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Abstract

Several bright and massive galaxy candidates at high redshifts have been recently observed by the James Webb
Space Telescope. Such early massive galaxies seem difficult to reconcile with standard Λ cold dark matter model
predictions. We discuss under which circumstances such observed massive galaxy candidates can be explained by
introducing primordial non-Gaussianity in the initial conditions of cosmological perturbations.

Unified Astronomy Thesaurus concepts: Galaxy dark matter halos (1880); High-redshift galaxy clusters (2007);
Primordial galaxies (1293)

1. Introduction

The standard cosmological model, based on the idea that the
energy budget of the universe is currently dominated by a tiny
cosmological constant Λ plus cold dark matter (ΛCDM),
predicts that the initial seeds for galaxy formation are halos
with relatively low masses of the order of 106Me.

The initial James Webb Space Telescope (JWST) imaging
via early release programs, such as Cosmic Evolution Early
Release Science (CEERS), early release observations, and early
release science (ERS), has recently reported a population of
surprisingly massive galaxy candidates at redshifts of z 8
with stellar masses of the order of 109Me (Atek et al. 2023;
Finkelstein et al. 2022; Harikane et al. 2022; Naidu et al. 2022;
Yan et al. 2022). Even though a spectroscopic follow-up will
be necessary to confirm these observations based on photo-
metry only, the early formation of massive galaxies reported by
the JWST is hardly reconcilable with the standard ΛCDM
expectations, which would require an implausible high star
formation efficiency (SFE), even larger than the cosmic baryon
mass budget in collapsed structures. It is important to stress
though that various uncertainties affect the JWST measure-
ments and might solve the tension with ΛCDM. For example,
the calibration of JWST data may cause imprecise redshift
determination (see, e.g., Steinhardt et al. 2022; Adams et al.
2023), while the estimation of the stellar masses may be
plagued by systematic uncertainties in the initial mass
distribution, the effect of a large scatter in the star formation
(Mirocha & Furlanetto 2023), the impact of dust attenuation
(Ziparo et al. 2022), as well as the inclusion of very bright lines
from other sources beyond the stellar continuum (e.g., Endsley
et al. 2022). Spectroscopic follow-up and further testing of
these astrophysical uncertainties will soon shed more light on
the issue.

A useful quantity to assess the viability of the ΛCDM model
is the stellar mass density ρ*(>M*) predicted above a given
mass scaleM*. The stellar mass is related to the average baryon
mass within each halo through the SFE, which we define as ò,
by the relation

( ) ( )M M f M, 1b m b= W W =*  

with M being the halo mass and fb= 0.156 the baryon fraction
as measured by Planck (Aghanim et al. 2020). In the following,
and in order to be on the conservative side, we will identify the
stellar mass with the baryon mass contained within a given
halo, which means fixing the SFE to ò= 1. This conservative
choice maximizes the stellar mass predicted by a given
scenario.
The comoving cumulative stellar mass density contained

within galaxies above a certain stellar mass Må reads
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where n(M) is the CDM HMF.
Recently, based on 14 galaxy candidates with masses in the

range ∼109–1011Me at 7< z< 11 identified in the JWST
CEERS program, Labbe et al. (2022) derived the cumulative
stellar mass density at z= 8 and 10 for Må 1010Me. They
found at z; 10
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These values are larger than ΛCDM predictions by a factor
∼50, even allowing for a maximum efficiency of ò= 1, or
invoking extreme value statistics (Lovell et al. 2023).
While several extensions of the ΛCDM scenario have been

already put forward in the recent literature (Gong et al. 2022;
Liu & Bromm 2022; Menci et al. 2022), they all appeal to new
ingredients in the late-time evolution of the universe. The goal
of this paper is to discuss a possible solution which invokes a
change in the initial conditions of the cosmological
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perturbations giving rise to the DM halos, that is, non-
Gaussianity (NG; Bartolo et al. 2004). Indeed, a possible
source of NG could be primordial in origin, being specific to a
particular mechanism for the generation of cosmological
perturbations. It is known that NG in the initial conditions
may change the abundance of DM halos, especially in the high
mass range of the HMF. As such, primordial NG may provide
in principle a boost in forming high mass and bright galaxies.
In the following, we characterize the nature of NG, specifying
which properties NG has to possess to be in agreement with the
JWST data.

