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Abstract

Primordial magnetic fields (PMFs) play a pivotal role in influencing small-scale fluctuations within the primordial
density field, thereby enhancing the matter power spectrum within the context of the ACDM model at small scales.
These amplified fluctuations accelerate the early formation of galactic halos and stars, which can be observed
through advanced high-redshift observational techniques. Therefore, stellar mass density (SMD) observations,
which provide significant opportunities for detailed studies of galaxies at small scales and high redshifts, offer a
novel perspective on small-scale cosmic phenomena and constrain the characteristics of PMFs. In this study, we
compile 14 SMD data points at redshifts z > 6 and derive stringent constraints on the parameters of PMFs, which
include the amplitude of the magnetic field at a characteristic scale of A =1 Mpc, denoted as By, and the spectral
index of the magnetic field power spectrum, ng. At 95% confidence level, we establish upper limits of By < 4.44
nG and np < —2.24, along with a star formation efficiency of approximately ff ~ 0.1. If we fix ng at specific
values, such as —2.85, —2.9, and —2.95, the 95% upper limits for the amplitude of the magnetic field can be
constrained to 1.33, 2.21, and 3.90 nG, respectively. Finally, we attempt to interpret recent early observations
provided by the James Webb Space Telescope using the theory of PMFs and find that by selecting appropriate
PMF parameters, it is possible to explain these results without significantly increasing the star formation efficiency.
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1. Introduction

Recent advancements in cosmological probes, including the
cosmic microwave background (CMB), baryon acoustic
oscillations (BAQO), supernovae, and redshift-space distortions,
have facilitated the acquisition of extensive information on the
large to medium scales of the Universe. These developments
enhance our understanding of cosmological evolution and,
within the framework of the ACDM model, enable precise
constraints on numerous cosmological parameters. As galaxy
surveys advance, our capacity to detect increasingly smaller
scales has improved (Chabanier et al. 2019). This progress
necessitates the use of appropriate methodologies to extract
information from these smaller scales, where a wealth of
nonstandard cosmological phenomena predominantly reside.

Magnetic fields, pervasive across various cosmic environ-
ments—from planets to galaxy -clusters—exhibit strengths
ranging from approximately 1 to 107® G. These fields are
coherent over scales up to tens of kiloparsecs within and
around high-redshift galaxies and in the interstellar medium
(Beck et al. 1996; Govoni & Feretti 2004; Ryu et al. 2008). The
strongest magnetic fields discovered in the Universe are found
in neutron stars, particularly those in X-ray binaries, with
strengths ranging from approximately 10® to several 10" G
(Revnivtsev & Mereghetti 2015). The generation of these
magnetic seeds, whether through mechanisms like the
Biermann battery (Biermann 1950) or the influence of the first
stars (Sur et al. 2010; Doi & Susa 2011), and their amplification
via dynamo processes (Federrath et al. 2011; Schober et al.
2012), is considered crucial. If a field in the intergalactic
medium (IGM) fills the vast, empty regions of space (voids), it
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would be challenging to explain this solely through astro-
physical processes that occur in the late Universe. This
difficulty suggests that such a field might have a primordial
origin (Furlanetto & Loeb 2001; Bertone et al. 2006;
Subramanian 2016; Adi et al. 2023b). Magnetogenesis during
inflation or early phase transitions is particularly important,
which can be categorized into: (1) generation during phase
transitions, producing very blue or violet spectra that have
ng~2 (Hogan 1983; Grasso & Riotto 1998; Grasso &
Rubinstein 2001), and (2) inflationary generation, resulting in
nearly scale-invariant spectra, which have ng ~ —3 (Turner &
Widrow 1988; Ratra 1992; Durrer & Neronov 2013; Jedamzik
& Saveliev 2019). For instance, primordial magnetic fields
(PMFs) generated during inflation, scalar fields (¢) like the
inflation and the dilaton such as fz(qﬁ)we‘m, which can be
expected that By ~ 1077107 G, for o ~ 200 (Ratra 1992).
PMFs generated during phase transitions, such as Higgs
field gradients, lead to a comoving field By~ 7 x 10°°G
(Vachaspati 1991; Grasso & Riotto 1998; Subramanian 2016).
These PMFs primarily influence small-scale matter density
perturbations, which is the main focus of our study.

