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Abstract

The majority of low-mass( Ð/ =*M Mlog 9 1010 ) galaxies at high redshift(z > 1) appear elongated in projection.
We use JWST-CEERS observations to explore the role of gravitational lensing in this puzzle. The typical galaxyÐ
galaxy lensing shear! ! 1% is too low to explain the predominance of elongated early galaxies with an ellipticity
e " 0.6. However, nonparametric quantile regression with Bayesian Additive Regression Trees(or BART)
reveals hints of an excess of tangentially aligned sourceÐlens pairs with! > 10%. On larger scales, we also !nd
evidence for weak-lensing shear. We rule out the null hypothesis of randomly oriented galaxies at! 99%
signi!cance in multiple NIRCam chips, modules, and pointings. The number of such regions is small and
attributable to chance, but coherent alignment patterns suggest otherwise. On the chip scale, the average complex
ellipticity #e$ ! 10% is nonnegligible and beyond the level of our point-spread function(PSF) uncertainties. The
shear variance 102 3 is an order of magnitude above the conventional weak-lensing regime but is more
sensitive to PSF systematics, intrinsic alignments, cosmic variance, and other biases. Taking it as an upper limit,
the maximum implied Òcosmic shearÓ is only a few percent and cannot explain the elongated shapes of early
galaxies. The alignments themselves may arise from lensing by a protocluster or !lament atz ! 0.75 where we
!nd an overabundance of massive lens galaxies. We recommend a weak-lensing search for overdensities in
ÒblankÓ deep !elds with the James Webb Space Telescope and the Roman Space Telescope.

Uni!ed Astronomy Thesaurus concepts:Weak gravitational lensing(1797); Galaxy formation(595); Large-scale
structure of the universe(902); Strong gravitational lensing(1643)

Materials only available in theonline version of record: machine-readable tables

1. Introduction

Almost 30 yr ago, Hubble Space Telescope(HST) observa-
tions revealed that faint early galaxies preferentially appear
elongated in projection(L. L. Cowie et al. 1995; S. van den
Bergh et al.1996). This has since been con!rmed with newer
instruments and statistical samples from larger surveys with HST
(D. M. Elmegreen et al.2005; S. Ravindranath et al.2006; A. van
der Wel et al.2014; H. Zhang et al.2019). Most recently,
V. Pandya et al.(2024) revived interest in this puzzle by showing
that low-mass galaxies with /*M Mlog 9 1010 at z > 1
continue to appear preferentially elongated with axis ratios
b��a ! 0.3Ð0.6 even in deeper observations with the James Webb
Space Telescope(JWST) at rest-frame optical wavelengths(see

also J. S. Kartaltepe et al.2023; B. E. Robertson et al.2023;
J. Vega-Ferrero et al.2024).

These early elongated galaxies have continued to defy a
clear explanation. The safest bet is that there is a surface
brightness selection effect against detecting rounder face-on disks
(J. J. Dalcanton & S. A. Shectman1996; D. M. Elmegreen et al.
2005; A. Loeb 2024) or that we are preferentially seeing an
elongated star-forming Òproto-barÓ but not the extended stellar
disk. H. Zhang et al.(2019) showed that at most! 20% of
elongated galaxies would be missed by HST if their light pro!les
were reprojected into the face-on view, which is not enough to
explain the high inferred elongated fractions of! 50%Ð70%.
V. Pandya et al.(2024) demonstrated that JWST should be even
more complete to disks with all orientations atz ! 1Ð8 down to

( )/*M Mlog 910 over a reasonable range of sizes, but stressed
the need to scrutinize even deeper surveys. Alternatively,we may
be seeing tidal debris from ongoing interactions since merger
rates are expected to increase toward high redshift(C. J. Consel-
ice 2014; R. S. Somerville & R. DavŽ2015). Finally, these
objects may truly have prolate or triaxial 3D shapes that re"ect
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their formation via mergers along cosmic web !laments
(D. Ceverino et al.2015; M. Tomassetti et al.2016).

Here, we explore a possibility not previously considered in
the literature: Are early galaxies preferentially elongated
because they have a higher probability of being gravitationally
lensed? It is already well known that the optical depth to
lensing increases for higher-redshift systems(e.g., R. Barkana
& A. Loeb 2000) and that this results in a Òmagni!cation bias,Ó
which modi!es the number counts of high-redshift galaxies
(E. L. Turner et al.1984; J. S. B. Wyithe et al.2011;
C. A. Mason et al.2015). The larger covering fraction of
possible foreground lenses combined with bigger angular
diameter distances to high-redshift sources can also help
maximize the Einstein radius for strong lensing
(T. Treu2010). JWST has already identi!ed multiple strongly
lensed background galaxies in massive clusters missed by
Hubble (e.g., L. Mowla et al.2022, 2024; M. Pascale et al.
2022; B. L. Frye et al.2023; L. D. Bradley et al.2024), with
roughly ! 25Ð65 cases expected in ÒblankÓ JWST deep !elds
(C. M. Casey et al.2023; P. Holloway et al.2023). One new
Einstein ring has already been detected in COSMOS-Web
based on serendipitous visual inspection(W. Mercier et al.
2024; P. van Dokkum et al.2024).

Perhaps the most relevant connection is to weak lensing,
which is sensitive to the assumed intrinsic shapes of galaxies.
JWST is uniquely enabling the use of lower-mass, higher-
redshift sources for weak-lensing studies around massive
clusters (K. Finner et al. 2023a; D. R. Harvey &
R. Massey 2024), but the intrinsic shapes and intrinsic
alignments of these preferentially elongated background
galaxies remain poorly understood. V. Pandya et al.(2019)
proposed that if most early galaxies are indeed nearly prolate
and forming along cosmic web !laments, then they are
expected to show very strong intrinsic alignments, which may
be an underappreciated source of bias for weak lensing. On the
other hand, lensing by foreground large-scale structure may
itself contribute a nonnegligible amount of Òcosmic shearÓ that
leads to some net elongation and alignments of distant sources.
Of course, the fact that it is the lower-mass systems at high
redshift that preferentially appear elongated suggests that this
phenomenon is due to their intrinsic shapes rather than lensing,
but it is still important to quantify the magnitude of the effect
and possible implications.

With these fundamental questions in mind, here, we pursue
a systematic search for both galaxyÐgalaxy lensing candidates
and large-scale alignments in ÒblankÓ JWST deep !elds. This
is complementary to traditional lensing studies around bright
foreground clusters and involves looking for the statistical
correlations between ellipticity, orientation, and shear that are
the hallmarks of gravitational lensing(e.g., J. A. Tyson et al.
1990; T. G. Brainerd et al.1996). For this pilot study, we will
use the JWST Cosmic Evolution Early Release Science
(CEERS) survey (program ID 1345; S. L. Finkelstein et al.
2023), which was selected to not have an obvious bright
cluster in the foreground but may still have overdensities at
higher redshift. By averaging over the orientations of back-
ground galaxies on multiple scales, we will demonstrate the
potential of JWST for constraining the presence of any such
foreground mass concentration even if it is ÒdarkÓ(e.g.,
D. J. Bacon et al.2000; N. Kaiser et al.2000; D. M. Wittman
et al. 2000; R. Maoli et al. 2001; J. Rhodes et al.2001;
A. Refregier2003; M. Kilbinger 2015). With that said, it is not

our goal to measure the precise amplitude of any lensing signal
but rather to place an upper limit on its contribution to the
elongation of early galaxies.

This paper is organized as follows. In Section2, we describe
the data, and in Section3, we detail our methods. We present
our results on galaxyÐgalaxy lensing in Section4 and on large-
scale alignments in Section5. We discuss possible explana-
tions and implications in Section6. Finally, we summarize in
Section7. We assume a standard Planck Collaboration et al.
(2016) cosmology throughout withh = 0.6774,%m,0 = 0.3075,
%&,0 = 0.691, and%b,0 = 0.0486.

2. Data

We use data from the JWST-CEERS survey(program ID
1345; S. L. Finkelstein et al.2023).12 CEERS covers a
! 100 arcmin2 portion of the Extended Groth Strip(EGS;
E. J. Groth et al.1994; M. Davis et al.2007) with NIRCam
imaging in 10 pointings. Data reduction details are given in
M. B. Bagley et al.(2023). Here, we use a source catalog
derived by S. L. Finkelstein et al.(2023) with the original
SExtractor code(E. Bertin & S. Arnouts1996). We use
photometric redshifts and stellar masses derived from 13-!lter
spectral energy distribution(SED) !tting by G. Barro et al.
(2024) using the EAZY code(G. B. Brammer et al.2008). The
13 !lters include six broadband ones from NIRCam(F115W,
F150W, F200W, F277W, F356W, F444W), one medium-band
NIRCam !lter (F410M), and six broadband !lters from the
HST Advanced Camera for Surveys(ACS)��WFC3 (F606W,
F814W, F105W, F125W, F140W, F160W). The multiwave-
length SEDs give reasonably well constrained photometric
redshifts and stellar masses for our selected sample as
described below in Section3.6.

Our galaxy shape measurements are based on single-comp-
onent SŽrsic !ts with������������ (C. Y. Peng et al.2002) by E. J.
McGrath et al.(2025, in preparation). This provides the key
quantities that we need for our lensing analysis: effective(half-
light) radius, projected axis ratio, and position angle of the major
axis measured for each galaxy independently in all six broadband
NIRCam !lters. The shape catalog also includes empirical errors
for these quantities that are derived by matching each observed
galaxy to 100 simulated sources, which were inserted into blank
regions of the mosaic, and which have a similar magnitude, size,
and SŽrsic index. These empirical errors help quantify the
systematic uncertainties that generally dominate galaxy shape
measurements and are not accounted for by the formal statistical
uncertainties from������������ . During the SŽrsic model !tting
process, an empirical, !lter-dependent global point-spread
function(PSF) was used to recover ÒintrinsicÓ galaxy sizes, axis
ratios, and position angles before convolution with a global
empirical PSF. These global PSFs were created by stacking stars
throughout the CEERS footprint(see Section 3.2 S. L. Finkelstein
et al. 2023). In the Appendix, we investigate the spatial
dependence of the PSF in CEERS by measuring the quadrupole
moments of individual stars and quantify the level of bias
expected.

3. Methods

Here, we describe our methods to study galaxyÐgalaxy
lensing and large-scale alignments(in that order).

12 These data can be found on MAST:10.17909��z7p0-8481.
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3.1. Lens and Source Selection

We select possible foreground massive lens galaxies by
requiring z < 1, ( )/ >*M Mlog 10.510 and good SŽrsic !ts
(������������ "ag of zero or one) in the F115W !lter, which traces
the rest-frame optical��near-infrared. Of the 53,885 galaxies
available in the catalog, this leads to 77 massive lens galaxies.
Based on visual inspection, we discard one that is clearly a
deblending artifact resulting in 76 lenses.

For background source galaxies, we imposez > 1 and
( )/ >*M Mlog 910 , which is above the CEERS galaxy com-

pleteness limit to at leastz= 8 for a reasonable range of sizes and
apparent magnitudes(Appendix B of V. Pandya et al.2024). We
do not make any cut on the color or star formation rate. Of the
53,385 sources in the catalog, this yields 6648 galaxies. We
further require that the galaxies have good SŽrsic !ts(������������
"ag of zero or one) in the !lter that most closely tracks the rest-
frame optical(! 5000• ) at their redshift. This means F115W for
z= 1.0Ð1.5, F150W forz= 1.5Ð2.0, F200W forz= 2Ð3, F356W
for z = 3Ð6, and F444W forz > 6. We only include galaxies
whose intrinsic(i.e., PSF-deconvolved) SŽrsic effective radius is
greater than the PSF FWHM of their assigned rest-optical !lter.
These cuts yield 4135 source galaxies, but we discard 267 that are
clearly artifacts based on visual inspection, and another 20 that
have catastrophically high uncertainty estimates of' (b��a) > 1,
' (PA) > 30! , or ' (re) > 1(. This leaves 3848 sources of which
3073(! 80%) are low mass with ( )/ =*M Mlog 9 1010 .

3.2. LensÐSource Pair Selection

For every background galaxy, we start by computing its on-
sky separation to all 76 possible foreground lenses. We de!ne
a subset of these as ÒnearestÓ sourceÐlens pairs by assigning
the closest on-sky lens to each background galaxy. We veri!ed
that our results would be identical if we had instead assigned to
each source the lens with the highest predicted shear.