The paper is organized as follows. In Section 2 we discuss
how one can model the Gaussian and NG HMFs, by also
checking their validity with dedicated N-body simulations. In
Section 3 we compare models with various NG signatures to
the JWST data, while our conclusions are offered in Section 4.

2. Halo Mass Function

2.1. Gaussian

We describe the Gaussian differential halo abundance as
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where Mr is the background average matter density,
ν= δc/σ(M, z) with δc= 1.686 corresponding to the critical
linear overdensity for collapse, while σ(M, z) is the variance of
the smoothed linear density field. The smoothing scale R is
related to the halo mass through the relation

( )R M3 4 M
1 3pr= . Linear density fields evolve with time

according to the linear growth factor D(z), and we assume a
CDM form for the linear power spectrum. The variance of
linear density perturbations smoothed on scale R is therefore
computed as
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where Pζ(k) is the linear comoving curvature power spectrum,
defined from the curvature field two-point function
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Also, we introduced the Fourier transform of a top-hat spherical
window function
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in terms of the linear transfer function T(k), the matter
abundance ΩM, and the present day Hubble rate H0, following
the standard conventions in the literature.

2.2. NG

The presence of NGs in the initial conditions alters the
abundance of DM halos. Several ways of modeling this effect
have been proposed in the past (see, e.g., Biagetti 2019 for a
recent review, and references therein).

The general approach is based on the Edgeworth expansions
of the probability distribution function of the matter density
field, or of the level excursion probability of overcoming a
threshold for collapse (Matarrese et al. 2000; LoVerde et al.
2008; Desjacques & Seljak 2010). In the limit of a weak-
enough NG, the expansion is usually truncated to the leading
term, which is generated by the three-point function of the
primordial field. As a result, the exponential tail of the mass
function (Equation (4)) is modified by a non-vanishing
skewness, and one can correct the Gaussian HMF with a
multiplicative factor
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which we take to be the one proposed by Desjacques & Seljak
(2010):
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Here we introduced ˆ 0.949c cd d= ´ and ˆ S1 3c 3dD º - ,
and the skewness S3 can be computed by integrating the matter
bispectrum
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which in turn is sourced by the primordial curvature bispectrum
Bζ through
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The specific type of NG that sources the change in the halo
mass function (HMF) is fully specified by Bζ in a model-
dependent way. In this work, we focus on the so-called local-
type NG, which includes a class of models where local
interactions among fields take place on superhorizon scales (see
Bartolo et al. 2004 for a review).
For these models, the primordial bispectrum takes the

simple, factorizable, form of

( ) [ ( ) ( ) ] ( )B k k k f P k P k, ,
6

5
perm , 131 2 3 NL 2 3= +z z z

where fNL parameterizes the amplitude of the bispectrum and
Pζ is the primordial curvature power spectrum.9 While in the
most popular version of the local NG fNL is scale independent,
in our comparison with JWST data we are going to test
extensions that allow fNL to run with scale. This generalization
is well motivated for several models of interactions taking
place during inflation (Chen 2005; Khoury & Piazza 2009;
Byrnes et al. 2010, 2011; Huang 2010a, 2010b; Riotto &
Sloth 2011), and its implications have been thoroughly
investigated in cosmic microwave background(CMB)

9 Assuming a constant fNL, one can show by directly integrating
Equation (11) that an accurate fit of the skewness as a function of both scale
and redshift is given by (see, e.g., Chongchitnan & Silk 2010)
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which we adopt in the remainder of this work when dealing with a constant fNL.
We have checked that the fit is accurate even up to redshifts z ; 10.
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observations and for galaxy surveys observing at low redshift
(LoVerde et al. 2008; Sefusatti et al. 2009; Becker et al.
2011, 2012; Agullo & Shandera 2012; Giannantonio et al.
2012; Biagetti et al. 2013a,2013b). The corresponding
bispectrum in this scale-dependent model is

( ) [ ( ) ( ) ( ) ] ( )B k k k f k P k P k, ,
6

5
perm , 151 2 3 NL 1 2 3= +z z

where different functional forms for fNL(k) that we adopt are
specified in the next section.

