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Abstract

The James Webb Space Telescope (JWST ) is the first telescope capa-

ble of probing the creation of the earliest galaxies in the Universe. Several

large blank field observing programs aimed at combating the effects of cos-

mic variance at high redshifts such as JADES and CEERS have been unsuc-

cessful in probing the critical 15 ≤ z ≤ 20 regime in which the first galaxies

are believed to have formed. This has motivated the search for a survey

strategy that will be able to effectively probe this redshift regime. This work

analyzes the use of gravitationally lensed fields, which has historically been

the most effective discovery tool with the Hubble Space Telescope (HST ), uti-

lizing the 6 galaxy clusters which provided the highest median magnification

factor within a single JWST NIRCam pointing (2.1’x2.1’) in order to suppress

the effects of cosmic variance at high redshift. Testing was conducted using

the magnification maps of archival models of the 6 clusters selected from the

CLASH/MUSES catalogues, modelled using both HST and JWST data, and

simulated massive elliptical galaxies created using LENSTOOL. The lens mod-

els were used in combination with mock survey code which employs the use

of a luminosity function extrapolated into the z > 8 regime in conjunction with

a cosmic variance calculator cosmic-variance in order to estimate both the

expected number of galaxies as a function of redshift and the highest red-

shift galaxy one would expect to see in a given survey strategy. These results

were then compared against the results of large area, blank field surveys such

as JADES and CEERS in order to determine the most effective survey strat-

egy for JWST. We found that the fields containing massive foreground galaxy

clusters specifically chosen to have the highest median magnification factor

within the NIRCam pointing provide the highest probability of both probing the

15 ≤ z ≤ 20 regime, as well as discovering the highest redshift galaxy possi-

ble with JWST. Such a survey strategy would also be significantly more time

effective given the fewer lines of sight required to discover these ultra-high

redshift galaxies.
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1 Introduction

JWST is the first telescope that will be able to observe galaxies in their initial state

of assembly, rather than their subsequent evolution. Although we do not have

direct observational constraints on galaxy assembly, the formation of halos that will

host galaxies is robustly predicted both analytically and numerically. Thesemodels

predict that the first galaxies should only appear between redshifts of 15 ≤ z ≤ 20

(Yung et al., 2023; Lacey et al., 2011; Bromm & Yoshida, 2011; Springel et al.,

2005). This means that JWST should be capable of finding this first generation

of galaxies. Pinpointing the timing of this first generation will also provide a test

of different halo assembly models, along with models predicting the age of the

Universe at which the first stars formed. Additionally, it will allow us to pinpoint the

beginning of the cosmic ”dark ages”, in which neutral hydrogen obscures the light

from the first galaxies, thus preventing us from directly observing them.

However, finding such galaxies requires an optimized search strategy. The

early success of JWST has allowed us to observe a new regime of high-redshift

galaxies in blank fields, which have been spectroscopically confirmed to lie at red-

shifts of up to z = 13.2 (Robertson et al., 2022). This is rapidly approaching the

predicted redshift regime for the birth of the first galaxies in the Universe, however

we have yet to directly observe the beginning of the dark ages. Therefore, the

current limit of JWST does not fall within the dark ages of the Universe.

This limit will be further constrained as we update our halo mass functions

using the newly discovered high-redshift galaxies found by JWST. In the blank

fields in which these galaxies have been found, it is statistically unlikely to find a

galaxy at a redshift z ≥ 14, thus not allowing us to probe the limiting redshift of the

cosmic dark ages. However, we have not employed optimized search strategies

to probe the 15 ≤ z ≤ 20 regime which JWST should be capable of probing.

The method this work presents uses the galaxy clusters that provide the highest

median magnification factor within a single NIRCam pointing in order to give us

the highest probability of finding a galaxy within the uncertain limits of the highest

redshift at which we should be able to see a galaxy.
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1.1 History of Gravitational Lensing

Gravitational lensing occurs when the gravitational potential of a massive object

such as a large galaxy or a massive cluster of galaxies bends its surrounding

space-time and allows for the light coming from a background source to be de-

flected along the path to the observer.

The first arguments for light’s path being bent around a massive object came

out of Isaac Newton’s 1704 book Opticks (Newton, 1704). In 1801, Johann Georg

von Soldner calculated the deflection angle of light travelling past a massive object

using Newton’s findings, and found that for light coming from a point sourcemoving

through a spherically symmetric gravitational field, the deflection angle is

α̂ =
2GM

c2b
, (1)

where G is the gravitational constant, c is the speed of light in a vacuum, M is

the mass of the foreground lens, and b is the impact parameter of the light coming

from the original source. A sketch of this can be seen in Fig. 3.

Von Soldner originally computed this relationship for the case in which the grav-

itational potential of the Sun would be deflecting the light coming from background

stars. By settingM = M� ≈ 1.989×1030 kg, and since they would be searching for

light being bent around the edges of the sun, b ≈ R� ≈ 6.96× 108 m. This resulted

in a deflection angle of 0.875".

In 1915, Einstein published his theory of General Relativity, which generalized

special relativity and related the curvature of space-time to the energy andmomen-

tum of the object. A key result of this theory is that for a photon travelling along a

null geodesic, its deflection angle when passing through a spherically symmetrical

gravitational potential is

α̂ =
4GM

c2b
. (2)

This is exactly two times greater than the value computed fromNewtonian grav-

ity by von Soldner. In order to test this tension, in 1919, Arthur Eddington and Frank
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Watson Dyson took detailed images of a total solar eclipse, which would allow for

the stars near the sun to be more easily observed. The goal of the observations

was simple: measure the deflection angle of the light coming from the stars near

the surface of the sun using the known positions of other reference stars nearby.

Figure 1: Image of the May 29th 1919 solar eclipse that was used to compare the

relative locations of known stars in order to test Einstein’s theory of General Rela-

tivity. This image was originally taken from Eddington’s 1919 paper (Dyson et al.,

1920), however this is a modern processed image of the original photographic

plate. Credit: ESO/Landessternwarte Heidelberg-Königstuhl/F. W. Dyson, A. S.

Eddington, & C. Davidson

1.2 Dark Matter Halos

A critical step towards accurately modelling gravitational lenses caused by galax-

ies and galaxy clusters is understanding the way that dark matter assembles into

halos. These halos are present in both galaxies and galaxy clusters, and account
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for more than 10 times the mass of the visible baryonic matter (White et al., 1993;

White & Fabian, 1995; Lubin et al., 1996). This means that most of the effects

of gravitational lensing that we are seeing are caused by the electromagnetically

invisible dark matter in these structures, not by the baryonic matter.

The most visually striking case of this discrepancy comes from observations of

the Bullet Cluster, which is a galaxy cluster located at a redshift of z = 0.296, and

is a prime example of two smaller clusters in the process of merging.