Figure1 shows the demographics of our sourceÐlens pairs in
terms of the joint distribution of the lens redshift, source
redshift, and on-sky pair separation. The lenses are roughly
uniformly distributed overz ! 0.3Ð1.0, but there appears to be
an overdensity atz ! 0.75 (top gray histogram). The
background sources span a range of redshifts but drop off
steeply fromz ! 1 to 10 (top cyan histogram). Interestingly,
the highest-redshift background galaxies(orange��red points)
are preferentially found near lenses withz ! 0.75. It is unclear
if this is due to magni!cation bias, a selection effect, cosmic
variance, or some combination thereof. At a given lens
redshift, background sources span a range of on-sky pair
separations" " 250(. For the average background galaxy, the
nearest massive foreground lens is! 1) away.

3.3. Lens Model

We assume a singular isothermal sphere(SIS) lens model for
all 76 massive foreground galaxies. For this initial exploratory
study, we believe this strikes a balance between the simplicity of
point lens models and the complex shear analysis that is standard
in weak lensing(P. Schneider et al.1992).

Since we are interested in calculating the galaxyÐgalaxy
lensing shear, we begin by computing the angular diameter
distances to the lens(DL), to the source(DS), and between the
lens and source(DLS). Then, we can compute the Einstein
radius as(e.g., see R. Narayan & M. Bartelmann1996;

T. Treu 2010; P. Schneider2015)

( )=
D
D c

4 , 1E
LS

S

SIS
2

wherec is the speed of light, and#SIS is the(radially constant)
1D velocity dispersion of the SIS halo. For massive early-type
lenses, the central stellar velocity dispersion#* has been
shown to correlate well with#SIS (i.e., being roughly equal;
A. S. Bolton et al.2008; H. J. Zahid et al.2016, 2018). We
thus approximate the central stellar velocity dispersion of all
lenses assuming their centers are baryon dominated via

( )=*
*GM

R
. 2

eff
F115W

This yields a roughly log-normal distribution of#* with the
shape parameters ! 0.3 and scale parameter 275 km s+ 1,
which peaks at! 250 km s+ 1 and has a tail out to! 580 km s+ 1.
The distribution is reasonable and compares well with, e.g., the
range of#* measured for luminous red galaxies(LRGs) at
z< 0.7 in the SDSS-III��BOSS survey(D. Thomas et al.2013).
In detail, since our lens sample extends down to

/ >*M Mlog 10.510 , it likely includes many Òfast rotatorÓ
early-type galaxies(e.g., M. Cappellari2016). Equation(2)
may need a correction to account for the greater fraction of
rotation in these stellar systems. We forgo any such correction
here, leaving it as a systematic that is only relevant for our
galaxyÐgalaxy lensing analysis but not cosmic shear calcula-
tions (the latter is described next in Section3.5).

Taking #SIS = #* , we can thus compute"E. The shear
experienced by a background galaxy a projected distance"
away from the center of a foreground lens is then simply

( )=
1
2

. 3E

This shear can be thought of as a differential change in
projected ellipticity. It is larger for smaller on-sky sourceÐlens
separations and for more massive lenses, which have larger
Einstein radii. For a given on-sky separation" and SIS lens,
the shear is maximized asDLS , DS.

In addition to shear, we also compute the tangential alignment
angle for every sourceÐlens pair as illustrated in Figure2. Every
background galaxy already has a position angle$ for its major
axis from the best-!tting SŽrsic model. We compute another
position angle%from the vector that connects the centers of the
background and lens galaxies. Both position angles are de!ned
with the same astronomical convention where 0! is north (up),
and we limit the range between+ 90! and 90! east of north. The
absolute difference between the two is& - ��$ + %�� and lies
between 0! and 90! . When& " 0! , it means the major axis of the
background galaxy is pointing toward its nearest lens. When
& " 90! , it instead means the major axis of the background
galaxy is perpendicular to the vector connecting the sourceÐlens
pair, i.e., we say the background galaxy is tangentially aligned
with the lens.

3.4. Bayesian Quantile Regression with BART

Since we are dealing with small sample sizes, we opt for a
Bayesian analysis of galaxyÐgalaxy lensing. Speci!cally, we
will perform Bayesian Òquantile regression,Ó which predicts
the conditional distribution of different quantiles of some
property and their dependence on other variables. This

3
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Figure 1. Joint distribution of lens redshift, source redshift, and pair separation for all background galaxies paired with their nearest on-sky massive foreground lens.
The lens redshift distribution is roughly uniform betweenz ! 0.3 and 1.0 with an overdensity atz ! 0.75(top gray histogram). The source redshift distribution drops
off rapidly atz> 1 (top cyan histogram). At !xed lens redshift, background galaxies span a range of source redshifts and pair separations with" " 250(. On average,
background galaxies are! 1) from their nearest on-sky massive foreground lens(right gray histogram).

Figure 2. Illustration of the various vectors and angles computed in this work. We are primarily interested in the position angle$ of the major axis of the background
galaxy and its tangential alignment angle& with respect to the position of the lens. The on-sky angular pair separation is" . All angles are de!ned between+ 90! and
90! east of north.
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provides more information than linear regression, which
instead !ts for a single mean relation and is susceptible to
outliers and nonlinearities. Unlike simple linear regression,
quantile regression can also capture heteroscedasticity in the
data such as the scatter iny changing withx. While quantile
regression can be done in a parametric way(e.g., !tting
different lines for different quantiles ofy), here, we opt for a
nonparametric approach using Bayesian Additive Regression
Trees(BART; H. A. Chipman et al.2010; J. Hill et al. 2020;
O. A. Martin et al.2021). BART approximates a function by
summing over many small regression trees whose individual
sizes and depths are subject to priors that avoid over!tting.13

In addition to the sum-of-trees, there is an error term that is !t
as part of the overall model.

We use the implementation of BART in the probabilistic
programming language PyMC(A.-P. Oriol et al. 2023;
M. Quiroga et al.2023), which utilizes Hamiltonian Monte
Carlo for accelerated gradient-based sampling of the error
term, and particle Gibbs sampling for BART. BART has a
number of hyperparameters that characterize its internal priors
for the depths, splitting rules, and values of its trees to
minimize over!tting. The default values have been shown to
work well for a variety of problems, so we do not vary those.
We use 100 trees to !t our thousands of points in the elog
andlog planes, but using 50 or 200 trees did not change
our results. Note that! has to be inferred whilee and & are
direct observables, so we treat the latter as ÒindependentÓ
variables.

We assume an asymmetric Laplace likelihood, which is
naturally well suited for quantile regression(R. Koenker &
K. F. Hallock2001; K. Yu & R. A. Moyeed2001; H. Kozumi
& G. Kobayashi2011; D. F. Benoit & D. Van den Poel2017).
It has three parameters: one controlling the mean, another
controlling the scale, and yet another controlling the
asymmetry. The location parameter of this likelihood is the
BART random variable with its default internal priors as
described above. For the scale parameter(which quanti!es
uncertainty around the BART-based mean), we use a half-
normal prior with the standard deviation arbitrarily set to 5.
We veri!ed that our results are not sensitive to wider and
narrower choices of half-normal or exponential priors. We sum
this scale parameter in quadrature with the shear uncertainty
estimated for each source as described in Section3.6 below.
Finally, the asymmetry parameter is set to the quantile we are
trying to !t. In this work, we will !t !ve quantiles: 0.1, 0.5,
0.9, 0.95, and 0.997.

We ran four chains with 3000 tuning(burn-in) and 3000
sampling draws. We veri!ed the convergence of the chains as
follows. Trace plots revealed that the posteriors of the scale
parameter for the asymmetric Laplace likelihood were similar
from all four independent chains. Since the BART random
variable is really a collection of predictions from multiple trees
for each of our thousands of observed points, the recom-
mended convergence check involves the cumulative distribu-
tion function of the effective sample size and GelmanÐRubin
statistic for each chain. We veri!ed that the effective sample
size was" 1000, and the GelmanÐRubin statistic was" 1.02

for all BART components of each chain, thus implying
convergence.

3.5. Complex Ellipticity Analysis

We will average over the orientations of background
galaxies both in bins of galaxyÐgalaxy shear and more
generally on the scale of individual NIRCam chips
(64( �� 64(), modules ( !2. 2 2. 2), and pointings
( !2. 2 5. 1). For this, we will follow the standard practice
in gravitational lensing studies(e.g., P. Schneider et al.1992)
and assign each galaxy a complex number:

( ) ( ) ( ) ( )= = +e e i e i eexp 2 cos 2 sin 2 , 4

where��e��- (1 + b��a) is the usual projected ellipticity, and$
is the position angle measured east of north(up).14 The use of
2$ accounts for the symmetry of rotating an ellipse by' , i.e.,
galaxy shape vectors do not point in one or the other direction
for a given orientation. This formalism makes it easy to
compute the average ellipticity as the magnitude of the average
complex number#e$and the average orientation as its phase.15

We will also compute the Òshear varianceÓ2 , which
quanti!es the degree of correlation between the complex
ellipticities of all possible pairs of galaxies in some region.
This summary statistic is frequently used in cosmic shear
studies(A. Refregier2003; M. Kilbinger 2015) and can be
thought of as a simpler alternative to more sophisticated shearÐ
shear correlation functions, which otherwise depend continu-
ously on pair separation. Speci!cally, we adapt Equation(8) of
H. HŠmmerle et al.(2002):

( )
( )=

= = +

*
N N

e e
1

1
, 5

i

N

j i

N

i jreg
2

gal gal 1 1

gal gal

where the normalization accounts for the number of unique
pairs. Note that the inner summation is staggered by one to
prevent double counting pairs and that the product involves the
complex conjugate*ej . This reg

2 is the shear variance for a
single chip, module, or pointing, but we want the average over
all regions of a given type:

( )=
=N

1
, 6

n

N
2

reg 1
reg,n
2

reg

where the sum involves the norm ofreg,n
2 , which in general is a

complex number. We will compute this shear variance for both
galaxies and our PSF stars(Appendix) with the latter serving
as null tests for systematics.

3.6. Monte Carlo Error Propagation and Systematics

We use an ef!cient vectorized Monte Carlo method to
estimate uncertainties on the galaxyÐgalaxy lensing shear.
First, we assume negligible astrometric uncertainties, which
allows us to !x the combination of sourceÐlens pairs for
simplicity. This is sensible since we have so few possible lens

13 In the limit of in!nite regression trees, BART approaches a Gaussian
process but without the need to choose and tune a covariance function(i.e.,
kernel). BART can also be thought of as a Bayesian cousin of machine
learning techniques like random forests and gradient-boosted decision trees.

14 In weak lensing, it is common practice to instead de!ne��e�� = (a + b)��
(a + b) or ��e��= (a2 + b2)��(a2 + b2). Our results are not sensitive to the choice
of a particular de!nition for the norm��e��.
15 It is common practice to divide individual ellipticities by a Òshear
polarizability tensorÓP! or Òshear responsivity factorÓR (R. Massey et al.
2007a). These are of order unity and may depend on galaxy morphology, so
we neglect them here for simplicity.
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galaxies, and the nearest one in projection to each source
would maximize its shear. Then, for each sourceÐlens pair, we
draw 1000 random realizations of the source redshift, lens
redshift, lens stellar mass, and lens effective radius using the
uncertainty estimates for those quantities. The median
fractional uncertainties are#z��(1 + zphot) " 0.014 for source
redshifts, #z��(1 + zphot) " 0.012 for lens redshifts,

/ **
Mlog 0.002Mlog for lens stellar masses, and

/ R 0.074R
F115W

eff
F115W

eff
for the lens effective radius.16

Finally, we compute the distribution of galaxyÐgalaxy lensing
shear over all realizations for a given sourceÐlens pair. The
standard deviation around the mean of that shear distribution
gives the uncertainty on the shear for that sourceÐlens pair.

