Camargo, N., et al. 2021,

Nature, 592, 534
Conroy, C., White, M., & Gunn, J. E. 2010, ApJ, 708, 58
Conroy, C., Weinberg, D. H., Naidu, R. P., et al. 2022, arXiv

e-prints, arXiv:2204.02989
Conselice, C. J., Adams, N., Harvey, T., et al. 2024, arXiv

e-prints, arXiv:2407.14973
Covelo-Paz, A., Giovinazzo, E., Oesch, P. A., et al. 2024, ar Xiv

e-prints, arXiv:2409.17241
Dayal, P., Volonteri, M., Greene, J. E., et al. 2024, arXiv e- prints,

arXiv:2401.11242
de Graa�, A., Pillepich, A., & Rix, H.-W. 2024a, ApJ, 967, L40
de Graa�, A., Setton, D. J., Brammer, G., et al. 2024b, arXiv

e-prints, arXiv:2404.05683
Desjacques, V., Jeong, D., & Schmidt, F. 2018, Phys. Rep., 73 3, 1
Drlica-Wagner, A., Prescod-Weinstein, C., Yu, H.-B., et al . 2022,

arXiv e-prints, arXiv:2209.08215
Endsley, R., Stark, D. P., Whitler, L., et al. 2023, arXiv e-pr ints,

arXiv:2306.05295
|. 2024, MNRAS, 533, 1111
Ester, M., Kriegel, H.-P., Sander, J., & Xu, X. 1996, in Secon d

International Conference on Knowledge Discovery and Data
Mining (KDD'96). Proceedings of a conference held August
2-4, ed. D. W. P�tzner & J. K. Salmon, 226{331

Falc�on-Barroso, J., S�anchez-Bl�azquez, P., Vazdekis, A ., et al.
2011, A&A, 532, A95

Ferland, G. J., Chatzikos, M., Guzm�an, F., et al. 2017, Rev.
Mexicana Astron. Astro�s., 53, 385

Ferrara, A., Pallottini, A., & Dayal, P. 2023, MNRAS, 522, 39 86
Finkelstein, S. L., D'Aloisio, A., Paardekooper, J.-P., et al. 2019,

ApJ, 879, 36
Finkelstein, S. L., Bagley, M., Song, M., et al. 2022, ApJ, 92 8, 52
Flury, S. R., Jaskot, A. E., Saldana-Lopez, A., et al. 2024, a rXiv

e-prints, arXiv:2409.12118
Foreman-Mackey, D., Sick, J., & Johnson, B. 2014, python-fs ps:

Python bindings to FSPS (v0.1.1), doi:10.5281/zenodo.121 57
Fry, J. N. 1996, ApJ, 461, L65
Fujimoto, S., Bezanson, R., Labbe, I., et al. 2023a, arXiv e- prints,

arXiv:2309.07834
Fujimoto, S., Wang, B., Weaver, J., et al. 2023b, arXiv e-pri nts,

arXiv:2308.11609
Fujimoto, S., Ouchi, M., Kohno, K., et al. 2024, arXiv e-prin ts,

arXiv:2402.18543
Furtak, L. J., Zitrin, A., Weaver, J. R., et al. 2023, MNRAS, 5 23,

4568
Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 20 23,

A&A, 674, A1
Gardner, J. P., Mather, J. C., Abbott, R., et al. 2023, PASP, 1 35,

068001
Geha, M., Wechsler, R. H., Mao, Y.-Y., et al. 2017, ApJ, 847, 4
Giallongo, E., Grazian, A., Fiore, F., et al. 2015, A&A, 578, A83
Grazian, A., Giallongo, E., Boutsia, K., et al. 2024, arXiv

e-prints, arXiv:2407.20861
Greene, J. E., Labbe, I., Goulding, A. D., et al. 2024, ApJ, 96 4, 39
Harikane, Y., Zhang, Y., Nakajima, K., et al. 2023, ApJ, 959, 39
Harikane, Y., Inoue, A. K., Ellis, R. S., et al. 2024, arXiv e- prints,