Figure 2: Composite image of the Bullet Cluster, imaged by the Magellan and Hub-

ble telescopes, with X-ray emission captured by the Chandra telescope shown

in pink. The blue glow is the dark matter distribution estimated using gravita-

tional lensing maps (Clowe et al., 2006). Credit: X-ray: NASA/CXC/CfA/M.Marke-

vitch, Optical and lensing map: NASA/STScI, Magellan/U.Arizona/D.Clowe, Lens-

ing map: ESO WFI

Fig.2 shows that the center of the dark matter distribution (shown in blue) is sig-

nificantly offset from the center of the baryonic matter distribution (shown in pink) in

the cluster. The dark matter is inferred from the gravitational lens model generated

for the cluster, which is built by assuming a density distribution (such as the NFW
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profile discussed in Sec. 2.1), and then using the locations and luminosities of the

multiple images of the background galaxies to constrain both the shape of the dark

matter halo, as well as its mass and concentration. The mass of the Bullet Cluster

contained within a 500 kpc radius from the center of the cluster was estimated at

Mr=500 kpc = 5.3× 1014M� (Clowe et al., 2004). Clowe et al. (2006) concluded that

the 8σ difference between the central peaks of the total mass and the baryonic

mass can only be explained by the presence of dark matter, and that the majority

of the mass in the cluster comes from the dark matter components. The discrep-

ancy between the locations of the dark matter and ionized plasma comes from the

fact that in cluster mergers, galaxies act like collisionless particles (Clowe et al.,

2006), whereas the pink intracluster medium (ICM) experiences ram pressure,

which results in the decoupling of the two components.
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2 Gravitational Lensing Formalism

This section outlines the formalism associated with describing the density distri-

bution of dark matter halos, as well as the equations necessary to describe the

lensing effects cuased by them.

2.1 The NFW Profile

One of themain challenges inmodelling darkmatter halos is that we cannot directly

measure their density distribution. This means that we must rely on theoretical

models of dark matter halos in order to build our lens models.

The simplest form that a dark matter halo could take is an isothermal sphere,

where the density distribution of the dark matter halo would evolve with radius as

ρ(r) ∝ r−2 for r ≤ rh , (3)

where rh is the radius at which the mean density contained within the radius is

ρh = ∆hρ = ∆hρcrΩm , (4)

where ρ is the mean matter density of the Universe at a given time t, ρcr is

the critical density of the Universe at that same time, and ∆h describes the over-

density of the region. In practice, the most common choices for this over-density

parameter are either ∆h = ∆vir, or more commonly when describing dark matter

halos, ∆h = 200, i.e. where the density is 200 times that of the mean density ρ.

Although we know that a significant portion of the gas found in galaxies and

galaxy clusters takes on an isothermal density distribution, there are multiple key

problems with using this density distribution when describing dark matter halos:

1. The outside of the halo might take an infinite amount of time to collapse,

which is nonphysical
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2. the hierarchical merging of dark matter halos could invalidate the spherical

collapse model

Thus, we need to turn to numerical simulations in order to better describe the

density distributions of dark matter halos.

In 1996, Navarro, Frenk & White showed that the density profiles of dark mat-

ter halos generated in N-body ΛCDM cosmological simulations can be described

using a double power law. This allows for the the logarithmic slope at small radii

to be ∼ −1, and ∼ −3 at large radii (Navarro et al., 1997). The resulting ”NFW”

density profile is described as

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
, (5)

where rs is the so called scale radius, which is the relationship between the con-

centration parameter c of the halo, and the radius for a given choice of over-density

parameter∆. For example, given a typical over-density of∆ = 200, rs ≡ r200/c, the

scale density ρs is simply the product of the critical density of the Universe ρcr at a

time t, and the characteristic over-density parameter δc, defined as ρs ≡ δcρcr. The

characteristic over-density parameter δc is solely dependent on the concentration

parameter c for a fixed over-density parameter ∆h,

δc =
∆h

3

c3

ln(1 + c)− c(1 + c)
. (6)

The concentration parameter c can tell us a great deal about the formation

history of the cluster or galaxy. Halos which formed earlier in cosmic history and

have had more time to grow quiescently tend to be more concentrated, where

as those that form later on due to large scale merging events tend to have lower

concentrations of typically c ∼ 4 (Zhao et al., 2003; Zhao et al., 2009).

The mass enclosed within this chosen over-density (∆ = 200) can then be

expressed as

M200 =
3

200

800π

3
ρcrr

3
200 . (7)
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Follow up studies found that the NFW profile is a suitable representation of

equilibrium density profiles for all masses, even those which have undergone hi-

erarchical merging under a ΛCDM cosmology (Navarro et al., 1997).

These results are incredibly powerful given that one can now characterize a

dark matter halo using only its mass enclosed in a given over-density M∆, and its

concentration within that over-density c∆.

2.2 The Lens Equation

Now that we have a robust physical model for the density distribution within a dark

matter halo, we can employ it to describe the gravitational lensing caused by such

halos.

Below is a sketch of a simple gravitational lens system (Bartelmann & Schnei-

der, 2001).
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Figure 3: (Reproduced from Fig.11 of Bartelmann & Schneider (2001)) Sketch of

a simple gravitational lens system.
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The light coming from an object in the source plane will be deflected as it passes

through the gravitational potential of the lens in the lens plane. The angle at which

the light is deflected is heavily dependent on the location of the object in the source

plane, as well as both the strength and geometry of the gravitational potential of

the lens.

The locations of the images caused by lensing is determined by the lens equa-

tion, which for small α, β, ξ, can be written as

~θDS = ~βDS + ~̂αDLS . (8)

The reduced deflection angle ~α(~θ) can be defined as

~α(~θ) ≡ DLS

DS

~̂α , (9)

which allows us to re-write the lens equation as

~β = ~θ − ~α(~θ) . (10)

From Sec. 1.1, General relativity tells us that the deflection angle of a point

mass can be written as

α̂ =
4GM

c2b
. (11)

If our impact parameter is expressed as b = θDL, then the deflection angle can

be re-written as

α̂ =
4GM

c2θDL

, (12)

which allows the lens equation to be written as

β = θ − 4GM

c2θDL

DLS

Ds

. (13)

This leads us to the definition of the Einstein radius, which is essentially a char-

acteristic scale for the locations of the images caused by the lensing potential (e.g.
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Figure 4: Example of the multiple images created by sources as they move away

from the center of an elliptical lens (Narayan & Bartelmann, 1997). The left panel

depicts the source plane, where the black lines represent the critical lines, where

as the right panel depicts the source plane, where the black lines represent the

caustics.

the location of Einstein rings), defined as

θE ≡
√

4GM

c2θ

DLS

DLDs

. (14)

Therefore, the lens equation can be re-written in terms of the Einstein radius

β = θ − θ2E
θ

. (15)

There are two solutions to this equation, fromwhich themultiple images caused

by lensing effects can be seen,

θ± =
1

2

(
β ±

√
β2 + 4θ2E

)
. (16)

The resulting images fall on either side of the Einstein radius, as seen in Fig. 4.
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2.3 The Magnification Factor

Now that we can determine the locations of the images with the lens equation, we

can move on to describing the magnification effects of a more realistic gravitational

lens, such as a galaxy cluster.