We use a similarly ef!cient Monte Carlo approach to
propagate errors on#e$, 2 and the starÐgalaxy cross
correlation. When computing these summary statistics for
any sample ofN galaxies or stars, we !rst create 1000 random
realizations of a sizeN each. For every observed galaxy, we
randomly draw an ellipticity, position angle, and any other
quantity of interest from a Gaussian with the mean equal to the
!ducial catalog value and standard deviation equal to the
empirical error from McGrath et al.(2025, in preparation). For
stars, we do the same thing, but in lieu of errors on quadrupole
moments, we use the standard deviation ofe1 ande2 from the
star sample itself as a measure of uncertainty on those
quantities. For simplicity, we do not propagate errors on
galaxy redshift or mass since our analysis is not done in !nez
or M* intervals. Then, we can compute our summary statistics
in all realizations and take the mean and standard deviation
with the latter quantifying the uncertainty due to galaxy��star
shape error propagation. It is almost always the case that the
summary statistics are well constrained, e.g.,µ#e$��##e$ " 1.
However, this cannot, by itself, be used to assess the
signi!cance of an alignment signal. For that, we need a null
hypothesis test to rule out randomly oriented galaxies, which
we describe in Section3.7.

Our Monte Carlo error propagation method gives a formal
uncertainty for summary statistics computed on the scale of the
entire survey. However, we only have one survey limited to a
small (! 0.028 deg2) part of the sky, so our shear variance2
is almost certainly dominated by the cosmic variance. It is not
our goal in this paper to constrain cosmological parameters or
perform detailed comparisons to theory, so we do not attempt
to estimate the cosmic variance uncertainty on2 . Instead,
we will simply place an upper limit on the weak-lensing shear
experienced by high-redshift galaxies. We defer an estimation
of the cosmic variance uncertainty to future weak-lensing
analyses, which can empirically constrain the !eld-to-!eld
variance using multiple ÒblankÓ JWST deep !elds.

We can adapt the shear variance calculation of Equation(5)
to compute the starÐgalaxy cross correlation as a check of
systematics:

( )=
= =

* *e e
N N

e e
1

. 7
i

N

j

N

i jgal star
gal star 1 1

gal, star,

gal star

For this, we measured the complex ellipticity of individual
stars throughout CEERS using quadrupole moments as

described in theAppendix. This provides an important null
test for baselining possible PSF systematics, but we caution
that we have only! 130 stars throughout the survey footprint
and typically only! 1Ð2 stars per NIRCam chip, with! 30%
of chips having no star. To ensure that galaxies are only paired
up with stars in their corresponding rest-frame optical !lter, we
will compute this separately for each NIRCam !lter. Since we
want to know the fractional contribution of the starÐgalaxy
cross correlation to the total shear variance, we record the ratio
of the norms /*e egal star reg

2 for all individual regions before
taking the average as in Equation(6). This approach of
averaging ratios should be more robust especially on smaller
scales where Òshot noiseÓ from the galaxy ellipticity distribu-
tion can dominate the variance between regions of the same
size. Note that our galaxy shapes were measured by !tting a
SŽrsic model convolved with a global empirical PSF and that
we do not attempt to perform local PSF corrections here(but
see theAppendix). The starÐgalaxy cross correlation thus
re"ects any additional local PSF contamination unaccounted
for by the global PSF.

3.7. Null Hypothesis Test for Alignments

For any sample of galaxies that show elevated#e$
suggestive of alignments, we need to compare their observed
#e$to the distribution of#e$expected under the null hypothesis
that they are randomly oriented. ForN observed galaxies, we
create 1 million realizations, each of which is assignedN
random complex ellipticity vectors. We randomly draw
orientations $ from a uniform distribution ( )U 90 , 90 ,
which should ÒbreakÓ any alignments(if present). Since there
is no good, universal distribution from which to randomly
draw ellipticities, we !x the distribution of complex magni-
tudese to the actual observed ellipticities of the galaxies.17

This lets us compute the distribution of the average#e$ under
the null hypothesis that theN galaxies are randomly oriented.
We then calculate thep-value for a given chip as the fraction
of its random realizations where the null#e$ exceeds the
observed#e$. This procedure is used both for our galaxyÐ
galaxy lensing candidates and when averaging over the
orientations of all background galaxies in a given NIRCam
chip, module, pointing, and the scale of the entire survey.

4. GalaxyÐGalaxy Lensing

In this section, we present our results on galaxyÐgalaxy
lensing in JWST-CEERS.

4.1. Shear versus Ellipticity

Figure 3 shows the joint distribution of galaxyÐgalaxy
lensing shear and source ellipticity.18 The ellipticity distribu-
tion of background galaxies is clearly nonuniform and biased
toward elongated objects withe ! 0.6 on average. The
ellipticity distribution of massive sources alone is "atter,

16 The redshift and mass uncertainties re"ect the difference between the 84th
and 16th percentile estimates from G. Barro et al.(2024). The size uncertainty
from McGrath et al.(2025, in preparation) accounts for the formal������������
error as well as systematics using the approach of A. van der Wel et al.(2012).

17 A uniform distribution is clearly not a good choice for high-redshift, low-
mass bins, which are biased toward highe (V. Pandya et al.2024), or for high-
mass spheroid-dominated bins, which are biased toward lowe (e.g., Y.-
Y. Chang et al.2013).
18 Recall that! = 0.5"E��" . The distribution of"E itself for all sourceÐlens
pairs is roughly a log-normal with meanµ ! 0.4 and scale# ! 1.1. It peaks at
"E " 0.7 and extends to 7(.
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consistent with them being randomly oriented disks, but this
implies that the low-mass sources are the preferentially
elongated ones. Most pairs have very small shear with the
mean being#! $ " 0.02 consistent with what is expected for
weak lensing(e.g., M. Oguri et al.2012). Because the mean
ellipticity of background galaxies is much larger than the
typical expected shear, galaxyÐgalaxy lensing cannot be the
primary driver for the preferential elongation of low-mass
high-redshift galaxies.

However, there is a nonnegligible tail toward larger shears
in excess of 0.1, which is beyond the conventional weak-
lensing regime. One object that is highly elongated with
e " 0.7 has an unusually large shear of! " 0.6. Our Bayesian
nonparametric quantile regression with BART reveals that
shear does not correlate with ellipticity for the majority of
pairs below the 95% quantile of shear. Even for shears in the
99.7% quantile, the data do not show a strong correlation with
ellipticity, and the Bayesian credible interval is large. At very
high e > 0.7, we see a downturn in the median! of the 99.7%
shear quantile, but the uncertainty is large due to the small
number of such extreme objects. We con!rmed that the 19
objects withe > 0.85 and! < 0.1 are in fact highly elongated
galaxies and not artifacts(coincidentally, two of them are

shown as prolate candidates in Figure 17 of V. Pandya et al.
2024). The tail of large shear pairs motivates looking for
correlations with the sourceÐlens tangential alignment angle,
which we turn to next.

4.2. Shear versus Tangential Alignment Angle

Figure 4 plots the joint distribution of the shear! and
tangential alignment angle&. Most pairs follow a broad,
relatively uniform distribution of& (top gray histogram).
There is a hint that high-shear pairs with! > 0.2 tend to be
tangentially aligned with larger&, but this is only signi!cant at
the ! 96.6% level (p = 0.0337) based on a two-sample
KolmogorovÐSmirnov test using the unbinned, unweighted
distributions of&. While this hypothesis test based on the 1D
marginalized distribution of& is useful, it is not entirely
appropriate since we are dealing with multidimensional data
and really looking for correlations(E. D. Feigelson &
G. J. Babu2012).

Our Bayesian nonparametric quantile regression con!rms
that most pairs have low shear(the 95% quantile is! " 0.1),
and that those low-shear pairs have no correlation with the
alignment angle. The conditional distribution of the extreme

Figure 3. Joint distribution of shear and ellipticity for all nearest sourceÐlens pairs(black points). The error bars re"ect our Monte Carlo shear estimates(see
Section3.6). The colored solid lines show the conditional distribution of shear on ellipticity in !ve quantiles from our nonparametric quantile regression with
Bayesian additive regression trees: 10%(blue), 50%(orange), 90%(green), 95%(magenta), and 99.7%(red). The light and dark shaded regions re"ect the 50% and
95% credible intervals, respectively. Most background galaxies are predicted to have very small shear, but there is a strong tail toward! > 0.1. The data does not
show a strong correlation between shear and ellipticity regardless of shear quantile. The projected ellipticity distribution of background galaxies is nonuniform and
biased toward high values(top gray histogram). If we restrict to high-mass background galaxies, they show a "atter distribution(top cyan histogram) as expected for
randomly oriented disks, meaning that it is the low-mass galaxies that are preferentially elongated.
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99.7% quantile of shear shows hints of a positive correlation
with the alignment angle as expected, but our Bayesian
credible intervals(i.e., uncertainties) are large. At the low-&
end, there is one sourceÐlens pair with high! ! 0.38. Visual
inspection reveals that this is clearly a high-redshift dropout
galaxy that only appears in redder NIRCam !lters and is
almost perfectly radially aligned with a massive foreground
galaxy ! 2.8 away. For pairs in the 99.7% quantile of shear,
when& is large, the shear tends to be larger by! 5%. There is
also a hint of heteroscedasticity in the data such that the scatter
in shear increases with&. In other words, at small&, the
99.7% quantile of shear may simply be a tail of the log-normal
distribution of shear of all pairs, but at large&, the extremes of
the conditional shear distribution may comprise a broader tail.
This would imply that, among the many tangentially aligned
pairs, there may be some that are lensed, precisely those with
high shear. With that said, our sample size is small, and this
heteroscedasticity appears to be driven by one tangentially
aligned source with high shear! ! 0.63. We next inspect this
and other sources with! > 0.1 and& > 75! , but note that our
simple quantile regression method should be tested in the
future on larger surveys with known strong lenses.

4.3. Images of Lensing Candidates

Figure 5 shows images of the 17 sourceÐlens pairs that
have ! > 0.1 and& > 75! . We will refer to these as our

tangentially aligned galaxyÐgalaxy lensing candidates.
Table1 lists their properties to facilitate follow-up observa-
tions. The cut on! > 0.1 places these candidates in a shear
regime that is an order of magnitude above the conventional
weak-lensing limit. Many of them are elongated, and some
even show arc-like distortions that may be suggestive of
intermediate lensing. None of these are truly in the strong-
lensing regime(i.e., all have" > " E) except possibly one,
which we now discuss.

The highest-shear candidate is a! 109.5M# galaxy that is
clearly elongated withe ! 0.72 and has a photometric
redshift z ! 2.1. It is nearly perfectly tangentially aligned
(& " 88! ) and lies within the Einstein radius of its associated
lens(" ! 3.75, " E ! 4.75), making it our only strong-lensing
candidate within the JWST-CEERS footprint. If its associated
lens, which happens to be our most massive one with the
highest #* , satis!es our SIS assumption, then we expect
another brighter image on the opposite side outside the
Einstein radius with an image separation' " = 2" E = 9.5.
We do not !nd any obvious source there with a similar
redshift as the main image. The massive foreground lens
galaxy itself is spectroscopically con!rmed to be atz ! 0.78,
and our formal Monte Carlo uncertainty on the shear is only
! = 0.638 ± 0.044. If we overestimated its stellar velocity
dispersion by a factor of 2, then, with all else !xed," E would
be halved, and the source would no longer lie within the

Figure 4. Joint distribution of shear and tangential alignment angle for all nearest sourceÐlens pairs(black points). The error bars re"ect our Monte Carlo shear
estimates(see Section3.6). The colored lines show the conditional distribution of shear on tangential alignment angle in !ve quantiles from our nonparametric
quantile regression with Bayesian additive regression trees: 10%(blue), 50%(orange), 90%(green), 95%(magenta), and 99.7%(red). The light and dark shaded
regions re"ect the 50% and 95% Bayesian credible intervals, respectively. Most pairs have small shear(right gray histogram), and there is no correlation with& even
in the 95% quantile of shear(magenta curve). In contrast, there is a hint of an excess of tangentially aligned pairs at high shear with! > 0.2 (top cyan histogram).
There is also a hint of a positive correlation in the 99.7% shear quantile(red curve) wherein! tends to be! 5% higher for tangentially aligned pairs, but the
uncertainties are large. We will refer to pairs with! > 0.1 and& > 75! as tangentially aligned lensing candidates.
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Einstein radius, so a second image would not be expected(it
would still have! ! 0.3 in this case). Of course, another
possibility is that the photometric redshift of our lensing
candidate is very wrong, and it is instead physically
associated with the lens as a satellite. Note that the rest of
our results in this paper do not hinge on whether or not this
candidate is con!rmed(namely, the large-scale alignments in
Section 5 are independent of this galaxyÐgalaxy lensing
issue).

