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JWST high redshift galaxy observations predict a higher star formation efficiency that the stan-
dard cosmology, which poses a new tension to ΛCDM. We find that the situation is worse than
expected. The true situation is that the Planck CMB measurement has a strong tension with
JWST high redshift galaxy observations. Specifically, we make a trial to alleviate this tension by
considering alternative cosmological models including dark matter-baryon interaction, f(R) gravity
and dynamical dark energy. Within current cosmological constraints from Planck-2018 CMB data,
we find that these models all fail to explain such a large tension. A possible scenario to escape
from cosmological constraints is the extended Press-Schechter formalism, where we consider the
local environmental effect on the early formation of massive galaxies. Interestingly, we find that an
appropriate value of nonlinear environmental overdensity of a high redshift halo can well explain
this tension.

I. INTRODUCTION

Since the cosmic acceleration is discovered by Type Ia supernovae (SNe Ia) [1, 2] and confirmed by two independent
probes cosmic microwave background (CMB) [3–5] and baryon acoustic oscillations (BAO) [6, 7], the standard 6-
parameter cosmological model, Λ-cold dark matter (ΛCDM) has achieved great success in characterizing the physical
phenomena across multiple scales at the background and perturbation levels. However, the validity of ΛCDM is
challenged by various kinds of new observations for a long time, and consequently new puzzles emerge such as the
so-called Hubble constant (H0) tension (see [8, 9] for recent reviews). It is noteworthy that, so far, we can not study
effectively the correctness of ΛCDM around redshift z ∼ 10, since currently mainstream probes BAO and SNe Ia
can not give direct observations at high redshifts. The lack of stable high redshift observations will prevent us from
testing ΛCDM more completely during the early stage of the evolution of our universe.

Very excitingly, the recent released high redshift galaxy observations [10–13] in the range z ∈ [7, 11] by JWST,
which contains a population of surprisingly massive galaxy candidates with stellar masses of order of 109M�, can
help explore whether ΛCDM is valid at high redshifts. In the literature, Refs.[10, 11, 14, 15] have reported the
cumulative stellar mass density (CSMD) estimated from early JWST data is higher than that predicted by ΛCDM
within z ∈ [7, 11]. Ref.[16] points out that dynamical dark energy (DDE) can explain this anomalous signal and the
corresponding constraint on DDE is displayed. Subsequently, if the nature of dark matter (DM) is fuzzy, this high
SMD can be recovered [17]. Furthermore, Ref.[18] discusses under which circumstances primordial non-Gaussianity
can act as a solution.

Since these high redshift galaxy observations from JWST have important implications on cosmology and astro-
physics, we attempt to probe whether early JWST data indicates any possible signal of new physics. Specifically, we
study three classes of beyond ΛCDM cosmological models, i.e., DM-baryon interaction (DMBI), modified gravity (MG)
and DDE. In addition, we consider the case of the extended halo mass function (HMF). We find that Within current
cosmological constraints from Planck-2018 CMB obervations, these three models all fail to explain this large tension.
A possibly successful scenario to escape from cosmological constraints is the extended Press-Schechter formalism.

This study is outlined in the following manner. In the next section, we introduce the basic formula of CSMD. In
Section III, we review briefly the alternative cosmological models and extended Press-Schechter HMF. In Section IV,
numerical results are displayed. The discussions and conclusions are presented in the final section.

II. BASIC FORMULA

As shown in Ref.[10], the CSMD from early JWST data has a large excess relative to that predicted by ΛCDM.
To explain this excess, we shall briefly introduce the basic formula of the cumulative SMD. The HMF for a given
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cosmological model reads as

dn

dM
= F (ν)

ρm
M2

∣∣∣∣ d lnσ

d lnM

∣∣∣∣ , (1)

where the function F (ν) for the Press-Schechter HMF [19] is expressed as

F (ν) =

√
2

π
νe−

ν2

2 , (2)

and ρm denotes the average background matter density, M the halo mass, σ the variance of smoothed linear matter
density field and reads as