From the Poisson equation, we can write the gravitational potential as

∆Φ = 4πGρ . (17)

If we assume that the dark matter halo of the galaxy cluster follows the Navarro

et al. (1997) profile,

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
. (18)

Recall from Sec. 2.1 that ρs = δcρcr, where ρcr is the critical density of the universe

at a given redshift,

ρcr =
3H2(z)

8πG
, (19)

and δc is the characteristic over-density parameter,

δc =
200

3

c3

ln(1 + c)− c(1 + c)
, (20)

expressed in terms of the concentration c, which is defined as the ratio between

the virial radius r200 and the scaled radius rs, rs ≡ r200/c. The virial radius r200

is simply the radius at which the mass density of the dark matter halo is equal to

200ρcr. Therefore the mass enclosed within this radius is :

M200 ≡
800π

3
ρcrr

3
200 =

800π

3

ρ(z)

Ω(z)
r3200 , (21)

where M200 is the virial mass enclosed by r200.

Next, the surfacemass densityΣ(x) and the critical surfacemass densityΣc will

be derived, which will allow us to compute the convergence κ of the NFW profile

following the procedure in Wright & Brainerd (1999) using the following relation-

16



ship:

κ(x) =
Σ(x)

Σcr

, (22)

where x is a unitless value that expresses the impact parameter x ≡ ξ/ξ0. An

example of κ(x) for the cluster CLJ1226.9+3332 can be seen in the upper panel

of Fig. 7. Σ(x) is the surface mass density of the lens in question, which is directly

dependent on x. For an NFW density profile, Wright & Brainerd (1999) found it to

be

ΣNFW (x) =



2rsδcρc
(x2−1)

[
1− 2√

1−x2 arctanh
√

1−x
1+x

]
x < 1

2rsδcρc
3

x = 1

2rsδcρc
(x2−1)

[
1− 2√

x2−1
arctan

√
x−1
1+x

]
x > 1

. (23)

Since the NFW profile is spherically symmetric, we can write the shear param-

eter γNFW (x), which describes the way that the images are stretched tangentially

around the lens (as can be seen in the lower image in Fig. 7), as

γNFW =
ΣNFW (x)− ΣNFW (x)

Σc

, (24)

where ΣNFW (x) is the mean surface mass density as a function of x, given by

ΣNFW (x) =


4
x2 rsδcρc

[
2√

1−x2 arctanh
√

1−x
1+x

+ ln(x
2
)

]
x < 1

2rsδcρc
3

x = 1

4
x2 rsδcρc

[
2√

x2−1
arctan

√
x−1
1+x

+ ln(x
2
)

]
x > 1

. (25)
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This allows us to write the radial dependence of the shear as

γNFW (x) =


rsδcρc
Σc

g<(x) x < 1

rsδcρc
Σc

[10
3
+ 4 ln(1

2
)] x = 1

rsδcρc
Σc

g>(x) x > 1

, (26)

where

g<(x) =
8arctanh

√
(1− x)/(1 + x)

x2
√
1− x2

+
4

x2
ln(

x

2
)− 2

(x2 − 1)
+
4arctanh

√
(1− x)/(1 + x)

(x2 − 1)(1− x2)1/2
,

(27)

g>(x) =
8arctanh

√
(x− 1)/(1 + x)

x2
√
x2 − 1

+
4

x2
ln(

x

2
)− 2

(x2 − 1)
+
4arctan

√
(x− 1)/(1 + x)

(x2 − 1)3/2
.

(28)

Finally, the critical surface density can be computed as

Σcr =
c2

4πG

DS

DLSDL

, (29)

where in this case, c is the speed of light. It is very important to note that the

distance values DS, DLS, DL are all angular diameter distances, and not simple

linear distance measurements. This means that they cannot be simply added or

subtracted. The distances to the lens and to the source were simply computed us-

ing the astropy.cosmology.angular_diameter_distance() function. However,

the distance from the lens to the source DLS 6= DS − DL. It must be computed

using

DA1,2 =
1

1 + z2

[
DM2

√
1 + ΩK(D2

M1
/D2

H)−DM1

√
1 + ΩK(D2

M2
/D2

H)

]
, (30)

Where DM1 , DM2 are the transverse comoving distances to the two objects,
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DH = 3000 h−1 Mpc is the Hubble distance, ΩK is the curvature density parameter,

and h is a unitless constant that accounts for our tolerances in the Hubble constant.

Here it is taken to be h = 0.677. Note that this equation only holds for the cases

where Ω ≥ 0.

This expression can be simplified by assuming a flat universe, which implies

that Ω = 0. This means that our transverse comoving distances DM1 , DM2 now

simply become comoving distances DC1 , DC2, and our equation for angular diam-

eter distance simplifies to

DA1,2 =
1

1 + z2
[DC2 −DC1 ] . (31)

We now have all of the necessary tools to compute the convergence κ(x) of a

cluster with a NFWDMdensity profile. This allows us to calculate themagnification

factor of our cluster as a function of both redshift to the lens zL, and our unitless

impact parameter x.

We can now calculate our magnification parameter µ, which comes from the

magnificationmatrix dependent on the relationship between the shape of the source

element of the image in the source plane dθS and the lens plane dθL, expressed

as

d~θS

d~θL
= A−1 =

(
1− κ+ γ 0

0 1− κ− γ

)
(32)

and the magnification factor µ is

µ = det(A) = ((1− κ(x))2 − γNFW (x)2)−1 . (33)

However, in the case of weak lensing (where we do not see multiple images

caused by strong lensing effects), which for example, can be seen in the parallel

fields of massive galaxy clusters such as the parallel fields taken of the Hubble

Frontier Fields (Johnson et al., 2014), this equation simplifies to

µ = 1 + 2κ(x) . (34)
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In the strong lensing case, the magnification factor will be greatest at the critical

lines in the lens plane (or the caustics in the source plane). The source’s location

relative to the caustics will also determine both the number of images seen in the

lens plane, as well as the distortion of those images (as illustrated in Fig. 4).

2.4 Lenstool

In order to properly model gravitational lenses, a modelling code such as LENSTOOL
(Kneib et al., 1996; Jullo et al., 2007; Jullo & Kneib, 2009) can be employed, which

allows users to model the dark matter distribution of a foreground lens by providing

it the locations and redshifts of sources that have beenmultiply imaged by the lens,

and then assigning the halo a dark matter distribution. In combination, this allows

LENSTOOL to compute the location and shapes of the critical lines and caustics

associated with the lens. High-quality photometry is imperative to the success of

a model, given that the more multiply imaged sources one can identify, the better

constrained the dark matter halo model will be.