In recent years, several constraints on the parameters of
PMFs have been derived from various astronomical observa-
tions. For instance, vortical modes generated by PMFs can
dominate the B-mode power spectrum on small scales and
affect the Silk damping scale. Consequently, the CMB provides
stringent limits on PMFs due to their significant contribution to
the B-mode polarization power spectrum. Zucca et al. (2017)
utilized the Planck CMB temperature and polarization data to
constrain the magnetic amplitude, obtaining an upper limit of
By mpe < 3.3 nG at the 95% confidence level. When using
future CMB observational data, such as those from the
LiteBIRD satellite, the constraint is expected to improve, with
a marginalized limit of By'\;% < 2.2 nG at the 95% confidence
level (Paoletti et al. 2024). By incorporating data at large
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multipoles from the South Pole Telescope (SPT) and margin-
alizing over the spectral index np, this upper limit is further
refined to 1.5 nG, with np remaining unconstrained.

Besides CMB observations, various astrophysical observations
can also provide constraints on PMFs. For instance, Sanati et al.
(2024) used magnetohydrodynamic methods to investigate the
impact of magnetic fields on the evolution of dwarf galaxies. They
found that dwarf galaxies formed in a ACDM+PMF scenario
with Bo=0.05 and 0.10 nG align more closely with observed
scaling relations in the Local Group. Additionally, Adi et al.
(2023b) employed the voxel intensity distribution (VID) derived
from the matter power spectrum, using upcoming line-intensity
mapping (LIM) surveys targeting carbon monoxide (CO)
emission from star-forming galaxies at high redshifts. This
approach can constrain the parameters of PMFs to values as
low as Bj ppe ~0.006-1 nG. Most of the studies mentioned
above focus on constraining the upper limit of By. However, it is
worth noting that, based on blazar emissions, it is suggested that
the voids in the intergalactic medium might host a weak magnetic
field of about 10~'° G, coherent on Mpc scales. This indicates a
lower limit for PMFs such that By >3 x 107 '® G (Neronov &
Vovk 2010; Kandus et al. 2011).

With the advancement of telescopes and satellites, extensive
surveys have yielded vast amounts of data. Despite this
abundance, small-scale data on galaxies and clusters remains
essential, especially due to its dependence on the intricate
physics of star formation. The stellar mass function (SMF) and
stellar mass density (SMD) of galaxies provide significant
opportunities for detailed studies of galaxies at small scales and
high redshifts (Bhatawdekar et al. 2019; Kikuchihara et al.
2020; Stefanon et al. 2021). The presence of PMFs
significantly enhances the matter power spectrum at small
scales. Consequently, the SMD, derived from the matter power
spectrum, is expected to exhibit differences. Therefore, we
undertake an analysis utilizing current SMD observations to
constrain the parameters of PMFs.

The paper is structured as follows: In Section 2, we briefly
introduce the theory of PMFs and their influence on the matter
power spectrum. Section 3 provides a concise overview of star
formation and galaxy formation theories, illustrating their
relevance to PMFs. Section 4 presents the numerical method
and SMD data employed in this study. Our results regarding
the constraints on PMFs are presented and discussed in
Section 5. Finally, we conclude our work in Section 6.

This work assumes a flat Universe with the Planck 2018
best-fit parameters 7 = 0.6736, 2,,, = 0.3153, and €2, = 0.0493
(Planck Collaboration et al. 2020).

2. Primordial Magnetic Field

The PMFs can be divided into two categories, one is a
helical field, and the other is a nonhelical field. The
conservation of magnetic helicity plays an important role,
leading to a larger coherence scale compared to a nonhelical
field (Christensson et al. 2001). More specifically, using the
angular power spectra and the Planck likelihood, the 95%
confidence level constraints are By < 5.6 nG for helical fields.
For those models describing the generation of magnetic fields
during the electroweak phase transition (EWPT), it is estimated
that the strength of helical magnetic fields on a scale of 10 kpc
is approximately Bg kpc helical ~ 107" G (Vachaspati 2021).
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To briefly consider the effects of PMF-induced power
spectrum, we limit ourselves to considering a nonhelical
magnetic field because the density perturbations, and conse-
quently the matter power spectrum, are not influenced by the
presence of magnetic helicity (Kahniashvili et al. 2013). For
inflationary generation, magnetic fields are also nonhelical
(Kandus et al. 2011; Durrer & Neronov 2013).

We assume that nonhelical magnetic fields B are isotropic
and homogeneous, so we can express the two-point correlation
function of the magnetic field in Fourier space as follows:

U(k)

(BB} (k) = )38 (k — k') —L=Py(k) , (1)

where P;(k) = &; — ]izj and Pg(k, f) represents the PMFs
power spectrum. In most cases, we consider the magnetic

power spectrum to follow a power-law form:
Pg(k, t) = Ag()k™s, ()

where np denotes the spectral index, which depends on the
mechanism generating the PMFs.