σ2(R) =
1

2π2

∫ ∞
0

k2P (k)W 2(kR)dk, (3)

where k is the comoving wavenumber, P (k) the matter power spectrum, W (kR) = 3(sin kR − kR cos kR)/(kR)3 the
Fourier transformation of a spherical top-hat filter with radius R = [3M/(4πρ̄0)]1/3, ν = δc/[D(z)σ] [20] (δc = 1.686
is the critical collapsed density) and D(z) = g(z)/[g(0)(1 + z)] the linear growth factor for a specific cosmological
model, where g(z) for ΛCDM reads as

g(z) =
5

2
Ωm(z)

{
Ωm(z)

4
7 − ΩΛ(z) +

[
1 +

Ωm(z)

2

] [
1 +

ΩΛ(z)

70

]}−1

, (4)

where Ωm(z) and ΩΛ(z) are energy densities of matter and dark energy (DE) at a given redshift, respectively.
An effective quantity to study the validity of the ΛCDM model is the CSMD ρ?, which can be characterized by a

fraction of baryon mass contained within a given DM halo above a certain mass scale M? and reads as

ρ?(> M?, z) = εfb

∫ z2

z1

∫ ∞
M?
εfb

dn

dM
MdM

dV

dz

dz

V (z1, z2)
, (5)

where ε is the star formation efficiency, fb the baryon fraction and V (z1, z2) the comoving volume in the redshift range
z ∈ [z1, z2].

III. ALTERNATIVE MODELS

A. Dark matter-baryon interaction

Up to now, the standard cosmological paradigm indicates that DM is cold, collisionless and only participates in
gravitational interactions [9]. In light of the lack of experimental detections of DM and emergent cosmological tensions
in recent years, the scenario beyond the standard DM assumption becomes more and more attractive. An interesting
category is interactions between DM and the Standard Model particles such as baryons, photons and neutrinos. In
this study, we consider the case of DMBI.

The interaction between DM and baryons produces a momentum exchange proportional to momentum transfer
cross section, which can be shown as

σT =

∫
(1− cos θ)dΩ

dσ̄

dΩ
, (6)

In the weakly coupled theory, σT can just depend on even powers of DM-baryon relative velocity v and, in general, it is
a power law function of v. Here we adopt σT = σDM−bv

nb and denote the DMBI cross section as σDM−b. Specifically,
we study the mini-charged DM (DM particle with a fractional electric charge) corresponding to the case of nb = −4,
which has been used to explain the anomalous 21 cm signal from EDGES [21].

For this model, we introduce two basic assumptions: (i) DM and baryons obey the Maxwell velocity distribution; (ii)
both species are non-relativistic. As a consequence, the Euler equation of DM can obtain an extra term ΓDM−b(θb −
θDM), where ΓDM−b is the conformal DM-baryon momentum exchange rate, and θDM and θb represent the velocities
of DM and baryons, respectively. At leading order, ΓDM−b is expressed in terms of DM bulk velocity and reads as
[22]

ΓDM−b =
aρbfHeσDM−bc−4

mDM +mb

(
TDM

mDM
+
Tb
mb

+
V 2

RMS

3

)−1.5

, (7)
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where a is the scale factor, ρb the average baryon energy density, fHe ' 0.76, c−4 = 0.27 the integration constant
(see [22, 23] for details), and Ti and mi denote the temperature and average mass of species i, respectively. The bulk
velocity dispersion can be shown as [24]

V 2
RMS =


10−8, z > 103

(1 + z)2

10
, z ≤ 103

. (8)

The interaction between DM and baryons can produce the energy and momentum exchange. It is clear that DMBI
reduces to ΛCDM when σDM−b = 0. There is a possibility that DMBI can increase the baryon fraction and conse-
quently give a large star formation efficiency. This indicates that DMBI can act as a potential solution to the recent
puzzle from JWST data.