2.3. Testing High-redshift Halo Mass Functions with N-body
Simulations

Previous literature has thoroughly compared theoretical
predictions of the HMF both for Gaussian (Jenkins et al.
2001; Evrard et al. 2002; Reed et al. 2003, 2007; Warren et al.
2006; Lukic et al. 2007; Cohn & White 2008; Tinker et al.
2008, 2010; Despali et al. 2015) and NG (Matarrese et al. 1991;
Moscardini et al. 1991; Park et al. 1991; Gooding et al. 1992;
Weinberg & Cole 1992; Borgani et al. 1994; Dalal et al. 2008;
Pillepich et al. 2010; Achitouv & Corasaniti 2012; Achitouv
et al. 2014; Stahl et al. 2023) initial conditions to simulations.
However, most results are at low redshifts, z 2, and none of
them include comparisons at higher redshifts including NG
initial conditions. Hence, it is important to validate the
predictions at the redshifts of relevance for the galaxies
observed by JWST that are discussed in this paper.

To perform our analysis, we use a subset of the EOS DATA
SET,10 which includes simulations with Gaussian as well as NG
initial conditions. The initial particle displacement is generated
at zin= 99 using 2LPTic (Scoccimarro 1998), and its
extended version (Scoccimarro et al. 2012) for local NG initial
conditions, using fNL= 500 as the value for the nonlinearity
parameter. The linear power spectrum given as an input is
computed using CLASS (Blas et al. 2011) and assumes a flat
ΛCDM cosmology with ns= 0.967, σ8= 0.85, h= 0.7,
Ωm= 0.3, and Ωb= 0.045. The public code Gadget2
(Springel 2005) is used to evolve 5123 particles in a cubic
box of 64 Mpc h−1 per side, which allows enough resolution to
resolve DM halos down to M∼ 1010Me. We run 30 different
realizations for both the Gaussian and NG initial conditions.
We identify halos in each simulation using the code Rock-
star (Behroozi et al. 2013), with a lower mass cut off of a
minimum of 100 particles, resulting in halos of minimum

 M M2.3 10min
10´ . The algorithm used is Friends-of-

Friends with a linking length of λ= 0.28 at redshifts of z= 8
and 10 and it estimates the halo mass with a spherical
overdensity (SO) approach, with an overdensity
of ¯200 MrD = .

As already shown in Biagetti et al. (2017) for a similar set of
halos at redshifts of z= 0, 1, and 2, the Tinker fit (Tinker et al.
2010) provides good agreement with the HMF measured in the
simulations. Hence, in what follows, we adopt the Tinker HMF
parameterized as
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where ν is computed using the same linear power spectrum
provided as input to the simulations.
In Figure 1, we show the HMF at various redshifts in the

absence of NGs and assuming NG initial conditions of the local
type with fNL= 500. The model agrees within 20% of the
measurements both for the Gaussian and NG initial conditions
even at z= 8 and 10. These differences are reasonable, given
that the Tinker mass function has not been tested at such high
redshifts and that the Rockstar halo finder is not a fully SO
algorithm. Thus, we are confident that our theoretical
predictions for the HMFare realistic within the approximations
made.

3. The JWST Data and NGs

Based on the results of the previous section, we compute the
(comoving) cumulative stellar mass density contained within
galaxies above a certain stellar mass Må by integrating
Equation (2) and including the presence of local NGs. For
these computations we use a value of σ8= 0.815, which is
closer to the current best-fit model quoted in the latest Planck
results (Aghanim et al. 2020). All other cosmological
parameters are taken to be the same as the simulated data
presented in the previous section.
In Figure 2 we show a comparison between the JWST

observations from Labbe et al. (2022) and the heavy halo star
density for different values of fNL in the case where fNL is
constant. Large NGs can easily reduce the tension with the
observations at a redshift of z≈ 10 but do not help explain the
mild evolution between the two redshift bins.
Such large NGs are, however, ruled out by CMB anisotropy

data (Akrami et al. 2020) and eBOSS clustering data (Castorina
et al. 2019), which constrain local-type NGs to be of order
|fNL| 10 and |fNL| 26 at the 95% confidence level,
respectively. On the other hand, one should take into account
the fact that these constraints are valid at relatively large scales,
kconstraints 0.3 hMpc−1, while the relevant scale for these
massive galaxies at redshifts of z= 8 and 10 is

Figure 1. Halo mass distribution at redshifts of z = 8 and z = 10 assuming
either Gaussian or NG ( fNL = 500) curvature perturbations and compared to N-
body simulations (see the main text). The bands around the simulation data
points indicate the standard error on the mean. In the bottom panel, we show
the ratio between the simulation data points and the Tinker fit

( ) ( )dn d M dn d Mln lnsim TinkerD º , adopting the same color code as in
the top panel.