In this work, LENSTOOL was used in a slightly non-traditional way. LENSTOOL
was employed in order to build synthetic models of galaxy clusters and elliptical

galaxies in order to try and identify the ideal combination of mass, lens redshift,

and concentration in order to maximize the median magnification factor of a lens

within a NIRCam pointing. Instead of feeding LENSTOOL an image of, for example

a galaxy cluster, along with the locations and redshifts of a set of multiply imaged

sources, it was directly given a dark matter halo mass, lens redshift, concentration,

and source redshift. This allows LENSTOOL to directly compute a convergence (κ)

and shear (γ) map, scaled for a source at z = 20, from which the magnification map

could be calculated. An example of one of the models generated by LENSTOOL can

be seen in Fig. 9, which corresponds to the magnification map (µ) for an elliptical

galaxy of M200 = 1013M�, c200 = 6, e = 0.25, zL = 1, zS = 20, with an NFW dark

matter density profile, shown in the lens plane.

Another key challenge in detecting high-redshift sources is reconstructing the

original location and shape of the source in the source plane. LENSTOOL also allows
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users to reconstruct the locations and shapes of sources using the deflection maps

generated after computing the lens model.

3 Cosmic Variance

A major hindrance to finding high-redshift galaxies is cosmic variance, which is the

variance in the number density of galaxies observed within a finite survey volume

arising due to the influence of large scale structures on the local number densities

of small scale objects.

For N objects, variance is defined as 〈N2〉 − 〈N〉2, which is simply the sec-

ond moment of the probability of counting N objects in a given survey volume Vc.

Following Moster et al. (2011), cosmic variance σv is defined as

σ2
v =

1

V 2

∫
V

dVadVbξ(|ra − rb|) , (35)

where V is the survey volume, and ξ is the two point correlation function for our

survey volume, which simply gives the probability of finding another galaxy within

a given distance (Peebles, 1980).

The primary challenge in solving this integral lies within the correlation func-

tion, which is not always known. One approach to tackling this problem (and the

approach that Moster et al. (2011) takes) is to use estimates of the galaxy bias

b(m∗, z) calculated by halo occupation models. The galaxy bias is the statisti-

cal relationship between galaxies and their underlying distributions of dark matter

(Desjacques et al., 2018), which is a function of both the stellar mass of the galax-

ies m∗, and redshift z. This allows us to write the galaxy correlation function as

ξ = b2(m∗, z)ξdm(r, z) , (36)

and under the assumption that the bias function is scale independent,
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V 2

∫
V

dVadVbξdm(rab, z)

= b2(m∗, z)σ
2
dm(z) .

(37)

The final step is to calculate the cosmic variance for dark matter σ2
dm(z), which

can be done numerically, with a code such as QUICKCV (Newman & Davis, 2002).

Thus for a given survey volume, we can now directly compute the cosmic variance

as a function of redshift. Fig. 5 shows that cosmic variance increases strongly

towards both high mass and high redshift (Sheth et al., 2001; Moster et al., 2011;

Steinhardt et al., 2021), meaning that it is significantly harder to discover high mass

galaxies in the redshift range in which we are interested within a survey with a small

search area.

Although primordial fluctuations produce a small number of extremely over-

dense regions which will lead to the quickest gravitational collapse and the first,

massive galaxies, these extreme overdensities are tightly clustered, so that most

of the first galaxies will appear in a small number of rich fields. That is, the relatively

uncommon pointings which have more high-mass, ultra-high redshift galaxies than

average are overwhelmingly likely to have more galaxies of any mass at the same

redshifts as well. Conversely, the regions containing lower-mass galaxiesmust still

have extreme overdensities in order for their halos to have collapsed so quickly,

and thus are very likely to have high-mass galaxies nearby.

Thus, although finding these regions is potentially difficult and may require

probing many different sightlines, the discovery of even a single, massive ultra-

high redshift galaxy is likely to indicate the presence of many smaller galaxies

nearby. Rather than taking photometry deep enough to find galaxies closer to M∗

at these redshifts, it is more effective to focus on searching for the high-mass tail of

the distribution. This is a far more efficient way of finding which foreground clusters

happen to have magnified these uncommon, over-dense regions.
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Figure 5: Cosmic variance σv as a function of redshift for a single 2.1
′×2.1′ NIRCam

pointing. Note the fact that σv drastically increases as both a function of redshift

and mass, meaning that discovering a high mass galaxy at high redshifts becomes

increasingly uncommon in surveys with small areas.
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4 The Halo Mass Function

The Halo Mass Function (HMF) describes the number density of dark matter halos

in a given mass range [M,M + dM ], within a given finite comoving volume Vc.

Understanding this distribution is invaluable to the search for ultra-high redshift

galaxies, as it allows us to quantify the expected number and mass distribution of

mock surveys. Comparing it against observational findings can also allow us to

test our current cosmological models given that matter density controls the rate at

which large scale structures grow, making it very sensitive to cosmology (Behroozi

& Silk, 2018; Boylan-Kolchin, 2023a; Ezquiaga et al., 2023).

The HMF was determined by measuring the number density of halos within a

variety of N-body simulations (Press & Schechter, 1974; Jenkins et al., 2001). The

number of halos with mass less than M , which is defined as n(M), was taken in

each simulation, and is often expressed in differential form dn/dM ,

dn

dM
= f(σ)

ρm
M

d lnσ−1

dM
, (38)

where over the years, f(σ) has been parameterized in a plethora of ways (see

Table 1 of Murray et al. (2013) for a comprehensive list), however Bond et al.

(1991) found that it can be expressed in the relatively simple form by assuming

that the halos form by spherical collapse:

f(σ) =

√
2

π

δc
σ
exp

(
− δ2c

2σ2

)
, (39)

where δc is the critical over-density for a halo being formed by spherical collapse

(found to be δc ' 1.686), and

σ =

∫
P (k)Ŵ (kR)k2dk , (40)

where P (k) is the power spectrum with respect to the wavenumber k, and Ŵ

is the Fourier transform of a top hat function of radius R. In this case, σ is the rms

variance of the mass M contained within a sphere of radius R, and is not to be
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confused with cosmic variance σv. The values A, b, and c are fit for a given over-

density parameter ∆. Although a Press-Schecter function was originally used to

model the HMF (Haslam et al., 1964), Lukić et al. (2007) compared the different

forms of f(σ), and concluded that the Press-Schecter function underestimates the

number of massive dark matter halos at high redshifts, and conversely underesti-

mates the number of low mass halos at low redshifts. This resulted in the adoption

of the Sheth et al. (2001) definition of f(σ), which assumes an ellipsoidal halo col-

lapse, and accounts for the differences between the Press-Schecter function and

the findings of the N-body surveys, defined as

f(σ) = A

√
2a

π

[
1 +

(
σ2

aδ2c

)p]
δc
σ
exp

(
− aδ2c

2σ2

)
, (41)

where A = 0.3222, a = 0.707, p = 0.3 (Sheth et al., 2001).
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5 Models and Methodology

This work employs 3 key models in order to achieve its end result: 1) the extrap-

olated luminosity function into the z > 8 regime, 2) the lens models of massive

galaxy clusters modelled using HST/JWST data, and 3) lens models of massive

mock elliptical galaxies using LENSTOOL. This section will explore these models and

the methods in which they were used to build our mock survey code.