B. Modified gravity

Since general relativity (GR) can not explain current cosmic expansion in the absence of cosmological constant, the
modifications in the gravity sector on cosmic scales has inspired a broad interest in order to describe this anomalous
phenomenon. Here we shall consider the simplest extension to GR, f(R) gravity, where the modification is a function
of Ricci scalar R. f(R) gravity was firstly introduced by Buchdahl [25] in 1970 and more detailed information can be
found in recent reviews [26, 27]. Its action is written as

S =

∫
d4x
√
−g
[
f(R)

2
+ Lm

]
, (9)

where Lm and g denote the matter Lagrangian and the trace of a given metric, respectively.
For the late-time universe, a viable f(R) gravity scenario should explain the cosmic expansion, pass the local

gravity test and satisfy the stability conditions. To investigate whether MG can explain the high redshift galaxy
data from JWST, in this study, we consider the so-called Hu-Sawicki f(R) model (hereafter HS model) [28], which is
characterized by

f(R) = R− 2ΛRn̄

Rn̄ + µ2n̄
, (10)

where n̄ and µ are two free parameters characterizing this model. By taking R� µ2, the approximate f(R) function
can be expressed as

f(R) = R− 2Λ− fR0

n̄

Rn̄+1
0

Rn̄
, (11)

where R0 is the present-day value of Ricci scalar and fR0 = −2Λµ2/R2
0. Note that HS f(R) gravity reduces to ΛCDM

when fR0 = 0.
An intriguing question is whether recent JWST anomaly is a signal of beyond GR. We will carefully analyze this

possibility in this study.

C. Dynamical dark energy

Although Ref.[16] has claimed that DDE can explain the large CSMD from JWST, we think their method is
inappropriate and consequently their result maybe incorrect. We need to reanalyze the case of DDE.

As is well known, the equation of state (EoS) of DE w = −1 in the standard cosmological model. However, starting
from observations, the doubt about the correctness of ΛCDM stimulates the community to explore whether DE is
dynamical over time or not. In general, one depicts the DDE model by a simple Taylor expansion of DE EoS, i.e.,
ω(a) = ω0 + (1 − a)ωa [29, 30], where ωa characterizes the time evolution of DE EoS. The dimensionless Hubble
parameter is expressed as

EDDE(z) =

[
Ωm(1 + z)3 + (1− Ωm)(1 + z)3(1+ω0+ωa)e

−3ωaz
1+z

] 1
2

. (12)

Note that this model is a two-parameter extension to ΛCDM and it reduces to ΛCDM when ω0 = −1 and ωa = 0.
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D. Extended halo mass function

When applied into a complicated gravity system, the function of Press-Schechter HMF is limited, since it does
not consider the nonlinear environmental effects. To overcome this shortcoming, the extended Press-Schechter (EPS)
HMF is proposed in Ref.[31] and reads as

dn(M1, z|M2, δ2)

dM1
=
M2

M1
fm(S1, δ1|S2, δ2)

∣∣∣∣ dS1

dM1

∣∣∣∣ , (13)

where the mass variance S1 = σ2(M1) and S2 = σ2(M2) (see Eq.(3)), and one can obtain the average number of
progenitors at time t1 in the mass range (M1,M1 + dM1) which by time t2 (t2 > t1) have merged to form a large halo
of mass M2. The multiplicity function fm is expressed as

fm(S1, δ1|S2, δ2) =
1√
2π

δ1 − δ2
(S1 − S2)3/2

exp

[
− (δ1 − δ2)2

2(S1 − S2)

]
dS1. (14)

δ1 and δ2 are, respectively, the linear overdensities in spherical regions of masses M1 and M2. To study the environ-
mental impacts on the high redshift HMF, we choose M2 as a present-day halo corresponding to current overdensity
δ2. To compute δ2, one should transform the nonlinear overdensity δnl at redshift z in Eulerian space into the linear
overdensity in Lagrangian space. The corresponding analytic fitting formula based on spherical collapse model is
[32, 33]

δ2(δnl, z) =
δ1

1.68647

[
1.68647− 1.35

(1 + δnl)2/3
− 1.12431

(1 + δnl)1/2
+

0.78785

(1 + δnl)0.58661

]
. (15)

Since there is a possibility that the excessively high CSMD from JWST is caused by nonlinear environmental effect,
we attempt to explain it using the EPS formalism.