arXiv:2406.18352
Heintz, K. E., Brammer, G. B., Watson, D., et al. 2024, arXiv

e-prints, arXiv:2404.02211
Helton, J. M., Sun, F., Woodrum, C., et al. 2024, ApJ, 962, 124
Herard-Demanche, T., Bouwens, R. J., Oesch, P. A., et al. 202 3,

arXiv e-prints, arXiv:2309.04525
Horne, K. 1986, PASP, 98, 609
Hsiao, T. Y.-Y., Coe, D., Abdurro'uf, et al. 2023, ApJ, 949, L 34
Hunter, J. D. 2007, Computing In Science & Engineering, 9, 90
Jaacks, J., Finkelstein, S. L., & Bromm, V. 2019, MNRAS, 488,

2202
Jauzac, M., Richard, J., Jullo, E., et al. 2015, MNRAS, 452, 1 437
Johnson, B. D., Leja, J., Conroy, C., & Speagle, J. S. 2021, Ap JS,

254, 22
Kashino, D., Lilly, S. J., Matthee, J., et al. 2023, ApJ, 950, 66
Katz, H., Kimm, T., Ellis, R. S., Devriendt, J., & Slyz, A. 202 3,

MNRAS, 524, 351
Katz, H., Cameron, A. J., Saxena, A., et al. 2024, arXiv e-pri nts,

arXiv:2408.03189



All the Little Things: JWST dwarf galaxies at high redshift 29

Kawamata, R., Oguri, M., Ishigaki, M., Shimasaku, K., & Ouch i,
M. 2016, ApJ, 819, 114

Killi, M., Watson, D., Brammer, G., et al. 2023, arXiv e-prin ts,
arXiv:2312.03065

Kim, S. Y., Peter, A. H. G., & Hargis, J. R. 2018,
Phys. Rev. Lett., 121, 211302

Kimm, T., Katz, H., Haehnelt, M., et al. 2017, MNRAS, 466, 482 6
Kluyver, T., Ragan-Kelley, B., P�erez, F., et al. 2016, in

Positioning and Power in Academic Publishing: Players, Age nts
and Agendas, ed. F. Loizides & B. Schmidt, IOS Press, 87 { 90

Kocevski, D. D., Finkelstein, S. L., Barro, G., et al. 2024, a rXiv
e-prints, arXiv:2404.03576

Kokorev, V., Brammer, G., Fujimoto, S., et al. 2022, ApJS, 26 3,
38

Kokorev, V., Caputi, K. I., Greene, J. E., et al. 2024, ApJ, 96 8, 38
Kriek, M., & Conroy, C. 2013, ApJ, 775, L16
Kruijssen, J. M. D., Schruba, A., Chevance, M., et al. 2019,

Nature, 569, 519
Krumholz, M. R., McKee, C. F., & Bland-Hawthorn, J. 2019,

ARA&A, 57, 227
Kusakabe, H., Blaizot, J., Garel, T., et al. 2020, A&A, 638, A 12
Labbe, I., Greene, J. E., Bezanson, R., et al. 2023, arXiv e-p rints,

arXiv:2306.07320
Le Bail, A., Daddi, E., Elbaz, D., et al. 2024, A&A, 688, A53
Leighly, K. M., Dietrich, M., & Barber, S. 2011, ApJ, 728, 94
Leja, J., Carnall, A. C., Johnson, B. D., Conroy, C., & Speagl e,