4.4. Source Magni!cations and Demographics

Figure6 shows that all of our lensing candidates fall within
twice the projected virial radius of their associated lens. Here,
we have estimated the projected halo virial radius assuming
Reff��Rvir = 0.02(A. V. Kravtsov2013; R. S. Somerville et al.
2018). Importantly, the shear of our lensing candidates falls off
with Òimpact parameterÓ/ Rvir

proj as! . " + 1, as it should. The
scatter around this relation must come from additional"E

Figure 5. Example 3( �� 3( false-color red, green, and blue(F115W+ F200W+ F356W) postage stamps of our 17 tangentially aligned lensing candidates with
! > 0.1 and& > 75! . The gray arrows point in the direction of their closest foreground massive lens(typically beyond the cutout), and cyan arrows denote the major
axis position angle. The large panel shows a 10( �� 10( cutout around our one strong-lensing candidate. The solid white circle shows our !ducial Einstein radius with
the source clearly inside it, but there is no obvious second image on the opposite(lower right) side of the lens. If the Einstein radius was halved(dashed white circle),
a second image would not be expected, and the shear would drop to! ! 0.3.
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dependence in Equation(3) or due to our simple scatter-free
approximation thatReff��Rvir = 0.02. We can estimate the
magni!cation due to an SIS lens as

( )/µ =± ± , 8

where( = "± + "E is the ÒtrueÓ source position,"± is the two
image positions, andµ± is their corresponding magni!cations
(R. Narayan & M. Bartelmann1996). All of our sources,
except possibly the one strong-lensing candidate, lie outside
their Einstein radii, so there is only one image"+ , and these all
haveµ ! 1Ð2. Our strong-lensing candidate hasµ+ ! + 3.7 for
the inner image(where the negative sign means the image
parity is "ipped with respect to the true source), and the second
image is predicted to be! 1.5�� brighter withµ+ ! 5.7.

Figure7 shows the joint distribution of lens#* , the angular
diameter distance ratioDLS��DS, and the pair separation" , all
of which go into predicting the shear(Equation (3)). The
lensing candidates are associated with preferentially more
massive lenses, smaller on-sky separations, and higherDLS��DS
since that maximizes the Einstein radius"E for an SIS lens
with a given#* . In other words, the distribution of"E is biased
toward larger values(! 1.5Ð6() for lensing candidates
compared to the overall log-normal distribution given in
footnote 18.

Figure 7 also plots the joint distribution of the source
redshift, source apparent magnitude, and source SŽrsic
effective radius with the latter two in the NIRCam !lter that
most closely tracks the rest-frame optical. The lensing
candidates appear well mixed with the general population of
sources except that they are biased towardz ! 2, which just
re"ects the need for some minimal sourceÐlens angular
diameter distance so that"E is maximized. The highest-
redshift candidate is atz ! 5, and all candidates have apparent
magnitudes in the range! 22Ð26 AB mag in their rest-optical
!lters. The candidates have rest-opticalReff ! 0.1Ð0.5, which

requires adaptive optics or space-based telescopes for
observational follow-up.

4.5. Correlated Orientations of Lensing Candidates

The possible excess of tangentially aligned sourceÐlens
pairs in the 99.7% quantile of shear in Figure4 motivates
averaging over the orientations of background galaxies in bins
of galaxyÐgalaxy lensing shear. For galaxies with negligible
(! < 0.01) and weak(0.01 < ! < 0.1) shear, we expect the
magnitude of their average complex ellipticity vector to be
negligible, assuming they are randomly oriented, and there are
no systematics. Figure8 con!rms this even when splitting by
mass. However, at moderate(0.1 < ! < 0.2) and high
(! > 0.2) shear, we start to see evidence for a nonzero average
complex ellipticity and hence preferred orientation. The
standard errors come from our Monte Carlo error propagation
method (Section 3.6) and show that the trend is well
constrained modulo any systematics. We compare these
observed averages to the null distribution of#e$ assuming
the galaxies are randomly oriented(Section3.7). Given the
small sample sizes, only the combined and low-mass
subsamples in the moderate shear bin remain statistically
signi!cant at the> 95% level(thep-values are reported above
each point in Figure8).

This follows the expectation that, as shear increases, there
must be some residual orientation dictated by lensing. The
complex average#e$ ! 10%Ð30% is at least an order of
magnitude above the conventional weak-lensing regime and
unlikely to be due to PSF systematics(Appendix). These
coherent alignments are surprising because our sources trace a
number of different foreground lens galaxies. Of course, if this
were repeated using galaxyÐgalaxy lensing candidates from
multiple widely spaced surveys, we would expect#e$ , 0
even in the moderate and strong shear regimes. But the fact
that our galaxyÐgalaxy lensing candidates have correlated

Table 1
Properties of Our 17 Tangentially Aligned Lensing Candidates and Their Main Associated Lenses

Source ID Source R.A. Source Decl. Sourcez Source ( )/*M Mlog10 SourceRe Sourcee Source$

23392 214.80777 52.86992 2.619± 0.044 9.07± 0.03 1.39± 0.10 0.673± 0.020 + 69.171± 2.636
24257 214.8167 52.86969 1.118± 0.061 9.43± 0.05 1.90± 0.17 0.142± 0.028 78.415± 3.154
24459 214.81947 52.87288 2.338± 0.023 11.23± 0.01 6.67± 1.01 0.397± 0.016 + 43.107± 1.603
24638 214.83818 52.88739 2.359± 0.029 10.89± 0.07 1.14± 0.03 0.377± 0.008 + 64.522± 0.402
28283 214.85403 52.87866 3.382± 0.049 9.45± 0.01 1.60± 0.12 0.811± 0.018 + 48.633± 2.200
29037 214.85188 52.87375 2.349± 0.133 9.06± 0.06 1.04± 0.17 0.583± 0.024 81.108± 5.014
51412 214.98434 52.89845 1.805± 0.052 10.23± 0.11 3.30± 0.22 0.494± 0.016 34.954± 1.771
54273 214.81218 52.81713 5.119± 0.052 9.43± 0.02 1.31± 0.14 0.522± 0.030 43.650± 2.122
65925 215.1386 52.98904 2.311± 0.014 9.22± 0.02 0.70± 0.05 0.508± 0.019 61.166± 2.291
70412 215.09525 52.93305 1.995± 0.032 10.06± 0.03 2.21± 0.20 0.613± 0.011 + 67.699± 1.035
86621 214.86714 52.79953 2.121± 0.041 9.47± 0.03 5.90± 1.26 0.718± 0.022 60.037± 5.622
86695 214.87056 52.80254 4.764± 0.067 9.49± 0.07 1.61± 0.15 0.248± 0.018 + 53.020± 2.234
87402 214.87488 52.80144 2.850± 0.094 10.27± 0.06 2.43± 0.20 0.371± 0.020 + 28.896± 1.915
94812 214.84508 52.79176 4.247± 0.146 9.70± 0.07 1.60± 0.18 0.606± 0.028 29.231± 3.247
95439 214.86063 52.80203 1.654± 0.078 9.07± 0.04 1.91± 0.75 0.749± 0.069 7.401± 22.201
95498 214.84607 52.78814 2.622± 0.145 9.59± 0.03 1.11± 0.11 0.635± 0.013 + 73.424± 1.987
95846 214.86427 52.79873 1.316± 0.066 10.66± 0.05 3.49± 0.19 0.361± 0.007 + 4.828± 0.416

Note. All IDs and positions are from the CEERS photometric catalog with the latter in decimal degrees. Photometric redshifts and stellar masses are from SED
!tting, effective SŽrsic radii are in proper kiloparsecs, and the lens stellar velocity dispersions are in kilometers per second. Position angles are de!ned between
+ 90! < $ < 90! east of north, and alignment angles are between 0! < & < 90! with 0! for radial and 90! for tangential alignment. Pair separations and Einstein radii
are in arcseconds. Uncertainties on physical properties and on the galaxyÐgalaxy lensing shear are described in Section3.6. The full table is available for download
from the journal.

(This table is available in its entirety in machine-readable form in theonline article.)
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orientations within the relatively small(! 0.028 deg2) CEERS
footprint motivates a more detailed spatial analysis of
alignments on larger scales, which we turn to next.

5. Large-scale Galaxy Alignments

In this section, we present results on large-scale alignments
by averaging over the complex ellipticities of background
galaxies on multiple scales de!ned by the NIRCam instrument.
We start with individual NIRCam chips(64( �� 64(), then
individual modules( !2. 2 2. 2), followed by entire pointings
( !2. 2 5. 1 with a 0. 7 gap), and !nally the scale of the
entire survey( !30 6). For this pilot study, restricting
ourselves to the on-sky survey geometry imposed by NIRCam
mitigates systematics from detector gaps and otherwise
arbitrary binning. TheAppendix quanti!es the expected bias
from PSF systematics.

5.1. Alignments on NIRCam Chip Scales��64) ! 64)��

Figure 9 shows that, on average, there are! 50Ð100
background galaxies per arcmin2 that satisfy our

/ >*M Mlog 910 cut in CEERS, which covers a total area of
about! 100 arcmin2 (! 0.028 deg2). This is suf!cient for weak
lensing and cosmic shear studies. First, we show the on-sky
positions of our galaxyÐgalaxy lensing candidates with! > 0.1
and& > 75! compared to the foreground lenses and our overall
background source sample. The galaxyÐgalaxy lensing candi-
dates appear clustered near the southwest, which may help
explain why we see correlated orientations in Figure8. The
lenses themselves appear roughly uniformly distributed
throughout the !eld, although we showed in Figure1 that
there is an overabundance of lenses atz ! 0.75. There is
generally at least one, if not multiple,z ! 0.75 foreground
lenses near each lensing candidate. The projectedRvir of our
lenses are 0. 1 3. 5, i.e., extending over a single NIRCam
chip or entire module.

Figure9 also shows the magnitude of the average complex
ellipticity when averaging over background galaxies in
individual NIRCam chips. The average complex ellipticity is
nonnegligible and clearly in excess of#e$ ! 10% in many
bins. This is an order of magnitude above the conventional
weak-lensing regime and implies strong alignments in the
ellipticities and orientations of background galaxies. The
standard error on the mean#e$ from our Monte Carlo error
propagation is quite low, so in the next subsection, we will use
statistical null tests to quantify the signi!cance of these
alignments.

Figure 10 splits the chip-scale Òshear mapÓ into three
separate ones for high-mass, low-mass, and high-redshift
(z > 2) low-mass background galaxies. There are a large
number of NIRCam chips where high-mass galaxies show
strong alignments with#e$ > 10%. Despite the relative
scarcity of high-mass galaxies, the standard error on#e$ from
our Monte Carlo error propagation is quite low, although we
are likely dominated by systematics. The low-mass sample
down toz > 1 shows nonnegligible#e$ " 0.01 similar to the
combined map from Figure9. Interestingly, restricting to just
low-mass galaxies atz > 2 (in the predominantly elongated
regime; A. van der Wel et al.2014; H. Zhang et al.2019;
V. Pandya et al.2024) reveals preferentially larger#e$ ! 20%Ð
30% in multiple regions compared to thez < 2 low-mass
sample. Whether this is telling us something about lensing by a

large foreground mass concentration, intrinsic alignments, or
systematics requires us to !rst assess its statistical signi!cance,
which we turn to next.

5.2. Statistical Signi!cance from Null Hypothesis Tests

Figure11 quanti!es the statistical signi!cance of our results
with the null hypothesis test described in Section3.7. We !nd
that the majority of chips do not have statistically signi!cant
alignments sincep " 0.05. However, there are multiple cells
where the null hypothesis can be ruled out at> 95%
signi!cance, including a handful at> 99% signi!cance. All
of these have#e$ ! 0.1, which, again, is at least an order of
magnitude larger than the conventional weak-lensing regime.
Interestingly, some of these signi!cant regions are in the
southwest where we saw the clustering of tangentially aligned
galaxyÐgalaxy lensing candidates in Figure9.

In addition to ÒinternalÓ chip-scale signi!cance, it is useful
to think about the Òmap-scaleÓ signi!cance. Given that we
have 80 NIRCam chips, we expect! 80 �� 0.05" 4 detections
by random chance at the 95% con!dence level assuming every
bin is independent. We have more detections than this simple
threshold in the combined(6), high-mass(6), andz > 2 low-
mass(8) maps. However, the low-mass map has only three
detected chips, and even though all of these are at! 99%
signi!cance, on the scale of the map, this may be a statistical
"uke. Formally, when we use the BenjaminiÐHochberg false
discovery rate and Bonferroni methods to ÒcorrectÓ the
individual chip-scalep-values to account for the large number
(80) of tests being done, none of the chips in any of the
subsamples remain signi!cant at the> 95% level. However,
these conservative statistical methods may not be using all of
the available information(e.g., the clustering of chips with
detections), so it is also useful to look at images of individual
chips with alignments, which we turn to next.