2.1. Magnetic Fields Damping

As the temperature decreases post—Big Bang, reaching
approximately 10* K at z~ 1100, free electrons and protons
combine to form neutral hydrogen (Planck Collaboration et al.
2020). Prior to this epoch, any hydrogen produced was swiftly
ionized by energetic photons, and magnetic field perturbations
were predominantly frozen in the baryon-photon plasma,
dissipating on scales smaller than the radiation diffusion
length. Consequently, the magnetic field modes B(k, t) acquire
a damping factor approximated by exp[—k2/k2] to account for
Alfvén damping (Shaw & Lewis 2010, 2012; Saga et al. 2017;
Minoda et al. 2022; Adi et al. 2023b), where the Alfvén
wavenumber k, is determined by

_ rec VA TC
f 20" ©

where 1/7.=c - n, - o represents the Thomson scattering rate.

On the other hand, we also need to consider the Alfvén
velocity, which is determined from the pressure and energy
density of the plasma and the magnetic field, and can be
expressed as

_ B)\A(t) _ B)\A(t) (4)
= —_— 4 9
JViolp@ + p(0)] \/ 1olp, (1) + 3, (1)]
whereas
1 B - (1Mpeywts
kKB+5 - Lo - (271-)n3+3
5
00 (1 + 2)°dz (5)

s neorH - [py@) + 37,()]

Consequently, the damped PMFs power spectrum becomes

Pp(k, t) = Ag(t)k"e /K . (6)
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We need to characterize the magnetic field in terms of its
physical strength smoothed over a characteristic scale A,
denoted asg

00 2
B = [ Tpyk, e
0o 27

_ Ag@) T'l(ns + 3)/2]
2m)? N3

(N

In this paper, we use B defined as A =1 Mpc. The amplitude
of the PMF power spectrum is given by

_ Qm)mtiBg

An = 2F(”7B + g) ' ®

2.2. Magnetic Jeans Scale

Prior to the recombination epoch, the electrically conducting
fluid experiences a Lorentz pressure, serving as an additional
source of matter density fluctuations due to the presence of
magnetic fields. On sufficiently small scales, the magnetic
pressure gradients counteract the gravitational pulling force,
leading to the establishment of a magnetic Jeans scale beyond
which the magnetically induced perturbations cease to grow.
Consequently, the total matter power spectrum exists only for
k < k;=2m/)\,;, where )\, takes the form:

2 in
e e e ] INNIC)
J

N — ——
25 pyG Prm,0Pb,0

where [ represents the magnetic permeability of vacuum, G
denotes Newton’s constant, and p,, , and p,, , stand for today’s
background matter and baryon energy densities, respectively.
Note that magnetic Jeans length is independent of time since
the magnetic field evolves as B(x, f) = B(x)/ a2(t) (Wasserman
1978; Kim et al. 1996; Fedeli & Moscardini 2012).

2.3. Impact on the Matter Power Spectrum

The total matter power spectrum of inflationary and PMF-
induced perturbations, as given by Adi et al. (2023a), is
expressed as

Py(k, t) = Di(t)P““(k) + M2 (1)11(k), (10)

where D_(f) represents the cosmological growth factor,
normalized such that D (t=1,) =1 at the present day. Here,
M*(DI1(k) denotes the PMF-induced matter power spectrum,
with the magnetic growth factor M(f) characterizing the
temporal evolution of PMF-induced matter perturbations. This
evolution is determined by

M@ + 2HOM®) - 47@%,0?8 - a31(t) ,

Y

where we assume the initial conditions M (f,ec) = M (tec) = 0
at recombination (z ~ 1100). Therefore, we obtain

3
M([):loz i_l“”ZreC_’_é(l‘i’Z) _é ’ (12)
10 1+ z 5 1+Zrec 2

where 1y = (67Gp,, o) '/%.
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According to the formalism developed in Adi et al. (2023a),
the II(k) power spectrum due to the PMFs can be evaluated
using

II(k) =

f; Pso(q)Ppola(k, )]
—2 — |d d : ; Fk, q),
%%wqu” 2k, ) o

(13)
where oo = [k — g, u = k - §, and
Flk, q) = 2k°¢%u + k*q*(1 — 5p3) + 2k3¢°1 . (14)

In practice, we employ the formalism developed in

ak\? 5 1
IIk) = — ki dk d
() (47‘[’) j(; ! 1\[;1 /J/
XPB(kl)PB( k2+k12_2kklﬂ)
x [k% 4+ (k* — 2kkyp) 2] , (15)

where a = f, /(119 P, 0)- This expression can avoid situations
where the denominator of the integrand approaches zero. We
generated our results by incorporating PMF-induced matter
perturbations into the publicly available software developed by
Diemer (2018).