J. S. 2019, ApJ, 876, 3
Leja, J., Johnson, B. D., Conroy, C., van Dokkum, P. G., &

Byler, N. 2017, ApJ, 837, 170
Lin, X., Cai, Z., Zou, S., et al. 2023, ApJ, 944, L59
Lin, X., Wang, F., Fan, X., et al. 2024, arXiv e-prints,

arXiv:2407.17570
Liu, W.-J., Zhou, H., Ji, T., et al. 2015, ApJS, 217, 11
Liu, Z., Morishita, T., & Kodama, T. 2024, arXiv e-prints,

arXiv:2406.11188
Livermore, R. C., Finkelstein, S. L., & Lotz, J. M. 2017, ApJ,

835, 113
Loeb, A., & Barkana, R. 2001, ARA&A, 39, 19
Lotz, J. M., Koekemoer, A., Coe, D., et al. 2017, ApJ, 837, 97
Ma, X., Hopkins, P. F., Kasen, D., et al. 2016, MNRAS, 459, 361 4
Ma, X., Quataert, E., Wetzel, A., et al. 2020, MNRAS, 498, 200 1
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Madau, P., Giallongo, E., Grazian, A., & Haardt, F. 2024, ApJ ,

971, 75
Madau, P., & Haardt, F. 2015, ApJ, 813, L8
Mahler, G., Richard, J., Cl�ement, B., et al. 2018, MNRAS, 47 3,

663
Maiolino, R., Scholtz, J., Curtis-Lake, E., et al. 2023, arX iv

e-prints, arXiv:2308.01230
Maiolino, R., •Ubler, H., Perna, M., et al. 2024, A&A, 687, A67
Mao, Y.-Y., Geha, M., Wechsler, R. H., et al. 2024, arXiv

e-prints, arXiv:2404.14498
Maseda, M. V., Bacon, R., Franx, M., et al. 2018, ApJ, 865, L1
Mason, C. A., & Gronke, M. 2020, MNRAS, 499, 1395
Matharu, J., Nelson, E. J., Brammer, G., et al. 2024, arXiv

e-prints, arXiv:2404.17629
Matthee, J., Mackenzie, R., Simcoe, R. A., et al. 2023, ApJ, 9 50,

67
Matthee, J., Sobral, D., Gronke, M., et al. 2018, A&A, 619, A1 36
Matthee, J., Sobral, D., Oteo, I., et al. 2016, MNRAS, 458, 44 9
Matthee, J., Sobral, D., Hayes, M., et al. 2021, MNRAS,

doi:10.1093/mnras/stab1304
Matthee, J., Naidu, R. P., Pezzulli, G., et al. 2022, MNRAS, 5 12,

5960
Matthee, J., Naidu, R. P., Brammer, G., et al. 2024, ApJ, 963, 129
Meneghetti, M., Natarajan, P., Coe, D., et al. 2017, MNRAS,

472, 3177
Merten, J., Coe, D., Dupke, R., et al. 2011, MNRAS, 417, 333
Meyer, R. A., Oesch, P. A., Giovinazzo, E., et al. 2024, arXiv

e-prints, arXiv:2405.05111
Miller, T. B., Whitaker, K. E., Nelson, E. J., et al. 2022, ApJ,

941, L37
Morishita, T., Roberts-Borsani, G., Treu, T., et al. 2023, A pJ,

947, L24
Morishita, T., Liu, Z., Stiavelli, M., et al. 2024, arXiv e-p rints,

arXiv:2408.10980
Mowla, L., Iyer, K., Asada, Y., et al. 2024, arXiv e-prints,

arXiv:2402.08696
Mu~noz, J. B., Mirocha, J., Chisholm, J., Furlanetto, S. R., &

Mason, C. 2024, arXiv e-prints, arXiv:2404.07250
Muzahid, S., Schaye, J., Marino, R. A., et al. 2020, MNRAS, 49 6,

1013
Naidu, R. P., Tacchella, S., Mason, C. A., et al. 2020, ApJ, 89 2,

109
Naidu, R. P., Conroy, C., Bonaca, A., et al. 2021, ApJ, 923, 92
Naidu, R. P., Oesch, P. A., Setton, D. J., et al. 2022a, arXiv

e-prints, arXiv:2208.02794

Naidu, R. P., Matthee, J., Oesch, P. A., et al. 2022b, MNRAS,
510, 4582

Naidu, R. P., Oesch, P. A., van Dokkum, P., et al. 2022c, ApJ,
940, L14

Nakajima, K., & Maiolino, R. 2022, MNRAS, 513, 5134
Natarajan, P., Williams, L. L. R., Brada�c, M., et al. 2024,

Space Sci. Rev., 220, 19
Nelson, E. J., van Dokkum, P. G., Momcheva, I. G., et al. 2016a ,

ApJ, 817, L9
Nelson, E. J., van Dokkum, P. G., F•orster Schreiber, N. M., e t al.