Figure12 shows three example chips that have the highest
statistical signi!cance(p " 0.01). The distribution of#e$under
the null hypothesis of random orientations can be ruled out
with ! 99% con!dence given the large observed#e$. Coherent
alignments in the orientations of background galaxies can be

Figure 6. Radial dependence of shear on Òimpact parameterÓ for all sourceÐ
lens pairs(small circles) and for our tangentially aligned lensing candidates
with ! > 0.1 and& > 75! (stars). All of our lensing candidates fall within
twice the projected virial radius of their associated foreground lens, and their
shear drops off as! . "+ 1. The color bar denotes the lensing magni!cationµ,
which is! 1Ð2 for most candidates. If our highest-shear object is truly strongly
lensed, the inner image has��µ��! 3.7, and the outer image is predicted to have
µ ! 5.7 (small inset square).
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seen with hints of circular polarization patterns. Whether these
alignments are due to lensing from foreground substructure,
intrinsic alignments, systematics, or pure random chance
remains to be seen and will require detailed follow-up
spectroscopy and lens modeling. TheAppendix shows that
PSF uncertainties are unlikely to explain these alignments.
Another way to get a handle on such systematics is to search
for alignments on even larger scales, which we turn to next.

5.3. Alignments in NIRCam Modules( )!2. 2 2. 2

On large scales, assuming background galaxies are
randomly oriented, we should !nd fewer regions with
statistically signi!cant alignments unless lensing or systema-
tics are playing a role. Here, we increase the map ÒpixelÓ size
from the scale of an individual NIRCam chip(64( �� 64() to an
individual NIRCam module( !2. 2 2. 2 comprising four
chips).19 Figure 13 identi!es a handful of NIRCam modules
with statistically signi!cant alignments at the> 95% level
using our null test described in Section4.5. A few of these
have module-scale signi!cance at the> 99% level. Given that
we have 20 such modules, we expect 20�� 0.05 " 1 such
detection by random chance at the 95% level. We have two to
three modules with detections for each subsample, so we pass
this simple threshold. Formally, the BenjaminiÐHochberg and

Bonferroni corrections lead top > 0.05 for all modules except
one in thez > 2 low-mass map, which remains signi!cant at
the ! 98% level(p = 0.01882).

Figure 14 shows the module with the most signi!cant
alignments in the orientations of low-mass galaxies atz > 2.
Even on these larger !2. 2 2. 2scales, coherent alignments
can be seen. Some of these alignments appear like linear
ÒchainsÓ whereas others arise from nearly circular arrange-
ments of background galaxies. The latter motivates future
decomposition of the shear map intoE- and B-mode
polarizations to assess whether this signal is due to lensing,
intrinsic alignments, or systematics(e.g., R. G. Crittenden
et al. 2001, 2002).

5.4. Alignments in NIRCam Pointings( )!2. 2 5. 1

Here, we increase the map ÒpixelÓ size to even larger scales
of an entire NIRCam pointing, which encompasses two

!2. 2 2. 2 modules separated by a0. 7 gap. Figure15
shows that we continue to !nd one to two pointings for each
subsample with signi!cant alignments at the> 95% level. Two
of these are signi!cant at the> 99% level: one in the southwest
corner of the high-mass map and another in the northwest
corner of thez> 2 low-mass map. Since we have 10 pointings,
we expect 10�� 0.05 " 0.5 pointings with a detection by
random chance alone. We are above this simple threshold for
all subsamples, but the more formal BenjaminiÐHochberg and
Bonferroni methods lead to correctedp-values in excess of
0.05 for all pointings. However, in addition to these

Figure 7. Demographics of our lensing candidates relative to all sourceÐlens pairs. Left: joint distribution of SIS lens velocity dispersion, angular diameter distance
ratio DLS��DS, and on-sky pair separation" for all sourceÐlens pairs(small gray squares). These three quantities set the level of shear. Darker colors correspond to
smaller pair separations. The large crosses are for our lensing candidates with! > 0.1 and& > 60! . Lensing candidates are preferentially found around more massive
lenses(higher#* ), at smaller pair separations(darker colors), and at greater angular diameter distance from their nearest lens, which maximizes the Einstein radius
"E. Right: joint distribution of source redshift, source apparent magnitude, and source SŽrsic effective radius with the latter two measured in the NIRCam !lter that
most closely tracks the rest-frame optical. Lensing candidates roughly track the underlying population of sourceÐlens pairs except they are biased towardz ! 2 to
maximize the angular diameter distance to our lenses atz < 1. Their rest-optical sizes are! 0.1Ð0.5 and apparent magnitudes! 22Ð26 AB mag.

19 Note that a single NIRCam module can sometimes !t a single bright
foreground cluster used for conventional strong and weak-lensing studies(e.g.,
K. M. Pontoppidan et al.2022) whereas here we are searching for alignments
over multiple modules or pointings.
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conservative statistical tests, it is still instructive to look at
images of pointings with detections.

Figure 16 shows an image of the southwest pointing with
signi!cant alignments of high-mass galaxies atz > 1. Large-
scale alignments are clearly obvious by eye in both modules of
this pointing. Many of these galaxies also show circular
alignment patterns, which reinforces the need to decompose
the shear map intoE- and B-mode polarizations, which can
help constrain whether this is due to lensing, intrinsic
alignments, or systematics. More generally, our results
motivate computing galaxyÐshear and shearÐshear correlation
functions in ÒblankÓ JWST deep !elds like CEERS that are far
away from obvious, bright foreground clusters. Such an
analysis would naturally capture the dependence of the
alignment signal as a continuous function of spatial scale
and offer constraints on cosmology and the foreground lens
mass. However, this is nontrivial and requires careful
consideration of survey geometry, so we leave it for the future.

5.5. Alignments Averaged over the Entire Survey

Figure 17 shows that, on the scale of the entire !eld
( !30 6), we do not !nd any statistically signi!cant
alignments(p > 0.05). This makes sense since, over such a
large area, background galaxies should be randomly oriented,
and lensing must be weak. It also con!rms the lack of
systematics in the data and our shape measurements, at least on
such large scales. Note that we also found a similar lack of
net alignments in Figure8 for galaxyÐgalaxy lensing pairs
with negligible shear, which comprise most of our background
galaxies distributed throughout the entire !eld.

5.6. Background Galaxy Redshift Distributions

Figure 18 shows the redshift distributions of background
galaxies in the NIRCam chips, modules, and pointings where
we found signi!cant alignments(p < 0.05 based on
Figures 11, 13, and 15). Every region has its own distinct
overall redshift distribution as shown with the different shaped
violins. In many regions, there are several galaxies that overlap
in redshift, which suggests clustering in redshift space.
However, the uncertainties on ( )+ zlog 110 are typically of
the order ( )/ /+ z1 ln 10 0.01z (see Section3.6). At z ! 2,
this translates to#z ! 0.07, which implies an angular diameter
distance uncertainty of! 30 proper Mpc. The maximum
transverse(on-sky) separation probed by the overall CEERS
footprint is only! 15 physical Mpc atz ! 2 (individual chips,
modules, and pointings span only! 0.5, ! 1, and! 2.5 proper
Mpc atz ! 2, respectively). Thus, the redshift uncertainties are
likely too large to associate galaxies along the line of sight,
and we have to wait for future spectroscopic follow-up(as also
originally argued by V. Pandya et al.2019). Without precise
redshift clustering constraints, the background galaxies in any
region can be assumed to lie along widely separated large-
scale structures and thus may not be expected to show strong
intrinsic alignments. We thus next consider whether the
alignments vary as a function of scale in the same way
expected for cosmic shear.

5.7. Shear Correlations as a Function of Scale

Figure19 summarizes how the average complex ellipticity
#e$ and shear variance 2 depend on scale for both our
background galaxies and PSF stars(see theAppendixfor more

Figure 8. Average ellipticity and orientation as a function of galaxyÐgalaxy lensing shear. Left: magnitude of the average complex ellipticity vector in increasing
bins of shear from left to right, negligible(! < 0.01), weak(0.01< ! < 0.1), moderate(0.1< ! < 0.2), and strong(! > 0.2). All points re"ect the mean and standard
error from our Monte Carlo error propagation method(Section3.6). Our combined background sample is shown in black, high mass only in red, low mass only in
blue, andz > 2 low mass in green. At small shear, the average ellipticity is very small as it should be for randomly oriented galaxies. At larger shear, we !nd a
signi!cantly larger average residual ellipticity. Thep-value from our null hypothesis test is written above each point. Given the small sample sizes, only the two
moderate shear points enclosed in circles are signi!cant at the> 95% level. Right: complex ellipticity vectors in bins of shear for individual galaxies and the complex
average of the combined sample(black lines). For visualization, the symmetric complex ellipticity vectors have been ÒfoldedÓ back onto the range+ 90! to 90!

measured east of north(up). The magnitude of the average complex ellipticity vector is very small for the negligible and weak shear bins, but is clearly nonzero with
a preferred orientation for the two higher-shear bins.
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details about the latter). Recall that#e$ gives the average
orientation and ellipticity of all galaxies in some region
whereas 2 quanti!es the degree of correlation between
pairwise shapes(as detailed in Section3.5). In this context,
since foreground stars should not be sheared(unlike high-
redshift galaxies), they serve as a null test for PSF systematics
by providing a Ò"oorÓ on#e$and 2 . This is complementary
to our null test for statistical signi!cance in previous
subsections.

Using our combined background galaxy sample without
splitting by mass, redshift, or alignment signi!cance, we !nd
that #e$ drops from an average of! 8% at the NIRCam chip
scale to! 5% for NIRCam modules and! 3% for NIRCam
pointings. If we restrict ourselves only to chips, modules, and
pointings where the null hypothesis of randomly oriented
galaxies could be ruled out at> 95% signi!cance, then#e$ is
somewhat larger due to the alignments, as expected. The exact
same calculation for the stars gives#e$ that is almost constant
with scale but drops monotonically from! 2% to 2.5% for
short-wavelength NIRCam !lters(F115W, F150W, F200W) to
! 0.5%Ð1.5% for long-wavelength NIRCam !lters(F277W,
F356W, F444W). This is several times lower than our#e$
measured for galaxies at the chip and module scales, and to a
lesser extent for pointings. This implies that the alignments we
have detected on these smaller scales cannot be attributed to
percent-level PSF systematics(see theAppendix for more
justi!cation). In contrast, on the scale of the entire survey, the
residual #e$ ! 0.9% of galaxies is comparable to or even
exceeded by the#e$of PSF stars, which is consistent with the
alignments vanishing on large scales as they should.

The middle panel of Figure19similarly shows that the shear
variance drops from !4 102 3 at chip scales to 10+ 3

for modules and 6�� 10+ 4 for pointings. The exact same
calculation for the PSF stars leads to2 that is almost
constant with scale and drops nearly monotonically from
4 �� 10+ 4 for the bluest !lter(F115W) to ! 1Ð3�� 10+ 5 for the
reddest !lter(F444W). Thus, pairs of galaxies have signi!cant
shear correlations above that expected from PSF systematics

on the scale of chips, modules, and pointings. In contrast, on
the scale of the entire survey, !3 102 5 for galaxies,
which is comparable to or even smaller than that of the stars.
Thus, the shear variance on the survey scale is consistent with
being zero since it is so low as to be in the PSF systematics-
dominated regime.

If our alignments were due to cosmic shear, we would
expect a typical !3 102 4 on chip scales that decreases
to ! 3 �� 10+ 5 on the scale of the survey(based on Figure 7 of
the review by A. Refregier2003). Our measured shear
variance is an order of magnitude larger at the chip scale
and several times larger at the module and pointing scales,
although consistent on the survey scale. The right panel of
Figure19 shows that the contribution of the starÐgalaxy cross
correlation is of an order! 10% the shear variance on the chip
scale, which means that starÐgalaxy alignments must be
weaker than galaxyÐgalaxy alignments on these small scales.
However, the fractional contribution of the starÐgalaxy cross
correlation becomes more signi!cant on larger scales where
the shear signal itself is lower and thus in the systematics-
dominated regime. Thus, our measured shear variance is an
upper limit, and it implies an rms shear 5%2 , which is
still too small to explain the preferentially high ellipticity
e ! 0.4Ð0.7 of early low-mass galaxies. The actual shear is
likely even smaller, and future studies that correct galaxy
shapes for the local rather than global PSF may be able to
overcome systematics and measure a much weaker cosmic
shear signal expected in the data that we cannot.