A flat ΛCDM cosmology was assumed, with h = 0.677 and Ωm = 0.3.

5.1 The Luminosity Function

The luminosity function (LF), which is the number density of galaxies φ(M) as a

function of their apparent UV luminosity (mUV ) was extrapolated from high-redshift

HST surveys to estimate the z > 8 regime. The result of Bouwens et al. (2015)

found the resulting luminosity function after fitting observed luminosity functions

for z ∼ 4− 10 with a Schecter function:

φ(M) = φ∗ ln(10)

2.5
10−0.4(M−M∗)(α+1)e−10−0.4(M−M∗)

M∗
UV = (−20.95± 0.10) + (0.01± 0.06)(z − 6)

α = (−1.87± 0.05) + (−0.10± 0.03)(z − 6)

φ∗ = (0.47+0.11
−0.10)10

(−0.27±0.5)(z−6)10−3Mpc−3 .

(42)

These fits were used to extrapolate the LF to z > 10, and the substantial un-

certainties at z >> 6 were reported in Fig. 3 of Steinhardt et al. (2021). Next, the

UV LF was converted to a stellar-mass LF in accordance with Song et al. (2016),

which fit a linear relation between MUV and log(M∗/M�). Following Song et al.

(2016), the best fit slope at z = 8 was used for z > 8, along with the intercepts of

the linear fit of the data between 4 < z < 8, resulting in a universal mass-to-light

ratio for a fixed redshift.
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Figure 6: Luminosity functions centered at a variety of redshift bins, computed for

a single JWST NIRcam pointing (2.1’x2.1’). The blue shaded region represents

the visible region of the LF as seen within a single JWST observation at a depth of

mUV = 31.5. For a survey of this size and limiting magnitude, the blue box shows

that the highest redshift object that one could detect lies at z ∼ 11.

5.2 Galaxy Cluster Models

The galaxy cluster models were generated from the publicly available products

from the CLASH/MUSES catalogues (Zitrin et al., 2015; Richard et al., 2021),

which utilized combinations of strong and weak gravitational lens modelling codes

such as LENSTOOL, as well as the LTM method outlined in Zitrin et al. (2009, 2015);

Broadhurst et al. (2005); Zitrin et al. (2015). Clusters were selected from these sur-

veys due to them containing the most massive known galaxy clusters, and their

plethora of multi-wavelength observations, which has enabled accurate modelling

the lenses. The light-traces-mass assumption (LTM) simply implies that the mass
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distribution of both the cluster and member galaxies is reasonably traced by the

cluster’s light distribution (Broadhurst et al., 2005; Zitrin et al., 2015), and is used

as a starting point for fitting the locations and distributions of dark matter in the clus-

ter. The models for El Gordo were calculated using new JWST NIRCam imaging

of the cluster, in conjunction with a free form lensing construction code WSLAP+

(Diego et al., 2005, 2007, 2015, 2022; Sendra et al., 2013). This model, which

does not rely on assumptions about the distribution of dark matter, was found to

be consistent with previous parametric models (Diego et al., 2023).

The providedmaps were pre-scaled to a fiducial redshift ofDLS/Ds = 1. There-

fore, in order to re-calculate themagnification factor for a source at z = 20, wemust

re-scale both the convergence κ, as well as the shear parameter γ using our new

value of Ds for a source at z = 20.

This results in the new equation for the magnification factor µ:

µ =

[
(1− (DLS/Ds)κ)

2 − ((DLS/Ds)γ)
2

]−1

, (43)

which allowed us to use the κ and γ maps from Zitrin et al. (2015), Richard

et al. (2021), and Diego et al. (2023) to compute the magnification maps for our

target source at z = 20, as seen in Fig. 8.

5.3 Elliptical Galaxy Models

The models for individual elliptical galaxy lenses were created using the aforemen-

tioned LENSTOOL, with which various combinations of massesM200, concentrations

c200, and galaxy redshift zL were used to find the ideal combination suited for finding

ultra-high redshift galaxies.

As per Diemer & Kravtsov (2015), large elliptical galaxies maintain a concen-

tration factor of approximately c200 ∼ 5− 6. Therefore, in order to pursue an ideal

candidate, the concentration factor was fixed at c200 = 6, the ellipticity to e = 0.25,

and we tested two different masses, M200 = 1012M�, 10
13M�, as well as 4 differ-

ent galaxy redshifts zL = 0.4, 0.6, 0.8.1. All models were tested, however the only
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Figure 7: Example of a convergencemap (κ) and a shear parameter map (γ) for the
galaxy cluster CLJ1226.9+3332, scaled for a fiducial redshift where DLS/Ds = 1.
The white dashed lines correspond to the field of view of a single NIRCam pointing

(2.1’x2.1’). 29



Figure 8: Magnification maps (µ) within a single NIRCam pointing (2.1’x2.1’) of Abell

370 (top left), MACS J1206.2−0847 (top right), MACS J1149.5+2223 (middle left), MACS

J0744.9+3927 (middle right), CL J1226.9+3332 (bottom left), and El Gordo (bottom right).

Note that these 6 galaxy clusters occupy nearly the entirety of the pointing with high mag-

nification factors.
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Figure 9: Magnification map (µ) of an elliptical galaxy of mass M = 1013M� as

seen in a single NIRCam pointing (2.1’x2.1’), scaled for a source at z = 20 (left),

as well as a zoomed in version (right). Notice the minuscule amount of the field of

view that the resulting magnification map occupies as opposed to those generated

by the galaxy clusters in Fig. 8.

model with significant benefits to our study was the ideal case of a galaxy with

c200 = 6,M200 = 1013M�, zL = 1. The magnification map µ for this example can be

seen in Fig. 9.

5.4 Implementation of Magnification Maps

The magnification maps generated by either the galaxy cluster or elliptical galaxy

lens models can be implemented into our mock survey code in order to model

the benefits that magnification factors have in detecting high-redshift sources. Al-

though Steinhardt et al. (2021) took the mean magnification factor of a lensed field

into account in their mock survey trials, they did not take into account the random-

ness that is inherently associated with searching for high-redshift targets behind

foreground lenses. As seen in Fig. 8, the magnification factors vary drastically

within the field of view, therefore the mean or median magnification factor is not an

adequate representation of the effects of the magnification factors within the field.
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In its original form, the mock survey code (Steinhardt et al., 2021) computed

the mean number of objects one would expect to see within a given survey vol-

ume (before taking cosmic variance into account) by integrating the luminosity

function for every mass bin over the range of apparent magnitudes that would

be visible by the given instrument. In this case, the maximum limiting magni-

tude of JWST mJWST = 31.5 was used. An important note is that the mass

bins were chosen to be the same as those selected by Moster et al. (2011) in

order to be able to calculate the cosmic variance associated with those masses

(M = [7.0− 11.0] log (M�), ∆M = 0.5 log (M�)). This work also made use of the

cosmic-variance1 python package, which is a python adaptation of the original

IDL code released with Moster et al. (2011).