2016b, ApJ, 828, 27
Nelson, E. J., Tacchella, S., Diemer, B., et al. 2021, MNRAS, 508,

219
Neufeld, C., van Dokkum, P., Asali, Y., et al. 2024, arXiv

e-prints, arXiv:2404.10816
Oesch, P. A., Brammer, G., van Dokkum, P. G., et al. 2016, ApJ,

819, 129
Oesch, P. A., Brammer, G., Naidu, R. P., et al. 2023, MNRAS,

525, 2864
Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713
Oliphant, T. E. 2015, Guide to NumPy (Continuum Press)
Ouchi, M., Shimasaku, K., Akiyama, M., et al. 2008, ApJS, 176 ,

301
Paardekooper, J.-P., Khochfar, S., & Dalla Vecchia, C. 2015 ,

MNRAS, 451, 2544
Pahl, A. J., Topping, M. W., Shapley, A., et al. 2024, arXiv

e-prints, arXiv:2407.03399
Pallottini, A., Ferrara, A., Gallerani, S., Salvadori, S., &

D'Odorico, V. 2014, MNRAS, 440, 2498
Pallottini, A., Ferrara, A., Pacucci, F., et al. 2015, MNRAS , 453,

2465
Partridge, R. B., & Peebles, P. J. E. 1967, ApJ, 148, 377
P�erez, F., & Granger, B. E. 2007, Computing in Science and

Engineering, 9, 21
Perivolaropoulos, L., & Skara, F. 2022, New A Rev., 95, 10165 9
Pizzati, E., Hennawi, J. F., Schaye, J., et al. 2024, arXiv e- prints,

arXiv:2403.12140
Planck Collaboration, Aghanim, N., Akrami, Y., et al. 2018,

arXiv e-prints, arXiv:1807.06209
Plat, A., Charlot, S., Bruzual, G., et al. 2019, MNRAS, 490, 9 78
Popping, G., Pillepich, A., Calistro Rivera, G., et al. 2022 ,

MNRAS, 510, 3321
Price, S. H., Bezanson, R., Labbe, I., et al. 2024, arXiv e-pr ints,

arXiv:2408.03920
Reddy, N. A., Topping, M. W., Sanders, R. L., Shapley, A. E., &

Brammer, G. 2023, ApJ, 948, 83
Richard, J., Jauzac, M., Limousin, M., et al. 2014, MNRAS, 44 4,

268
Richard, J., Claeyssens, A., Lagattuta, D., et al. 2021, A&A , 646,

A83
Rieke, M. J., Kelly, D. M., Misselt, K., et al. 2023, PASP, 135 ,

028001
Rigby, J., Perrin, M., McElwain, M., et al. 2022, arXiv e-pri nts,

arXiv:2207.05632
Rigby, J. R., Lightsey, P. A., Garc��a Mar��n, M., et al. 2023 a,

PASP, 135, 048002
Rigby, J. R., Vieira, J. D., Phadke, K. A., et al. 2023b, arXiv

e-prints, arXiv:2312.10465
Rivera-Thorsen, T. E., Chisholm, J., Welch, B., et al. 2024, arXiv

e-prints, arXiv:2404.08884
Roberts-Borsani, G., Treu, T., Shapley, A., et al. 2024, arX iv

e-prints, arXiv:2403.07103
Robertson, B., Johnson, B. D., Tacchella, S., et al. 2024, Ap J,

970, 31
Sanders, R. L., Shapley, A. E., Topping, M. W., Reddy, N. A., &

Brammer, G. B. 2023, ApJ, 955, 54
Saxena, A., Bunker, A. J., Jones, G. C., et al. 2024, A&A, 684,