Table2 gives alignment summary statistics for each of the
four subsamples in all 111 regions(entire survey, 10 pointings,
20 modules, 80 chips).

6. Discussion

6.1. Evidence for Cosmic Shear in JWST-CEERS?

We presented evidence for large-scale alignments of high-
redshift galaxies in a ÒblankÓ JWST deep !eld far away from
any obvious foreground cluster. Galaxies atz > 1 with

Figure 9. Projected on-sky lensing maps for CEERS in the standard Ònorth-upÓ frame. Left: positions of the galaxyÐgalaxy lensing candidates(cyan pluses),
foreground lenses(circles colored by redshift), and our overall background galaxy sample(gray histogram). The gray boxes show that there are! 50Ð100 galaxies
per arcmin2 in each NIRCam chip(64( �� 64( ! 0.0003 deg2) across this! 100 arcmin2 survey. The lensing candidates, including the one possible strong lens
(yellow star), appear clustered near the southwest. The foreground lenses are roughly uniformly distributed, but Figure1 suggests an overdensity atz ! 0.75. There is
generally at least onez ! 0.75 lens near each lensing candidate. Right: magnitude of the average complex ellipticity#e$ when averaging over the orientations of
background galaxies in individual NIRCam chips. The average complex ellipticity is nonnegligible and reaches values in excess of 10% in some parts of the map.
The standard error on the mean(inset panel) is generally quite low, but we are likely dominated by systematics.
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/ >*M Mlog 910 appear to be aligned on the scale of multiple
NIRCam chips (64( �� 64(), modules ( !2. 2 2. 2), and
pointings( !2. 2 5. 1) throughout the JWST-CEERS survey
footprint. When averaging over background galaxies in these
regions, the norm of the complex ellipticity vector is often
#e$ ! 10%, which is at least an order of magnitude above the
conventional weak-lensing regime. Many of these chips,
modules, and pointings reveal circular alignment patterns that
are suggestive of nonrandom effects and motivate follow-up
E��B-mode polarization decomposition. In addition, our
tangentially aligned galaxyÐgalaxy lensing candidates, includ-
ing one possible strong lens, tend to cluster in the southwest
(Figure9). This clustering of galaxyÐgalaxy lensing candidates
on scales of! 0¡.1 as well as the detection of alignments in
multiple regions on scales up to !2. 2 5. 1equates to several
Mpc at z ! 0.75 where we found an overdensity of massive
foreground lens galaxies(Figure 1). It is plausible that a
cluster, protocluster, or !lament atz ! 0.75 may be
responsible for the lensing in which case detailed follow-up
modeling may help us learn something about the intrinsic 3D
geometry and lensing mass pro!le of this overdensity(e.g.,
I. Kovner 1987; C. R. Keeton et al.1997).

On the other hand, we cannot rule out intrinsic alignments in
the background galaxies(D. Kirk et al. 2015; R. Mandelb-
aum 2018; C. Lamman et al.2024). V. Pandya et al.(2019)
showed that if early low-mass galaxies are intrinsically prolate,
then they are expected to show strong intrinsic alignments with
each other as they form along cosmic web !laments. Since our
analysis is not done in bins of the source redshift, we are
presumably averaging over this, and therefore, our signal
should not be driven by intrinsic alignments. V. Pandya et al.
(2019) did not detect the expected intrinsic alignments and
claimed that it was due to a lack of spectroscopically
con!rmed background pairs in HST-CANDELS(N. A. Grogin
et al.2011; A. M. Koekemoer et al.2011). However, they also
did not use the complex ellipticity formalism employed here,
so the issue is worth revisiting in light of our results. The fact
that we are detecting coherent alignments on the scale of entire
NIRCam pointings( !2. 2 5. 1) and !nding #e$ ! 10% in
multiple areas spread across the entire! 0.3 deg extent of the
survey(several Mpc atz ! 0.75) does point toward lensing.
But because we lack spectroscopic redshifts for most of our
background galaxies, we cannot precisely identify high-
redshift pairs to robustly constrain intrinsic alignments(see
Figure18).

Of course, there could be other systematics at play. It is
unlikely that we are contaminated by satellite-central pair
alignments(C. M. Hirata et al.2004) because moderate��strong
galaxyÐgalaxy shear requires maximizing the angular diameter
distance between the source and lens, which implies very
different photometric redshift distributions. TheAppendix
shows that our PSF systematics are at the few percent-level,
which, while inadequate for traditional weak lensing, are an
order of magnitude lower than our#e$ ! 10% from averaging
over the orientations of background galaxies on the chip scale.
Thus, PSF uncertainties are unlikely to explain our alignments
in terms of#e$ but are prohibitively large for measuring the
precise amplitude of the cosmic shear variance signal2

(Figure 19). Astrometric misalignments could cause distor-
tions that produce spurious shear signals(K. Finner et al.

Figure 10.Same chip-scale Òshear mapÓ as in Figure9 but now split into high-
mass(top), low-mass(middle), and high-redshift low-mass(bottom) back-
ground galaxies. Only bins with# 5 galaxies are used. The top right inset
panels show the number of galaxies per square arcminute in each NIRCam
chip. Top: massive sources show an elevated#e$ ! 0.3 in many chips. Middle:
low-mass sources at anyz > 1 also show nonnegligible#e$ " 0.01 in many
regions. Bottom: low-mass sources atz > 2 show larger#e$ ! 10% in more
chips compared to thez < 2 low-mass sources.
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2023b), but the CEERS imaging we use is already tied to Gaia
(M. B. Bagley et al.2023), and we have visually inspected all
of our galaxies, so this is unlikely. Future decomposition of the
shear !eld intoE- andB-mode polarizations can help constrain
some of these systematics including signatures of intrinsic
alignments.

We note that JWST-CEERS is only the latest in a long line
of multiwavelength observations of EGS(E. J. Groth et al.
1994) whose early HST-WFPC2 observations enabled the !rst
detection of cosmic shear from space in this very same !eld
(J. Rhodes et al.2000, 2001). Those authors found mean shear
values similar to ours of! 10% using ! 50 background
galaxies in many 1.27�� 1.27 arcmin2 regions along the strip
(see Figure 1 of J. Rhodes et al.2001). After carefully
subtracting off systematics, they estimated the shear variance
to be !0.018 3 102 2 4 on the scale of a single HST-
WFPC2 chip( !1. 27 1. 27). This is an order of magnitude
lower than our !4 102 3 on the slightly smaller scale
of a NIRCam chip(64( �� 64(). The discrepancy is likely due
to PSF systematics on our end(Figure19), which is why we
consider our measurement of shear variance to be an upper
limit rather than a detection. However, differences in source
selection and rest-frame optical versus rest-frame ultraviolet
morphology(HST-WFPC2 probed the latter) may also play a
role. Future efforts to correct for the complicated spatially
varying PSF of JWST should enable precise measurements of
the amplitude of the cosmic shear signal in multiple ÒblankÓ
JWST deep !elds. These can then be averaged to mitigate the
cosmic variance and help constrain the cosmological para-
meters#8 and%M (as has been done from the ground and with
HST; D. J. Bacon et al.2000; N. Kaiser et al. 2000;
D. M. Wittman et al.2000; N. Pirzkal et al.2001; J. Rhodes
et al. 2001, 2004; H. HŠmmerle et al.2002; J. M. Miralles
et al. 2002; T. Schrabback et al.2007). Indeed, the shallower
but ! 10�� larger COSMOS-Web survey is designed in part to
enable this kind of measurement with JWST(C. M. Casey

et al. 2023), building off of the long history of cosmic shear
studies in the HST-COSMOS !eld(A. Leauthaud et al.2007;
R. Massey et al.2007b; J. D. Rhodes et al.2007).

EGS has bene!ted greatly from dedicated panchromatic
imaging and spectroscopic redshift surveys such as AEGIS,
DEEP2, and DEEP3(M. Davis et al.2003, 2007; S. M. Faber
et al. 2003; M. C. Cooper et al.2007, 2012; J. A. Newman
et al.2013). This wealth of data led previous groups to identify
a number of groups and clusters in EGS betweenz ! 0.4Ð1.4,
some of which are located atz ! 0.75 consistent with our
claimed overdensity of lenses there(e.g., see Figure 6 of
B. F. Gerke et al. 2012). The galaxy colorÐmagnitude
bimodality and colorÐdensity relations are also observed for
EGS galaxies atz ! 0.75, which suggests the presence of rich
groups(M. C. Cooper et al.2007; S. M. Faber et al.2007; and
see also later work by V. Pandya et al.2017ausing HST-
CANDELS). The abundance and clustering of X-ray-selected
active galactic nuclei also point toward a number of massive
groups in EGS atz ! 0.7Ð1.4(A. L. Coil et al.2009). We note
that our most massive lens has a spectroscopic redshift of
z ! 0.78, and although its#* ! 580 km s+ 1 is very high
compared to that of the most massive local galaxies(C.-P. Ma
et al.2014; V. Pandya et al.2017b; J. E. Greene et al.2019), it
seems consistent with the tail of high#* LRGs out toz ! 0.7
(D. Thomas et al.2013). This massive lens is also associated
with our only strong-lensing candidate(Figure 5). Spectro-
scopic constraints on the stellar kinematics and environment of
this massive galaxy combined with secure redshifts for
background sources would enable more sophisticated
sourceÐlens reconstruction. Finally, L. A. Moustakas et al.
(2007) conducted a visual search for strong lenses in EGS
using ! 650 arcmin2 of HST-ACS imaging. They found three
(an Einstein Cross, one with two pairs of arcs, and one with a
single pair of arcs), but unfortunately those are all outside of
the JWST-CEERS footprint, which covers only! 100 arcmin2

of EGS. However, they also found that each of these lenses

Figure 11.Statistical signi!cance of chip-scale Òshear mapsÓ for all background galaxies combined(left column), high-mass sources(second from left column), low-
mass sources(second from right column), andz > 2 low-mass sources(right column). The top row shows thep-value in individual 64( �� 64( chips calculated as
described in the text. There are multiple regions with ÒinternalÓ chip-scale alignments at the> 95% con!dence level. The middle row shows the average complex
ellipticity magnitude#e$ (colors) and phase(lines in the Ònorth-upÓ frame) for these statistically signi!cant bins alone. Note how#e$ ! 0.1 in all signi!cant cases
suggestive of strong alignments. Our galaxyÐgalaxy lensing candidates(cyan crosses and gold star) tend to be clustered near the southwest where there are multiple
chips with coherent alignments.
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required! 10% external shear, which supports our claim that
there may be signi!cant cosmic shear throughout CEERS
leading to#e$ ! 0.1.

Our study suggests that ÒblankÓ JWST deep !elds may
provide complementary constraints on lensing and intrinsic
alignments beyond what is traditionally available from
massive cluster surveys, provided that the systematics are
better understood. For example, the high resolution of JWST
imaging may allow one to study higher order distortions due to
lensing such as "exion(which, to quote P. Schneider &
X. Er 2008, happens when Òweak lensing goes bananasÓ). The
prospect of searching for overdensities in ÒblankÓ !elds is
tantalizing because one of the strengths of lensing is that it is
sensitive to mass concentrations even if it is Òdark.Ó JWST will
also enable the selection of lower-mass, higher-redshift
sources for weak lensing, which, while improving number
statistics, may introduce new biases due to the unknown
intrinsic shapes and intrinsic alignments of the early galaxy
population. On the galaxyÐgalaxy lensing side, P. Holloway

et al. (2023) used mock data to show that JWST deep !elds
should expect to have! 25Ð65 strongly lensed systems. One
new Einstein ring has already been detected in COSMOS-Web
(W. Mercier et al.2024; P. van Dokkum et al.2024). We
veri!ed that if we had a sourceÐlens pair in CEERS with
parameters similar to the COSMOS-Web Einstein ring, we
would have identi!ed it. Assuming rings��arcs��clumps were
optimally deblended, this implies there are no Einstein rings in
CEERS.20 Given the small sizes and faint magnitudes of many
of our tangentially aligned sourceÐlens pairs(Figure 7),
follow-up observations may be challenging but required to
enable con!rmation and more detailed lensing modeling.