IV. METHODS AND RESULTS

At first, we employ the best fits from current cosmological constraints as our baseline values for four models. Since
we hope that the following calculations can be permitted by present-day observations, our discussions and results
will mainly focus on the allowed parameter space. Then, for different models, we use different Boltzmann codes to
calculate their background evolution, growth factors and matter power spectrum at different redshifts. Specifically,
we take CLASS [22, 23, 34] for DMBI and use modified CAMB [35, 36] for f(R) gravity, DDE and EPS scenarios. Note
that ΛCDM is adopted in the EPS scenario. Subsequently, we compute the HMF at different redshifts for the above
four models. Finally, we work out the maximal CSMD for each model according to the permitted parameter space,
and check whether these scenarios are consistent with the latest JWST data. Notice that Eq.(4) is only used in the
EPS model and the growth factors of the other three models are obtained from the corresponding software package.

Our numerical analysis results are presented in Figs.1-3. At first, we display the CSMD of ΛCDM in the redshift
range z ∈ [7, 9] and see its performance. In general, the SFE ε is about 10% according to current observational
constraints [11]. Nonetheless, one can see that in the top left panel of Fig.1, 10% is nowhere near enough to reach
the lower bounds of JWST data points in ΛCDM. One needs the star formation rate in galaxies to be at least 50%
in order to explain the inconsistency. In the meanwhile, one can easily find that ε = 0.8 can successfully explain two
data points but 100% SFE can not. Except for ΛCDM, we all calculate the maximal CSMD in the other models, i.e.,
assuming ε = 1.

In the second place, we make a trial to explore whether alternative cosmological models can alleviate even solve
the tension between JWST and Planck CMB observations. In the DMBI case, we attempt to acquire a higher baryon
fraction by the coupling between DM and baryons, and consequently explain this discrepancy occurred in ΛCDM.
However, we find that varying coupling strength σDM−b hardly affects the CSMD, and only the variation of interaction
DM fraction Ωidm affects significantly the CSMD. When assuming the DM particle mass mDM = 100 GeV, the cross
section σDM−b = 10−42 cm2 and choosing the fraction Ωidm = 0.01, 0.03 and 0.05, this tension can be efficiently
relieved but it seems that this model is difficult to explain both data points. However, if considering the current
cosmological constraint that gives a very small Ωidm [24], DMBI still behaves like ΛCDM and can not resolve this
discrepancy. We have also studied the impacts of mDM and find different DM particle masses also can not explain
JWST data.

In f(R) gravity, we find small fR0 such as 0.1 and 1 can not expalin the anomaly but a very large value fR0 = 10
can do. This implies that one needs a large deviation from GR to be responsible for JWST data. Unfortunately, the
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FIG. 1: The CSMDs for the ΛCDM, DMBI, f(R) gravity and EPS models are shown from top to bottom and left to right,
respectively. Note that for ΛCDM, we compute the CSMDs in the redshift range z ∈ [7, 9] by choosing different values of the
SFE ε. For the other models, we calculate the CSMDs in the redshift range z ∈ [9, 11] when ε = 1.

latest cosmological constraint gives log10 fR0 < −6.32 at the 2σ confidence level [37], which is much smaller than 10.
Therefore, similar to DMBI, f(R) gravity also fails to alleviate this tension. Interestingly, this gives us a hint that, if
two galaxies observed by JWST are located in the low density region of the universe where MG effect is very large,
the data can be appropriately explained.

Furthermore, we are interested in whether the nature an simple extension to ΛCDM, DDE, can explain the incon-
sistency. As mentioned above, Ref.[16] claimed that JWST data can clearly constrain DDE. However, within current
constraining precision, we query this conclusion. To ensure the validity of our conclusion, we constrain ΛCDM and
DDE models using the Planck-2018 CMB temperature and polarization data (see Fig.2), and then obtain the best
fitting values of parameters of these two models. One can easily find the constrained values of model parameters
of ΛCDM in Ref.[5]. For DDE, we obtain current baryon and CDM densities Ωbh