A84
Schaerer, D. 2003, A&A, 397, 527
Schauer, A. T. P., Drory, N., & Bromm, V. 2020, ApJ, 904, 145
Schinnerer, E., Emsellem, E., Henshaw, J. D., et al. 2023, Ap J,

944, L15
Semenov, V. A., Conroy, C., Chandra, V., Hernquist, L., &

Nelson, D. 2024, ApJ, 962, 84
Setton, D. J., Khullar, G., Miller, T. B., et al. 2024, arXiv

e-prints, arXiv:2402.05664
Shapley, A. E., Sanders, R. L., Topping, M. W., et al. 2024, arX iv

e-prints, arXiv:2407.00157
Sharma, M., Theuns, T., Frenk, C., et al. 2016, MNRAS, 458, L9 4
Shen, X., Vogelsberger, M., Boylan-Kolchin, M., Tacchella , S., &

Naidu, R. P. 2024, arXiv e-prints, arXiv:2406.15548
Shivaei, I., Reddy, N. A., Shapley, A. E., et al. 2015, ApJ, 81 5, 98
Simmonds, C., Tacchella, S., Hainline, K., et al. 2024, arXi v

e-prints, arXiv:2409.01286
Sobral, D., Smail, I., Best, P. N., et al. 2013, MNRAS, 428, 11 28
Steinhardt, C. L., Jauzac, M., Acebron, A., et al. 2020, ApJS ,

247, 64



30 Naidu & Matthee et al.

Suess, K. A., Weaver, J. R., Price, S. H., et al. 2024, arXiv
e-prints, arXiv:2404.13132

Sun, F., Egami, E., Pirzkal, N., et al. 2023, ApJ, 953, 53
Sun, F., Helton, J. M., Egami, E., et al. 2024, ApJ, 961, 69
Tacchella, S., Carollo, C. M., Renzini, A., et al. 2015, Scie nce,

348, 314
Tacchella, S., Carollo, C. M., F•orster Schreiber, N. M., et al.

2018, ApJ, 859, 56
Tacchella, S., Finkelstein, S. L., Bagley, M., et al. 2022, A pJ, 927,

170
Tacconi, L. J., Genzel, R., & Sternberg, A. 2020, ARA&A, 58, 1 57
Taylor, A. J., Finkelstein, S. L., Kocevski, D. D., et al. 202 4,

arXiv e-prints, arXiv:2409.06772
Taylor, M. B. 2005, in Astronomical Society of the Paci�c

Conference Series, Vol. 347, Astronomical Data Analysis
Software and Systems XIV, ed. P. Shopbell, M. Britton, &
R. Ebert, 29

Tegmark, M., & Peebles, P. J. E. 1998, ApJ, 500, L79
Tinsley, B. M. 1980, Fund. Cosmic Phys., 5, 287
Tornatore, L., Ferrara, A., & Schneider, R. 2007, MNRAS, 382 ,

945
Torralba-Torregrosa, A., Matthee, J., Naidu, R. P., et al. 2 024,

A&A, 689, A44
Trainor, R. F., Strom, A. L., Steidel, C. C., & Rudie, G. C. 201 6,

ApJ, 832, 171
Treu, T., Schmidt, K. B., Brammer, G. B., et al. 2015, ApJ, 812 ,

114
Treu, T., Roberts-Borsani, G., Bradac, M., et al. 2022, ApJ, 935,

110
Valentino, F., Brammer, G., Gould, K. M. L., et al. 2023, ApJ,

947, 20
Vanzella, E., Castellano, M., Bergamini, P., et al. 2022, Ap J, 940,

L53
Vanzella, E., Loiacono, F., Bergamini, P., et al. 2023, A&A, 678,

A173
Venditti, A., Bromm, V., Finkelstein, S. L., et al. 2024, arX iv

e-prints, arXiv:2405.10940

Venditti, A., Graziani, L., Schneider, R., et al. 2023, MNRA S,
522, 3809

Verhamme, A., Garel, T., Ventou, E., et al. 2018, MNRAS, 478,
L60

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Natu re
Methods, 17, 261

Wang, B., de Graa�, A., Davies, R. L., et al. 2024a, arXiv
e-prints, arXiv:2403.02304