Looking to the near future, the Roman Space Telescope,
with its ! 0.28 deg2 !eld of view and ! 0.1 resolution, has the
potential to dramatically transform our understanding of
lensing, intrinsic alignments, and origin of low-mass elongated

Figure 12. Three example NIRCam chips in which the null hypothesis of random orientations can be ruled out at! 99% signi!cance when averaging over the
combined background sample(leftmost column of Figure11). A 2( rectangle is plotted at the location of each background galaxy denoting the orientation of its
major axis. The bottom three panels of each column show the distribution of#e$under the null hypothesis of random orientations(top), distribution of ellipticities
(middle), and distribution of position angles(bottom). Coherent alignments in the orientations of background galaxies can be seen.

20 We repeated our search allowing for massive lenses at any redshift and
background sources down to / =*M Mlog 810 but did not !nd any convincing
strong-lensing candidates in JWST-CEERS.
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galaxies. A single pointing with Roman would image a region
larger than the entirety of the existing HST-ACS��WFC3
footprint in EGS, which required tens of tiles over only
! 0.05Ð0.2 deg2(M. Stefanon et al.2017). A ÒRoman Deep

FieldÓ(A. Koekemoer et al.2019; N. E. Drakos et al.2022)
that can reach! 27 AB mag at! 1.5µm would detect and
resolve elongated / >*M Mlog 9 galaxies out toz ! 3
(V. Pandya et al.2024). This would uniquely enable the

Figure 13.Similar to Figure11 but now for individual NIRCam modules( !2. 2 2. 2). There are a few modules with alignments at the> 95% signi!cance level for
each subsample, with many showing#e$ ! 10% even on these larger scales. Those modules do not, however, typically overlap with the galaxyÐgalaxy lensing
candidates.

Figure 14.Similar to Figure12but for the NIRCam module with the most statistically signi!cant alignments for the low-massz> 2 subsample(rightmost column of
Figure13). Again, coherent alignments can be seen even on these larger!2. 2 2 2scales, with hints of circular patterns that motivate futureE��B-mode polarization
decomposition and weak-lensing mass reconstruction.
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Figure 15.Same as Figure13 but now averaging over entire NIRCam pointings(two !2. 2 2. 2modules with a 0. 7 gap in between). For each subsample, there
are one to two pointings with alignments at> 95% signi!cance. The galaxyÐgalaxy lensing candidates are typically offset from such pointings by! 0¡.1.

Figure 16.Same as Figure14 but now for the southwest !2. 2 5. 1pointing in which our high-mass sources have signi!cant alignments at the> 99% level. Large-
scale alignments are clearly present, and there are hints of circular polarization patterns.

19

The Astrophysical Journal, 986:72(29pp), 2025 June 10 Pandya et al.



Figure 17.Same as Figure13 but now averaging over the entire !eld( !30 6). As expected, we do not !nd any statistically signi!cant alignments implying that
the background galaxies are randomly oriented over such large scales.

Figure 18.Redshift distributions of background galaxies in the chips(top row), modules(middle row), and pointings(bottom row) where the different subsamples
(from left to right) showed signi!cant alignments(p < 0.05 based on Figures11, 13, and15). The overall redshift distributions are visualized as violins, and each
individual galaxy redshift is denoted by a thin horizontal stripe. The thick overlapping stripes suggest that galaxies in many regions are clustered in redshift space.
However, the typical fractional photometric redshift uncertainty is indicated below each violin and is generally too large to precisely identify overdensities.
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calculation of galaxyÐshear and shearÐshear correlation
functions over much larger areas than possible with HST or
JWST. Multiple such Roman deep !elds spread across the sky
would help mitigate the cosmic variance that has plagued the
!eld for decades(P. Madau & M. Dickinson2014) and allow
us to test whether the alignments are indeed due to lensing
since the foreground mass distribution should vary across the
sky. We caution that the current plan for the Roman High
Latitude Wide Area Survey over! 2000 deg2 is only designed
to reach 26.5 AB mag for point sources(M. A. Troxel et al.
2021; Y. Wang et al.2022; M. Montes et al.2023). A rule of
thumb is that the completeness limit for extended high-redshift
galaxies is ! 2 mag fainter than the point-source limit
(V. Pandya et al.2024), so a deeper imaging component is
necessary for our science case. Note that Euclid, with its
sensitivity and! 0.2 resolution, is not expected to be complete
to such low-mass galaxies beyondz ! 0.5 even in its Deep
Surveys spanning! 50 deg2 (Euclid Collaboration et al.2022).

6.2. Why Are Early Galaxies Preferentially Elongated?

Despite the evidence for galaxyÐgalaxy lensing and large-
scale alignments with#e$ ! 10%, the fact that most of our
background sources have much higher ellipticities of
e ! 0.4Ð0.7(top panel of Figure3) implies that gravitational
lensing cannot be primarily responsible for their elongation.
Thus, we are led back to the original question that motivated
this study: why are early low-mass galaxies preferentially
elongated as observed by HST(L. L. Cowie et al. 1995;
D. M. Elmegreen et al.2005; S. Ravindranath et al.2006;
A. van der Wel et al.2014; H. Zhang et al.2019) and JWST
(V. Pandya et al.2024)?

The remaining explanations for this puzzle range from the
mundane to the exotic. There may still be a surface brightness
detection bias against rounder, face-on disks(A. Loeb 2024).
V. Pandya et al.(2024) claimed that JWST-CEERS is
suf!ciently complete, but deeper surveys have not yet been
checked. Relatedly, we may be seeing elongated star-forming

protobars at the centers of extremely low surface brightness
disks. Alternatively, the elongated shapes re"ect tidal debris
from ongoing mergers. Finally, early low-mass galaxies may
not start out as disks as commonly assumed but rather as
triaxial��prolate structures that re"ect the cosmic web !laments
in which they form(D. Ceverino et al.2015; M. Tomassetti
et al. 2016; V. Pandya et al.2019). V. Pandya et al.(2024)
emphasized that the stellar masses of early elongated galaxies
at z ! 2Ð3 are consistent with them being Milky Way
progenitors, broadly de!ned, implying that our own Galaxy
may have been elongated in its past. There are hints of this
early elongation from Galactic archeology(R. P. Naidu et al.
2021), and the recent discovery of a strongly lensed, elongated,
clumpy Milky WayÐlike progenitor atz ! 8.3 evokes
connections to chain galaxies(L. Mowla et al.2024; see also
A. H. Zonoozi et al.2019).

It is imperative that we try to rule out the prolate��triaxial
interpretation because so much of our current understanding of
galaxy formation depends on them starting out as disks due to
tidal torques and angular momentum conservation(H. J. Mo
et al. 1998). Although prolate galaxies can form in&CDM,
this has only been seen in some cosmological zoom-in
simulations(D. Ceverino et al.2015; M. Tomassetti et al.
2016), and there is no consensus on subgrid models for
uncertain baryonic physics(e.g., R. S. Somerville &
R. DavŽ2015). What we really want to know is the large-
scale clustering, orientation, dynamical stability, and cosmo-
logical evolution of prolate galaxies, but large-volume
simulations typically do not have the resolution required to
robustly predict the internal dynamics and therefore 3D shapes
of early low-mass galaxies(e.g., A. Pillepich et al.2019). All
of this invites an exploration of more exotic scenarios such as
alternatives to cold dark matter. For example, it has already
been shown that warm and axionic(fuzzy) dark matter
naturally leads to more elongated halos and therefore possibly
more elongated galaxies at early times as observed(P. Mocz
et al. 2020; T. Dome et al.2023; A. Pozo et al.2024).

Figure 19. Average complex ellipticity(left), shear variance(middle), and starÐgalaxy cross correlation(right) on the scale of individual NIRCam chips, modules,
and pointings as well as the entire survey. All points denote averages and standard errors. Solid black lines show results for galaxies in all regions whereas dashed
black lines are only based on regions where the null hypothesis of randomly oriented galaxies could be ruled out at> 95% signi!cance. Colored lines show the exact
same calculations for PSF stars in each !lter. Both#e$and 2 are above the "oor set by stars on smaller scales, but drop into the systematics-dominated regime on
larger scales. The shear variance in particular is several times larger than the typical value from cosmic shear(gray shaded region). The fractional contribution of the
starÐgalaxy cross correlation to the shear variance is subdominant on the chip scale but becomes signi!cant on larger scales where the expected shear signal is lower.
Note that we do not cross correlate stars and galaxies in F277W because that !lter is not used. This implies that our measured shear variance is an upper limit, but
even the large value on the chip scale only implies an rms shear of 5%2 , which is much smaller than the preferentially high ellipticitye ! 0.4Ð0.7 of early
low-mass galaxies. Future work that corrects galaxy shapes for the local rather than global PSF may be able to measure the weak expected cosmic shear signal in
ÒblankÓ JWST deep !elds.
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V. Pandya et al.(2024) claimed that stellar kinematics will
be required to de!nitively distinguish between these inter-
pretations. However, our analysis suggests a new test: if
galaxyÐshear and shearÐshear correlation functions can be
measured over large deep !elds for ( )/*M Mlog 910
galaxies out toz ! 2, then we will be able to constrain
whether these early elongated galaxies show strong intrinsic
alignments and trace cosmic web !laments at high redshift as
predicted by V. Pandya et al.(2019). The Euclid Deep Surveys
are not expected to detect and resolve such low-mass galaxies
beyondz ! 0.5 (Euclid Collaboration et al.2022), but the
Roman Space Telescope may be able to do so. We therefore
strongly recommend that a Roman Deep Field(A. Koekemoer
et al.2019) be planned to enable this potentially transformative
science: Are early elongated galaxies reliable probes of
lensing, do they represent an unrecognized source of
signi!cant additive bias, and can they tell us anything
fundamentally new about cosmology?

7. Summary

We used data from JWST-CEERS(S. L. Finkelstein et al.
2023; E. J. McGrath et al. 2025, in preparation) to explore an
idea not previously considered in the literature: Are early low-
mass galaxies preferentially elongated because of gravitational
lensing? First, we investigated galaxyÐgalaxy lensing for
which we selected 76 massive foreground lens galaxies at
z < 1 and 3848 background sources atz > 1 with

/ >*M Mlog 910 . Above this mass limit, CEERS has, on
average,! 50Ð100 background galaxies per arcmin2 over its
! 100 arcmin2 footprint, making it a good test bed for lensing
studies in ÒblankÓ JWST deep !elds. For each source, we
assigned the nearest on-sky massive lens and estimated the
shear! assuming an SIS lens model as well as the tangential
alignment angle. Second, we looked for alignments on larger
scales by averaging over the orientations of background
galaxies on the scale of individual NIRcam chips(64( �� 64(),
modules( !2. 2 2. 2), and pointings( !2. 2 5. 1) across
the survey. Our results are summarized as follows.

1. GalaxyÐgalaxy lensing cannot be the primary driver for
the elongated appearance of most early low-mass
galaxies because our typical predicted shear is of an
order of only ! " 1%. This is much lower than the
typical ellipticity e ! 0.4Ð0.7 of high-redshift galaxies
(Figure3). However, there is a broad tail toward larger

shears in excess of 10%. We use nonparametric quantile
regression with BART to show that there is a hint of an
excess of tangentially aligned sourceÐlens pairs with
such high shear(Figure 4). We identify 17 tangentially
aligned lensing candidates, only one of which may truly
be in the strong-lensing regime(Figure 5 and Table1).
These galaxyÐgalaxy lensing candidates are clustered in
the southwest region of the survey(Figure9) and show
evidence that their orientations are correlated(Figure8).

2. We !nd evidence for coherent large-scale alignments
when averaging over the orientations of background
galaxies in multiple NIRCam chips(64( �� 64(), modules
( !2. 2 2. 2), and pointings( !2. 2 5. 1). We can rule
out the null hypothesis of random orientations at the
! 99% con!dence level for multiple individual regions
(Figures11, 13, and 15, and Table2). The number of
such regions is small on the scale of the survey, so
formally, the detections may be due to random chance,
but the imaging clearly reveals nonrandom alignment
patterns(Figures12, 14, and16). On the chip scale, the
average complex ellipticity#e$ ! 10% and shear
variance !4 102 3 are an order of magnitude
above the conventional weak-lensing regime(Figure19).
We consider these to be upper limits due to PSF
uncertainties(Appendix), intrinsic alignments, cosmic
variance, and other lensing systematics. The maximum
implied Òcosmic shearÓ is still only 5%2 , much
lower than the ellipticity of early low-mass galaxies.