In order to attempt to model the random locations of background sources, dur-

ing the step where the luminosity function is integrated up until a fixed limiting

magnitude, a random pixel from the magnification map is drawn and converted

into the new limiting magnitude

mlim,new = mlim,old − (−2.5 log (µ)) , (44)

wheremlim,old is the limiting magnitude of the survey and µ is the random mag-

nification factor drawn from the magnification map of the foreground cluster. Now,

every mass bin has an independent limiting magnitude over which the luminosity

function will be integrated. This process will repeat for every redshift bin in order

to introduce as many independent source locations within the pointing. Fig. 10

shows an example instance of the 126 random points (due to the fact that the sur-

vey code uses 14 redshift bins and 9mass bins) within the µmaps that are selected

by the mock survey code, where the green stars represent the randomly selected

magnification factors. One can see that the random magnifications drawn from

such a strong lensing field will vary drastically, and will most likely not resemble

the mean or median magnification factor given the steepness of the magnification

factor around the critical lines.

1https://pypi.org/project/cosmic-variance/
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Figure 10: Magnification map (µ) of CL J1226.9+3332, where the green stars rep-
resent an example of the 126 random magnification factors selected within the

mock survey code. Note the drastically different magnification factors from one

draw to another.
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6 Comparative method for selecting the ideal sur-

vey strategy

Three survey types were compared in order to determine their relative efficien-

cies in finding high-redshift galaxies: using foreground massive galaxy clusters,

massive foreground elliptical galaxies, and a larger ”snapshot” style of survey with

a lower integration time but significantly larger search area, such as the JADES

Medium Robertson et al. (2022), which has proven to be successful in finding

z ≈ 12 galaxy candidates using a combination of photometry and spectroscopy.

Testing was conducted using a modified version of the code created by Stein-

hardt et al. (2021), which was updated to accept magnification maps from various

foreground sources in order to simulate the magnification effects from strong grav-

itational lenses on the number of galaxies found, and the maximum distance red-

shift (zmax) we can expect to see galaxies in each field. The four main results which

were used to compare the efficacy of each survey design were the distribution of

magnification factors above a given threshold within the field, the median mag-

nification factor of each cluster within the single pointing, the mean and median

highest redshift galaxy found in each iteration (zmax), and the number of galaxies

found within each redshift bin.

When comparing the lensed cases, it is obvious that the massive galaxy clus-

ters would outperform the massive elliptical galaxies in terms of strength of lens-

ing and magnification factors. However, the major limitation in the cluster lensing

case is the number of high quality foreground clusters that would be suitable for

this type of survey. There are significantly more high mass, high concentration el-

liptical galaxies in the target redshift region for an ideal foreground cluster (z ≈ 1)

than there are massive clusters. Given the importance of the number of indepen-

dent lines of sight to combat the effects of cosmic variance, this will significantly

benefit the cases of both the foreground elliptical galaxies, as well as the blank

field snapshot programs.
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6.1 Blank Field Snapshots

As per the findings of Steinhardt et al. (2021), proposed JWST surveys of blank

fields, such as JADES or CEERS, are likely to find galaxies up to a median redshift

of z ∼ 12− 14 depending on the survey strategy.

Early releases from the JADES survey have already yielded a record break-

ing galaxy JADES-GS-z13-0 at zspec = 13.2 (Robertson et al., 2022), which was

originally discovered photometrically using NIRCam, but who’s Lyman break was

confirmed spectroscopically using NIRSpec shortly afterwards.

The CEERS survey (Finkelstein et al., 2023) is similarly dedicated to finding

large samples of galaxies in the 8 ≤ z ≤ 13 range, covering a field of view of

∼ 100 arcmin2 with NIRCam, to maximum depths of ∼ 29.15 for a 5σ point source2.

CEERS has even found a zphot ∼ 16.4 candidate galaxy (Finkelstein et al., 2022;

Donnan et al., 2022; Naidu et al., 2022; Harikane et al., 2023; Finkelstein et al.,

2023; Bouwens et al., 2023), which unfortunately was spectroscopically confirmed

using NIRSpec to be at z ∼ 4.9 (Haro et al., 2023).

These early JWST surveys have proven to be effective methods of finding

high redshift galaxies, in part because they employ wide search areas (46 -190

arcmin2), with limiting magnitudes of 30.7-29.8 mag. respectively. The benefits

of such a survey strategy is that the effects of cosmic variance are significantly

weaker with large survey volumes. However, both of these surveys required large

time allocations in order to achieve high limiting magnitudes over large survey ar-

eas. Because cosmic variance favors independent lines of sight as opposed to

large spatially coherent search areas, the search for high-z galaxies would have

greatly benefited from independent lines of sight with similar time allocations.

2https://ceers.github.io/obs.html
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7 Selecting the optimal foreground clusters for find-

ing ultra-high redshift galaxies

Since the background galaxies being magnified lie at a greater distance, the opti-

mal foreground clusters for lensing the z ∼ 15 − 20 galaxies we hope to discover

with JWST will be different than those optimal for finding z . 10 galaxies with

Hubble.

In this work, the six optimal foreground clusters were selected based on three

simple metrics: the fraction of pixels within a single 2.1’×2.1’ pointing that fall

above a given magnification factor (Fig. 11), the probability distribution of the high-

est redshift galaxy discovered, and the median highest redshift found in simulated

lensed pointings. Thus, the clusters proposed here are those with the greatest

probability of discovering the highest-redshift targets with the fewest pixels ‘wasted’

due to low magnification.

Not surprisingly, the three most efficient foreground clusters are Abell 370, El

Gordo (also known as ACT-CL J0102-4915 or SPT-CL J0102-4915), and MACS

J1149.5+2223, which already have upwards of 80 hours of JWST time dedicated

to imaging in existing programs. These clusters are both incredibly massive (both

with Mvir > 1015M�), and concentrated (c200 ≈ 3.3, 5) for Abell 370 and MACS

J1149.5+2223 respectively. Being at lower redshifts, they have had more time

for their structures to relax and create more efficient lenses. We also used the

next three optimal foreground clusters: CLJ 1226.9+3332 (z ∼ 0.890), MACS

J0744.9+3927 (z ∼ 0.686), and MACS J1206.2−0847 (z = 0.4385).