10 Information on the EOS suite is available at https://mbiagetti.gitlab.io/
cosmos/nbody/eos/.
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k∼ 1/R 1.5 hMpc−1, where we choose R to be the
Lagrangian radius corresponding to halo masses of
M∼ 1011Me, which are considered in our analysis (i.e., stellar
masses around M*∼ 1010Me). Around these small scales,
Sabti et al. (2021) have put constraints using UV galaxy
luminosity functions from the Hubble Space Telescope (HST)
of about fNL 500 at the 95% confidence level, but assuming
that NGs are switched on already at scales of

kcut∼ 0.15 hMpc−1. With increasing kcut, the constraints
loosen considerably (Sabti et al. 2021).
We therefore consider the possibility that the fNL parameter

runs enough with scale to evade current constraintsand
simultaneously explain the JWST high-redshift galaxies.

Figure 2. Left: co-moving cumulative stellar mass density of galaxies with a stellar mass above M* at a redshift of z = 10. The black bars indicate the 1σ and 2σ
ranges inferred from the JWST observations (Labbe et al. 2022), where the latter is extrapolated assuming a Gaussian distribution. The same convention is used in the
following figures. For a comparison of the JWST observations of Labbe et al. (2022) with other data sets, see, for example Lovell et al. (2023). Right: same as the top
panel but for z = 8.

Figure 3. Stellar mass density above M* as shown in Figure 2 assuming different NG models. We emphasize that we conservatively assume the stellar mass is
comparable to the baryon mass contained within a given halo (ò ; 1). As such, a satisfactory resolution of the tension would require the lines to fall above the data
points. Note that the corresponding value of fNL

0 should depend on ò if more realistic values (ò < 1) are chosen. Left: the running-NG model. Center: constant NG with
a sharp cut at the scale corresponding to halo masses Mcut. In the lower panel, transitions to negligible values of S3 bring the predictions toward the Gaussian case (as
can be seen in the lower panel). Right: NG bump.
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A first case is the so-called running NG (Sefusatti et al.
2009) for which
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The corresponding stellar mass densities are plotted in Figure 3
(left panel) and compared to the JWST data. We observe that a
sufficiently large n 2fNL

 may help in reducing the tension,
but it gives rise to a too-steep HMF tilted toward small halo
masses that can hardly reach the largest data point at a redshift
of z= 10, while being compatible with the others. In Figure 4
we plot the corresponding skewness S3, where we have chosen

k kmax constraints to be the smallest scale constrained by large-
scale structure(LSS) observations (see Sabti et al. 2021). The
amplitude of ( )f kNL max has been fixed such that S3 saturates the
current bound from the LSS.11

A possible solution to this problem is to take a fNL(k) such
that it is constant up to some scale kcut (corresponding to a halo
mass Mcut) that vanishes at smaller momenta, such that (see,
e.g., Sabti et al. 2021)
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Such scale-dependent NGs can be obtained in inflationary
models, where, besides the inflation field, there is another
spectator field which experiences a transition from massless to

massive at a scale of ≈kcut (Riotto & Sloth 2011). The
corresponding result is shown in Figure 3 (central panel),
where we plot the stellar mass density above M* assuming
different values of fNL

0 and the scale where the NGs are
switched off corresponding to Mcut= 1012Me. This indicates
that, in order to reach the JWST observations, large NGs are
needed at least starting from masses below ≈1012Me. The
resulting shape of S3 obtained in this scenario is shown in
Figure 4. Note that these large values of fNL

0 might be in
tension with the constraints quoted by Sabti et al. (2021), which
strongly depend on kcut.
Finally, we consider a model in which the NG correction is

localized within a bump at scales close the one observed by
Labbe et al. (2022). We assume the functional form

) ( ) ( ) ( )/
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w
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exp
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2
20NL

NL
0 2

0
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and fix the central scale to be k0= 1.4 hMpc−1, which
corresponds to the masses detected by Labbe et al. (2022) at
a redshift of z= 10. In Figure 3 we show the corresponding
stellar mass density above M* with varying assumptions on the
width of the bump w, while the resulting skewness is plotted in
Figure 4. We see that a large normalization fNL

0 and a relatively
narrow width may allow for a reduction in the tension between
the JWST observations and the cosmological model.