3. We speculate that the large-scale alignments may be due
to lensing from a foreground protocluster or !lament
spanning several Mpc atz ! 0.75 where we found an
overabundance of massive lens galaxies(Figure 1).
Future spectroscopic surveys of the regions with
net alignments are needed to con!rm whether galaxies
are clustered in redshift space and intrinsically aligned
along the same high-redshift large-scale structures
(Figure 18). We also strongly recommend the planning
of a deep !eld with the forthcoming Roman Space
Telescope whose sensitivity, resolution, and 0.28 deg2

!eld of view will uniquely enable the calculation of
galaxyÐshear and shearÐshear correlation functions for
elongated galaxies with ( )/*M Mlog 910 out toz ! 2.
This will provide a novel way to constrain the intrinsic
shapes of early elongated galaxies, which, if they are

Table 2
Alignment Summary Statistics for All 111 Regions(Entire Survey, 10 Pointings, 20 Modules, and 80 Chips)

Region R.A. Decl. Nall pall #e$all
e

all #$$all all 2 2

Survey NaN NaN 3848 0.351439 0.008596 0.000890 + 76.610408 2.856324 0.000028 0.000008
P1 214.984415 52.978435 452 0.066638 0.038976 0.003063+ 77.855550 2.039165 0.000576 0.000111
P1_A 214.958701 52.960792 199 0.720549 0.020503 0.004996+ 79.233521 6.838656 0.000463 0.000106
P1_B 215.010129 52.996078 253 0.053044 0.054112 0.003427+ 77.571261 1.917349 0.001001 0.000183
P1_A1 214.940923 52.960792 36 0.065806 0.124969 0.009176 87.494525 2.213625 0.005178 0.001155
P1_A2 214.958701 52.943014 49 0.813965 0.030689 0.009761+ 88.482837 83.918228 0.003371 0.000461
P1_A3 214.958701 52.978570 53 0.463524 0.062890 0.013377+ 50.235209 5.957865 0.001892 0.000484
P1_A4 214.976479 52.960792 59 0.745130 0.037742 0.007163 40.715718 6.197549 0.001791 0.000253

Note.The central R.A. and decl. of each region are in decimal degrees.N is the number of galaxies. We give thep-value from our null test, magnitude of the average
complex ellipticity#e$, and the associated phase angle+ 90! < #$$ < 90! de!ned east of north. All uncertainties are standard errors from our Monte Carlo method.
We give these values for all four subsamples denoted by the superscript in the column name: all, high mass, low mass, or ÒearlyÓ forz > 2 low-mass galaxies. The
shear variance and starÐgalaxy cross correlation are given only for the combined sample. The full table is available for download from the journal.

(This table is available in its entirety in machine-readable form in theonline article.)
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forming along !laments, are expected to show strong
intrinsic alignments(V. Pandya et al.2019). This would
also help calibrate any bias from this population for
weak-lensing analyses.
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Appendix
Investigation of Possible PSF Systematics

In this appendix, we show that PSF systematics are unlikely
to explain our results, which are at least an order of magnitude
above the conventional weak-lensing regime. Our galaxy
shape measurements were done with������������ (C. Y. Peng
et al.2002; E. J. McGrath et al. 2025, in preparation) assuming
a single-component SŽrsic model convolved with an empirical
NIRCam PSF. The PSFs are ÒglobalÓ averages based on
stacking all stars that fall within the CEERS footprint in each
!lter as described in Section 3.2 of S. L. Finkelstein et al.
(2023). It is customary to summarize a PSF by only its
FWHM, enclosed "ux within some aperture, and corresp-
onding limiting magnitude for a point source, but for our
purposes, we also need to estimate its complex ellipticity.
Furthermore, in addition to the global stacked PSF, we also
need to consider spatial variations by !tting individual stars
throughout the survey. We use a similar list of stars in each
!lter throughout the CEERS footprint as S. L. Finkelstein et al.
(2023). These stars were selected via custom cuts on the half-
light radius and magnitude. For each star in each !lter, we
made a 101�� 101 pixel cutout and discarded objects with
obvious issues(neighbor, detector edge, etc.). This leaves us
with 111Ð134 stars per !lter, i.e.,! 1 star arcmin+ 2.

Following the standard practice in weak-lensing studies
(e.g., N. Kaiser et al.1995; C. Heymans et al.2005, 2006;
P. Schneider2005; M. J. Jee et al.2007; R. Massey et al.
2007a; S. Bridle et al.2010; R. Mandelbaum2018; K. Finner
et al. 2023a, 2023b; S. Cha et al.2024), we measure the
Òquadrupole momentsÓ of every individual star as well as the
global stacked PSF image from S. L. Finkelstein et al.(2023).
These quadrupole moments characterize the variance and
covariance of the light intensityI(x, y) along thex and y-
directions. To suppress noise and ensure that only the ÒcoreÓ of
the PSF contributes to the measurements, we adopt the

common choice of a circular Gaussian with# = 3 pixels as a
weight function ( )W x y, (our results are insensitive to
reasonable variations in#). This lets us compute the !rst
moment of the 2D light distribution, which is the centroid
( øx, øy):

ø
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Then, we compute the second moments using the pixel
indices shifted relative to the centroid:
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Finally, this lets us assign to every star(i.e., PSF) a complex
ellipticity
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This is analogous to the complex ellipticity that we assigned to
every galaxy in Equation(4) except here we are using

quadrupole moments. The complex magnitude= +e e e1
2

2
2

gives us the PSF ellipticity, and the complex phase
$ = 0.5arctan2(e2, e1) gives us the orientation. The size is
de!ned as = +R Q Qxx yy.

As an example, Figure20shows the global empirical PSF in
each !lter from S. L. Finkelstein et al.(2023) along with our
quadrupole moments. As expected, the ellipticities are very
small with e " 0.02. The sizeR translated to a Gaussian
FWHM, as is common practice, yields similar values as
S. L. Finkelstein et al.(2023) with the resolution decreasing
from ! 0.08 in F115W to ! 0.13 in F444W. Results for
individual stars are similar. Before proceeding, we caution
that, although this kind of quadrupole analysis is standard in
weak lensing, the NIRCam PSF is clearly very complicated
(i.e., not a simple Gaussian or Airy disk). The features outside
the ÒcoreÓ of the PSF are due to JWSTÕs hexagonally
segmented primary mirror and the ÒtripodÓ structure that
supports the secondary mirror(J. Rigby et al.2023). Other
recent JWST studies(K. Finner et al.2023a; S. Cha et al.
2024; M.-Y. Zhuang & Y. Shen2024) also use quadrupole
moments or !t an elliptical 2D Gaussian to the ÒcoreÓ of the
PSF and arrive at similar conclusions as us, but we recommend
a more detailed follow-up analysis.

Figure21 shows the distribution of our individual stars and
the global PSF in the complex(e1, e2) plane. Nearly all stars in
every !lter have e < 0.05, i.e., the PSF is very round as
expected. The short-wavelength NIRCam !lters(F115W,
F150W, F200W) have average components#e1$ ! 0.02 and
#e2$ ! + 0.01, and there is clearly a bias toward the lower right
quadrant. The long-wavelength NIRCam !lters(F277W,
F356W, F444W) have substantially rounder PSFs as evi-
denced by their smaller#e1$" 0.01 and#e2$ ! ± 0.001. These
percent-level PSF systematics are unlikely to explain our much
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larger observed#e$ ! 0.1 when averaging over galaxies in
individual NIRCam chips, modules, and pointings(Figure19).
At most, they would lead to an additive bias in#e$ of a few
percent, not tens of percent.

Figure22 shows a map of the PSF ellipticity and orientation
across the entire CEERS footprint using our individual stars.
Most stars have very small ellipticity, but there are a handful
with e ! 0.05Ð0.08. The cores of these stars do look slightly
elliptical, and it is not clear whether they are outliers since
other stars near them show smaller ellipticities. The orienta-
tions of PSF stars in the long-wavelength !lters appear random
due to their very small ellipticities. In contrast, for the short-
wavelength !lters, there is an overall pattern of many stars
pointing toward the upper left of each panel(45! east of north).
However, again, since the individual PSF ellipticities are
very small, their additive bias due to these alignments
cannot contribute more than a few percent to our much
larger observed#e$ > 10% from averaging over background
galaxies.

Finally, Figure23 shows that our actual background galaxy
sample spans a much larger range in this same complex(e1, e2)
plane. Only! 2% of our galaxies havee < 0.05 similar to our
PSF stars, and they are roughly uniformly split between the
different quadrants(phase angles). Note that the majority of

our galaxies(2972��3848 ! 77%) are assigned to a short-
wavelength NIRCam !lter(F115W, F150W, F200W) to obtain
the rest-frame morphology corresponding to their redshift.
Moreover, our smallest size galaxies(which would be
preferentially subject to PSF systematics) are also roughly
uniformly spread out in this plane, i.e., not biased toward any
one quadrant. This is true regardless of whether we look at the
combined sample or only galaxies in individual pointings.
Given that the PSF tends to round out objects, the fact that our
galaxies have intrinsic ellipticities that are much larger than
that of the stars implies that correcting for the small bias
toward the lower right quadrant in Figure21 would not cause
most of our galaxies to change quadrants. Thus, we do not
believe that the percent-level PSF systematics remaining in the
data can explain our observed alignments in regions with
#e$ ! 10%. However, measuring the precise amplitude of the
shear variance 2 will require correcting galaxy shapes for
this spatially varying PSF because the expected signal is weak,
especially on larger scales(Figure 19). It is unclear whether
CEERS itself has enough stars to interpolate the PSF shape to
the position of every galaxy, so a more sophisticated strategy
may be required. We defer that to a future more detailed weak-
lensing analysis of ÒblankÓ JWST deep !elds.

Figure 20. The global empirical PSF from stacking stars in each !lter from S. L. Finkelstein et al.(2023) along with our quadrupole moment measurements. The
white ellipse illustrates the ellipticity, orientation, and size of the quadrupole moments that characterize the core. Naturally, the ellipticities are small withe " 0.02,
so these ellipses are nearly circular. All images are on a log scale to emphasize JWSTÕs unique diffraction features outside the ÒcoreÓ of the PSF. On a linear scale,
the sizeR derived from quadrupole moments adequately re"ects the extent of the core. Results for individual stars are similar.
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Figure 21. Distribution of our individual stars(blue points) and global stacked PSF(yellow star) in the complex(e1, e2) plane. This is in the standard Ònorth upÓ
frame. Nearly all stars in every !lter havee < 0.05, i.e., the PSF is very round. It is slightly more elliptical in the short-wavelength !lters(F115W, F150W, F200W)
with #e1$ ! 0.02 and#e2$ ! + 0.01, and there is clearly a bias toward the lower right quadrant. The long-wavelength !lters(F277W, F356W, F444W) have even
rounder PSFs as expected. These percent-level PSF systematics cannot explain our much larger#e$! 10% when averaging over background galaxies(Figure19) but
must be corrected in any future analysis of the conventional weak-lensing regime.
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Figure 22. Ellipticity and orientation of the PSF at the positions of individual stars across the entire CEERS footprint. For convenience, the ellipticity is indicated
both with the line length(scale bar in lower left) and with the color bar. The ellipticity and orientation of the stacked PSF is shown in the left center of each panel.
This is in the standard Ònorth upÓ frame. The ellipticities are very small and appear random in the long-wavelength !lters. In contrast, for the short-wavelength !lters,
there are systematic PSF alignments toward 45! east of north but the small ellipticities mean that these will cause an additive bias of at most a few percent, which is
an order of magnitude lower than our#e$! 10% from averaging background galaxies(Figure19). However, future studies in the conventional weak-lensing regime
must correct for this bias.
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Figure 23. Distribution of our background galaxy sample in the complex(e1, e2) plane(standard Ònorth-upÓ frame). The large center panel shows our combined
background sample whereas the smaller panels show the distributions in individual pointings. In all cases,! 2% of our galaxies havee < 0.05, which is the PSF-
dominated regime(within the central black circle). Our galaxies also tend to be roughly uniformly distributed between the four quadrants. This is particularly true for
our smaller-size galaxies(bluer colored points), which would be most susceptible to PSF effects. The fact that most of our galaxies have intrinsic ellipticities that are
much larger than that of our stars implies that the small bias toward the lower right quadrant in Figure21 is unlikely to dictate the orientations and hence alignments
of our galaxies.
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