The candidate clusters were selected from the CLASH (Postman et al., 2012)

program and have VLT/MUSE observations (Richard et al., 2021). Thus, there

is prior confirmation that these are indeed strong lensing clusters, with the added

benefit of having a wealth of spectroscopic and photometric data already available

at shorter wavelengths. The mass and magnification maps for each cluster can-

didate were generated from the publicly available CLASH and MUSE products,

re-scaled for a source at z = 20, then cut to the NIRCam pointing size (2.1’x2.1’).
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The six best candidates have median magnification factors of µ ∼ 6.0 (Abell 370),

µ ∼ 5.2 (MACS J1149.5+2223), µ ∼ 4.6 (MACS J0744.9+3927), µ ∼ 4.6 (MACS

J1206.2−0847), µ ∼ 4.6 (El Gordo), and µ ∼ 3.5 (CL J1226.9+3332) for sources

at z = 20.
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Figure 11: Fraction of NIRCam pointing covered by magnification factors greater

than µ. The gray lines correspond to the next-best known clusters: Abell 2744, RXJ
1347-1145, MACS J0257.1-2325, MACS J2214.9-1359, MACS J0416.1-2403,

Abell 209, and Abell 2261. The 6 clusters that were selected occupy the high-

est fraction of pixels within the pointing with high magnification factors.

More generally, these 6 clusters will magnify the highest fraction of their point-

ing for any large magnification factor µ (Fig. 11). These are therefore also the

most efficient foreground clusters for selecting targets requiring higher magnifica-

tion, and thus the best new discovery tool for fainter high-redshift sources as well.
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Figure 12: Mean highest redshift galaxy found over 500 iterations for each clus-

ter, where the solid errorbar represents equivalent percentages to 1σ of the dis-

tribution, and the lighter error-bar represents 2σ. Shown for comparison (gray)

are the next-best CLASH/MUSES clusters: RXJ 1347-1145, Abell 2744, MACS

J2214.9-1359, MACS J0257.1-2325, MACS J0416.1-2403, Abell 2261, and Abell

209 respectively. The pointings containing the 6 optimal galaxy clusters yielded

on average the detection of the highest redshift galaxy when compared against

the next best clusters.

An additional effect of the high cosmic variance is that a small fraction of point-

ings will contain a strong overabundance of massive, ultra-high redshift galaxies,

while most of the remainder will contain none. Although the disadvantage is that

this requires many independent sightlines for an initial discovery, it also implies
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that a single, massive ultra-high redshift galaxy is likely to lie in a rich field with

many lower-mass companions at similar redshift. Thus, a robust discovery of a

single high-mass, ultra-high redshift galaxy can be used as a signpost pointing the

way to an ideal target for deeper followup observations.
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8 The Ideal Survey Strategy

The results of our study conclude that the clear choice for a survey optimized to

find ultra-high redshift galaxies is using multiple lines of sight containing massive

foreground galaxy cluster lenses.

Foreground Cluster Median zmax Mean zmax P (z > 15) P (z > 17)

Abell 370 18.03 17.76 98.2% 60.2%
MACS 1149 16.56 17.34 96.6% 49.6%
MACS 1206 16.56 16.99 91.2% 44.4%
MACS 0744 16.56 17.21 93.8% 46.6%
El Gordo 16.56 17.21 96.0% 51.4%
CLJ 1226 16.56 16.87 89.4% 39.0%

Table 1: Highest redshift galaxy found in the median and mean simulated survey

for each 2.1’x2.1’ line of sight along each foreground cluster, as well as the per-

centage of finding a galaxy above z ∼ 15 and z ∼ 17 over 500 trials.

Survey Median zmax Mean zmax P (z > 14)

JADES (M) 12.09 12.27 1.8%
JADES (D) 13.03 12.95 17.2%
CEERS 10.47 10.48 0%

Table 2: Highest redshift galaxy found in the median and mean simulated blank

field surveys, as well as the percentage of finding a galaxy above z ∼ 14 over 500
trials. Note that the mean and median zmax, as well as the probability of finding an

ultra-high redshift galaxy are significantly lower than those of the optimal cluster

fields in Tab. 1.

As summarized in Tables 1 and 2, lines of sight containing galaxy clusters op-

timized for magnifying high-redshift galaxies significantly outperform JWST blank

field surveys such as JADES or CEERS, which are specifically designed to find

high-redshift galaxies.

The pointings containing the ideal galaxy clusters not only provide the highest

probability of finding an ultra-high redshift galaxy, but the strong magnification fac-

tors present along these lines of sight could allow for the highest redshift galaxy
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that JWST could possibly detect. This is in spite of the strong effects of cosmic

variance in the 15 ≤ z ≤ 20 regime, which the large area blank field surveys aim

to combat.

Another distinct benefit to using single, deep JWST pointings as opposed to

combining many of them in order to cover large patches of the sky is that one

could observe multiple clusters in the same time that it takes to observe one large

patch of the sky.

For example, if it takes 10 hours of NIRCam photometry to reach its maxi-

mum limiting magnitude in a single pointing, a blank field survey comprised of 10

NIRCam pointings such as CEERS would require 100 hours of photometry (not

including overheads) in order to detect a galaxy up to z ∼ 14. Even in this case,

the pointings are side by side and not independent, therefore you would not be

negating the effects of cosmic variance in the most optimal manner for the high-

redshift regime. However, if you were to use the same 100 hours of photometry

time looking at galaxy clusters, you would not only be able to observe the 6 clus-

ters presented in this work at maximum depth, but also the 4 next best clusters

(which can be seen in Fig. 12) in the same amount of time. Not only are you sta-

tistically more likely to find a z ≥ 15 galaxy in this manner (as seen in Table 1),

but you would benefit from completely independent lines of sight between the dif-

ferent clusters, thus providing the added benefits of optimally combating cosmic

variance.

9 Future Work

This section explores future work that such a survey would enable.
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9.1 Elliptical Galaxies with Excess Near Infrared Emission as

candidate foreground lenses

Similar tests to those done with the galaxy clusters in section 5.2 were conducted

for simulated elliptical galaxies, using the parameters specified in section 5.3. Al-

though it was found that the lensing efficiency was drastically lesser than that of

a galaxy cluster, it was found that an elliptical galaxy of mass M = 1013M� at a

redshift of z = 1 gives a 1% chance of finding a z > 15 source in the background.

However, the benefit to using elliptical galaxies as foreground lenses is that there

is a significantly larger number of suitable lensing galaxies than clusters, mean-

ing that the large number of independent lines of sight could help mitigate the

effects of cosmic variance at high redshifts. A potential survey strategy to opti-

mize the search for high-redshift sources using elliptical galaxies as foreground

lenses would be to use massive elliptical galaxies containing evidence of excess

near-infrared emission, which could potentially be caused by a high-redshift back-

ground source being magnified by the foreground galaxy.

An important precursor to using such a galaxy as a foreground lens would to to

first use photometric observations of the galaxy to identify strong lensing features

surrounding the galaxy. This would help verify that the excess NIR emission could

be caused by a background source and not just local effects. Assuming that the

emission is indeed caused by such background source, we would expect to the

background source to lie very close to the strong magnification factor regime of

the foreground lens. This would allow us to observe a potentially ultra-high redshift

source, along with using the shears caused by the lensing effects to constrain the

dark matter halo of the foreground galaxy. Due to the small fraction of a NIRCam

pointing being covered by the strong lensing regime of a single massive elliptical

galaxy (as seen in Fig. 9), we would need a substantial number of massive fore-

ground elliptical galaxies in order to compete with the lensing benefits of a single

massive galaxy cluster. Although the probability of the NIR excess being caused

by a background high-redshift galaxy is small, we would only need ∼ 270 candi-

dates to match the chances of finding a source at a redshift z > 15 to that of the
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clusters analyzed in this work. Although this number is high, the benefit is that due

to cosmic variance, there is still a chance that none of the aforementioned clusters

contain ultra-high redshift background sources. Because of the limited amount of

high-quality lensing clusters, the additional uncorrelated lines of sight provided by

the elliptical galaxies could benefit in the search for these high-redshift galaxies.