Wang, B., Leja, J., Labb�e, I., et al. 2024b, ApJS, 270, 12
Wang, F., Yang, J., Hennawi, J. F., et al. 2023, ApJ, 951, L4
Wang, X., Hoag, A., Huang, K. H., et al. 2015, ApJ, 811, 29
Wang, X., Cheng, C., Ge, J., et al. 2024c, ApJ, 967, L42
Weaver, J. R., Cutler, S. E., Pan, R., et al. 2024, ApJS, 270, 7
Wechsler, R. H., & Tinker, J. L. 2018, ARA&A, 56, 435
Weibel, A., Oesch, P. A., Barrufet, L., et al. 2024a, arXiv

e-prints, arXiv:2403.08872
Weibel, A., de Graa�, A., Setton, D. J., et al. 2024b, arXiv

e-prints, arXiv:2409.03829
Welch, B., Coe, D., Zackrisson, E., et al. 2022, ApJ, 940, L1
White, S. D. M., & Frenk, C. S. 1991, ApJ, 379, 52
Whitler, L., Stark, D. P., Endsley, R., et al. 2022, arXiv e-pr ints,

arXiv:2206.05315
Wildy, C., Landt, H., Ward, M. J., Czerny, B., & Kynoch, D.

2021, MNRAS, 500, 2063
Williams, C. C., Curtis-Lake, E., Hainline, K. N., et al. 2018 ,

ApJS, 236, 33
Wise, J. H., Demchenko, V. G., Halicek, M. T., et al. 2014,

MNRAS, 442, 2560
Witten, C., McClymont, W., Laporte, N., et al. 2024, arXiv

e-prints, arXiv:2407.07937
Xiao, M., Oesch, P., Elbaz, D., et al. 2023, arXiv e-prints,

arXiv:2309.02492
Xu, H., Wise, J. H., Norman, M. L., Ahn, K., & O'Shea, B. W.

2016, ApJ, 833, 84
Yajima, H., Choi, J.-H., & Nagamine, K. 2011, MNRAS, 412, 411
Zhang, J., Wuyts, S., Cutler, S. E., et al. 2023, MNRAS, 524, 4 128
Zhang, S., Zhou, H., Shi, X., et al. 2018, AJ, 156, 4

This paper was built using the Open Journal of As-
trophysics LATEX template. The OJA is a journal which

provides fast and easy peer review for new papers in the
astro-ph section of the arXiv, making the reviewing pro-
cess simpler for authors and referees alike. Learn more
at http://astro.theoj.org .


	ABSTRACT
	Introduction
	Data
	Public Data
	ALT NIRCam imaging and grism observations: rationale
	ALT NIRCam imaging and grism observations: motivation and validation of a ``butterfly" mosaic
	ALT NIRCam imaging and grism observations: implementation

	Methods
	Data reduction
	Photometric catalog
	Photometric redshifts
	Emission-line galaxy identification in Grism data
	Allegro
	grizli

	SED modeling

	Data Release 1: The Catalog
	The numbers
	Redshift performance

	Results
	Unlocking the Potential of Lensing Clusters I: Highly Magnified Arcs
	Unlocking the Potential of Lensing Clusters II: Multiply Imaged Systems
	Environments on Large Scales: The z=0-7 Galaxy Distribution Behind A2744
	Environments on Small Scales: A Case Study of a ``Local Group" at z=5.7 and High-z Tests of CDM
	Environments on All Scales: Grism Redshifts Uniquely Enable Clustering
	Revealing Obscured Star-Formation across Cosmic Time
	Maximizing Serendipity: Pure Spectroscopic Discovery of Rare Sources