2 = 0.0225 and Ωch
2 = 0.1184,

the ratio between angular diameter distance and sound horizon at the redshift of last scattering θMC = 1.04109,
the optical depth due to the reionization τ = 0.06, the amplitude and spectral index of primordial power spectrum
As = 2.114 × 10−9 and ns = 0.9698, and two DE EoS parameters ω0 = −0.38 and ωa = −4.8. Same as DMBI
and f(R) gravity models, we use the same method to work out the CSMD of DDE, and find that the variation of
the CSMD is largely dominated by the values of six basic parameters Ωbh

2, Ωch
2, θMC , τ , As and ns. Although

ω0 and ωa is loosely constrained by CMB data (constrained ω0-ωa parameter space is large), different values of ω0

and ωa hardly affect the CSMD. For instance, in the left panel of Fig.3, ω0 = −0.38 and ωa = −4.8 plus the ΛCDM
and DDE best fits gives completely different CSMDs. Choosing the ΛCDM best fit, (ω0, ωa) = (−0.38,−4.8) and
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FIG. 2: The marginalized posterior probability distributions of the ΛCDM and DDE models from the Planck-2018 CMB
constraints are shown.

(ω0, ωa) = (−1,−1) gives very similar results in the logarithmic space. In the medium and right panels of Fig.3, we
verifies that taking same best fits of ΛCDM and DDE, respectively, choosing different DE EoS parameter pair just
produces very limited differences. After scanning the DDE parameter space, we find clearly that DDE also can not
explain this tension, but its best fit can help increase the value of CSMD and become closer to JWST data points (see
the left panel of Fig.3). The reason that the result in Ref.[16] is different from ours is that they do not implement an
appropriate cosmological constraint based on the Planck CMB data.

The result from f(R) gravity prompts us to study the environmental effect of JWST galaxies on the CSMD. The
most straightforward method is replacing the Press-Schechter HMF with the EPS formalism in the framework of
ΛCDM, where the sole parameter δnl characterizes the nonlinear environmental effect of a high redshift halo. In the
bottom right panel, we calculate the maximal CSMDs in the redshift range z ∈ [9, 11] for the EPS model. We find
that neither overlarge (δnl = 1) nor too small (δnl = 0.1) explain JWST observations and that the larger δnl is, the
larger the CSMD is. Since the total sky area covered by the JWST initial observation is large enough (∼ 40 armin2)
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FIG. 3: The CSMDs of the DDE model computed at in the redshift range z ∈ [9, 11] are shown when assuming ε = 1. Left:
Different combinations of parameter values and best fits from constraints, respectively. Medium: Only the ΛCDM best fit;
Right: Only the DDE best fit.

[10], we can not rule out this possibly local environmental effect. However, unfortunately, there is no δnl passing two
data points simultaneously.

V. DISCUSSIONS AND CONCLUSIONS

Recently, the early data release of JWST reveals the possible existence of high redshift galaxies. What is interesting
is these galaxies in the redshift range z ∈ [7, 11] exhibit the overlarge star formation rate, which is incompatible with
the prediction of the standard cosmology. This may indicate that JWST data contain the signal of new physics.

In this study, we try to resolve this tension with alternative cosmological models including DMBI, f(R) gravity
and DDE. We find that in light of the precision of current cosmological constraint from Planck-2018 CMB data, these
models all fail to explain this large tension. Specifically, for DMBI, the coupling strength σDM−b between DM and
baryons hardly affects the CSMD. For f(R) gravity, the effect of varying fR0 on the CSMD is too small to relive the
tension. For DDE, although the constrained DE EoS parameter space is large, different parameter pair (ω0, ωa) just
produces very limited differences in the CSMD. Interestingly, a large interacting DM fraction and a large deviation
from Einstein’s gravity can both generate a large CSMD.

A possible scenario to escape from current cosmological constraints is the EPS formalism, where we consider the
local environmental effect on the CSMD. We find that an appropriate value of nonlinear environmental overdensity
of a high redshift halo can well explain the CSMD discrepancy. However, we do not find an EPS model that can
simultaneously explain two data points.

In the near future, JWST will bring more useful data to human beings, so that we can extract more physical
information to uncover the mysterious veil of nature.
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