4. Conclusions

In this paper we have investigated whether changing the
initial conditions of cosmological perturbations by adding some
amount of NG helps in boosting the formation of massive and
bright galaxies, as recently reported in the literature thanks to
the new data collected by the JWST.
We tested our modeling of the NG correction of the HMF by

adopting N-body simulations and checking whether the NG
scenarios that are compatible with current large-scale and low-
redshift observations may help explain the recent data. Our
findings indicate that a large and strongly scale-dependent NG
(which switches on at small scales) is needed to alleviate the
tension between the cosmological model and the observations.

Figure 4. Skewness S3 as a function of scale R (or halo mass at z = 10, indicated at the top). The gray region corresponds to values of S3 obtained using excluded
values of fNL due to constraints from Castorina et al. (2019), assuming local-type NGs. We use a limiting value of fNL = 26 at the 95% confidence level using
k h0.3max = Mpc−1 for a conservative assumption on the response of quasars to the NGs. We indicate S3 obtained with the various models considered in this work
with the same colors used in Figure 3 as labeled in the insets.

11 Note that the model of Equation (17), besides being too steep to explain the
JWST observations, produces also a very large skewness at small scales (see
Figure 4). These large values would be in contrast with the truncation made on
the Edgeworth expansion when neglecting the effects of the kurtosis, etc., in
the calculation of the HMF.
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We have modeled the halo mass distribution with the Tinker
model (Tinker et al. 2010), which was used in the model
validation against the N-body simulations. Notice, however,
that different choices were adopted in the literature (e.g., the
Sheth–Tormen mass function; Sheth & Tormen 2002) that led
to larger HMF tails and, consequently, to smaller values of fNL
to alleviate the tension. We have verified this intuition by
performing our analysis using the Sheth–Tormen mass
function, for which the values of fNL needed to alleviate the
tension are around a factor of two smaller.

We notice once again that the small evolution of the HMF
between redshifts of 8 and 10 reported in Labbe et al. (2022)
poses a threat to our explanation as it is not easily captured in
the models we tested and would need a rather artificial redshift
dependence of the theoretical prediction. Such a caveat appears
to be valid for most of the solutions recently proposed in the
literature. It should be noted that our analysis does not include a
complete assessment of parameter degeneracies within the
ΛCDM model. In particular, σ8, which parameterizes the
amplitude of matter fluctuations, is also known to provide an
enhancement on the tail of the HMF. Leaving all other
cosmological parameters fixed and setting fNL= 0, we have
verified that explaining the observed galaxies would require
values of σ8 0.9, which are significantly excluded by Planck
(Aghanim et al. 2020).

We are aware that there are several uncertainties related to
the JWST measurements, which might solve the tension with
respect to the ΛCDM model independently from NGs. First of
all, uncertainties in the calibration of JWST data may impact
the redshift determinations, see, e.g., Table 4 in Adams et al.
(2023). Current measurements rely on identifying high-redshift
candidates using photometric template fitting which however
are not tested at such high redshifts (Steinhardt et al. 2022).
Another possibly large uncertainty is added in the estimation of
M*. For this, the Chabrier initial mass function is typically
adopted (Chabrier 2003), which however is tested at much
lower masses and redshifts. Furthermore, the effect of a large
scatter in the star formation (Mirocha & Furlanetto 2023) as
well as the impact of dust attenuation (Ziparo et al. 2022) may
introduce further contamination in the mass estimations.
Finally, if the data also include very bright lines from other
sources (such as active galactic nuclei) beyond the stellar
continuum, one may also get a contaminated measurement of
masses (see, e.g., Endsley et al. 2022). Spectroscopic follow-up
and further testing of these astrophysical uncertainties will soon
shed more light on this issue.
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