However, our study also showed that the probability of finding galaxies of red-

shift z > 16 in using elliptical galaxies is nearly non-existent due to the small

amount of the NIRCam pointing that the strong lensing regime covers (Fig. 9).

Therefore, although they are suitable for finding high redshift galaxies, they are

statistically unlikely to find as high of a redshift galaxy as galaxy clusters.

9.2 Massive Galaxies as a Probe of ΛCDM

A series of recent studies have found hints of tension between the most massive

high-redshift galaxies and the standard ΛCDM cosmological paradigm. The first

stage in galaxy formation is the assembly of a compact halo, and the ΛCDM halo

mass function is well constrained via numerical calculation (Sheth et al., 2001;

Vogelsberger et al., 2014). Subsequent processes turn the assembled baryons

into stars and other structures that become recognizable as a galaxy.

However, the most massive sources at z > 4 from Hubble are so massive, so

early, that there should not yet have been time for their halos to finish assembling,

let alone to further turn their baryons into stars (Steinhardt et al., 2016). This “im-

possibly early” galaxy problem was sharpened by the discovery of high-redshift,

massive quiescent galaxies (Glazebrook et al., 2017). One proposed resolution

was an increased stellar baryon fraction for the first galaxies (Finkelstein et al.,

2015; Behroozi & Silk, 2018). However, the tension increases towards high red-

shift, and initial JWST studies reported z ∼ 10 galaxies so massive that even if all

of their baryons had already ended up in stars, they would still be too massive to

reconcile with the ΛCDM halo mass function (Labbé et al., 2023; Boylan-Kolchin,

2023b). Although these redshifts and masses are not yet robustly proven (Stein-

hardt et al., 2022; Zavala et al., 2023), it is clear that the most massive, earliest
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galaxies will provide a stringent test of the ΛCDM halo mass function and thus of

ΛCDM. For this reason, a survey of a medium depth would be optimal for discov-

ering this high-mass tail.

Figure 13: (Reproduced from Boylan-Kolchin (2023a)). The most massive,

highest-redshift galaxies from the first JWST studies appear to be in tension with

the predictions of ΛCDM. Although follow-up studies have produced different stel-

lar masses and redshift for many of these individual targets, the robust discovery

of an impossibly massive high-redshift galaxy would require changing the cosmo-

logical model. The suggested clusters are optimized for finding the high-mass tail

of the stellar mass function at z > 15.

9.3 The value of crossing the z ∼ 15 threshold

When pursuing the search for the most distant galaxy, it is important to consider

the value in finding a z ∼ 17− 18 galaxy, such as is statistically likely in a cluster-

lensed field, as opposed to a z ∼ 14 that could be found in a blank field. The

range of redshifts between 15 ≤ z ≤ 20 is incredibly important because our current

cosmological models have placed the formation of the first galaxies in the universe
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to be within this regime (Visbal et al., 2012; Yung et al., 2023; Lacey et al., 2011;

Bromm& Yoshida, 2011; Springel et al., 2005). Thus, being able to find any galaxy

in this redshift regime would be invaluable in constraining these models of early

universe galaxy formation, as well as providing insight into the formation of the

first generation of stars. Observing galaxies in this redshift regime could also lead

to observational confirmation of Pop III stars, which are a hypothetical population

of high-mass, low metallicity stars that are theorized to have formed around 20 ≤
z ≤ 30 (Haiman et al., 1997; Barkana & Loeb, 2001; Bromm et al., 2002; Visbal

et al., 2018). Observing these Pop III stars would be invaluable to understand

the enrichment of the ISM in the early Universe, which led to the creation of the

significantly more abundant Pop II stars which we can observe today. However,

verifying the end of the cosmic dark ages would need to be confirmed with multiple

sight-lines in order to get a robust limit.

9.4 Mapping the Baryonic and Dark Matter Distributions

High quality photometry of the proposed clusters will be invaluable in constrain-

ing the distribution of baryonic and dark matter in clusters, continuing the prior

success of the Hubble Frontier Fields (Lotz et al., 2017) and followup programs.

The three high redshift clusters CL J1226.9+3332 (z = 0.890), El Gordo (z = 0.87),

andMACS J0744.9+3927 (z = 0.686)would be particularly important targets, since

they probe an earlier stage of the hierarchical merging process that leads to the for-

mation of massive clusters than probed by existing studies. Although the massive

clusters that we see in the local universe have been built through major mergers,

they have subsequently relaxed. Being able to obtain high resolution photometry

of clusters at an earlier stage will allow us to probe the dynamics of these major

mergers, as well as place the best constraints on dark matter distributions within

the clusters and possible interactions between dark matter and baryons.

Scaling relations between baryonic properties and dark matter predicted in cos-

mological simulations evolve with redshift (Zavala & Frenk, 2019). Comparing

these predictions with observations, in particular at high redshifts, is essential for
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understanding the underlying mechanisms regulating the distribution of baryons

and dark matter. These scaling relations are also used as cluster mass proxies

in cosmological constraints from the cluster mass function (Lovisari & Maughan,

2022; Allen et al., 2011). Independent direct tests of these relations at high red-

shift are necessary in order to control the accuracy of cosmological measurements

based on the cluster mass function (Bulbul et al., 2019; Vikhlinin et al., 2009).

The unprecedented depth of JWST images of the suggested high-redshift clus-

ters will enable us to quantify the difference between baryonic and dark matter

distributions in galaxy clusters. Analysis of low-redshift clusters shows that their

lensing potential cannot be reproduced without assuming a smooth large-scale

dark matter component independent of the baryonic distribution (e.g., Limousin

et al. (2022); Ghosh et al. (2021); Jauzac et al. (2018)). These observations would

enable us to study this at much higher redshift, further constraining models for dark

matter-baryon interactions.

Cluster strong-lensing cosmography is an additional promising probe of cos-

mological parameters, including the dark energy equation of state. Observations

of a single galaxy cluster constrain only a combination of selected parameters. An

effective way to break this degeneracy is to observe several clusters spanning a

wide range of redshifts. The current constraints are based on 5 strong lensing

clusters at relatively low redshift (Caminha et al., 2022). We expect that obser-

vations of numerous galaxies lensed by the highest-redshift clusters suggested in

this work such as MACS 0744, CLJ 1226, and El Gordo will provide significant

additional constraining power for cluster strong-lensing cosmography.
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