3. Model

To analyze the impact of PMFs on the SMD, we need to
calculate the halo mass function. We consider the halo mass
function obtained from the ellipsoidal collapse model (Press &
Schechter 1974; Sheth & Tormen 1999; Sheth et al. 2001;
Cooray & Sheth 2002), which can be expressed as

n(M)dM = %f(y)dy , (16)

where M is the halo mass, p is the mean comoving matter
density, and (M) =6./o(M). Here, we adopt the threshold
overdensity 8. = 1.68. The function f(v) is given by

W) = All + (gr¥)Ple /2, a7

where p=0.3, ¢=0.707, and A=0.2161 are parameters
derived from simulations.

The variance of the linear matter overdensity field smoothed
on a comoving scale R, denoted as az(R), can be calculated as

00 k 3 .
o2(R) = f 477(—) Pin(k)W2(kR)d Ink, (18)
0 2w

where W (x) = (3/x3)(sinx — x cosx) is the Fourier transform
of a spherical top-hat filter window function. Here, P'"(k)
(referred to as P(k) later) represents the linear matter power
spectrum, which can account for both CDM and PMF linear
power spectra in this study.

After obtaining the halo mass function, we can estimate the
comoving cumulative halo mass density with halo mass greater
than M using

p(>M, ) = fM * AMMIn (M, ). (19)

Here we assume that baryon fraction is a fixed value. We don't
consider this by the effect of the baryon fraction in the power
spectra (Ralegankar et al. 2024). Considering the relation
between the stellar mass M, and the halo mass,
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M, = (/)M = eM, the cumulative stellar mass density
with stellar mass greater than M, can be expressed as

Ps(>My, 2) = ep(>Mx/e, 2). (20)

The star formation efficiency (SFE) f,, indicating the
fraction of baryons that can convert to stars, is considered as
a mass-dependent quantity. Following the approach described
in Mirocha et al. (2017), we assume the SFE follows a double
power law given by

feM) = (21)

M \ow M\ nigh

where ff is the SFE at its peak mass Mp, and *iow and Yhign
describe the power-law indices at low and high masses. For this
study, we adopt M,=2.8x10"M., ~iow=049, and
Yhigh = —0.61 for z Z 6.

4. Method and Data

In our study, we perform an analysis by using the Markov
Chain Monte Carlo (MCMC) method. We utilize the Python
packages emcee® (Foreman-Mackey et al. 2013) and cobaya®
(Torrado & Lewis 2021). emcee, affectionately known as the
MCMC Hammer, is widely used for MCMC sampling, while
cobaya offers a versatile framework for Bayesian analysis of
cosmological models. To visualize the results and derive
contours, we employ gerdist,” a package designed specifically
for analyzing MCMC samples and generating posterior
distributions.

Here, we fix the basic cosmological parameters as the best
values from the Planck measurement and only vary three
primary free parameters: the amplitude By, the spectrum index
ng, and the SFE parameter ff . Furthermore, to incorporate the
impact of galaxy theory on our findings, we also include an
additional nuisance parameter log,a, denoted as the scatter
factor (in dex). We impose a Gaussian prior A(0, 0.15) on
log,qa following the methodology outlined in Moster et al.
(2018).

In our study, we compile 20 SMD data points at z 2 6 from
various sources (Caputi et al. 2011; Gonzélez et al. 2011;
Duncan et al. 2014; Grazian et al. 2015; Song et al. 2016;
Bhatawdekar et al. 2019; Kikuchihara et al. 2020; Stefanon
et al. 2021) and present them in Table 1. Each data point is
assumed to follow a Gaussian distribution to establish the
individual likelihood, facilitating the derivation of the cumu-
lative stellar mass density at a given redshift:

_ thyo\\2
expl(p*,,» e ] )

207

L(p*’,-, z) =

27o;
It is important to note that for SMD data points with
asymmetric error bars, we adopt the larger error to calculate
the likelihood in Equation (22) for the MCMC analysis.

3 https: / /emcee.readthedocs.io

* hups: //cobaya.readthedocs.io
5 https: //getdist.readthedocs.io
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Table 1
High Redshift SMD Data Used in Our Study
z psx(M > 108M@) oy o_ Reference
(log;y Me Mpc™?)
59 6.99 0.09 0.09 Gonzdlez et al. (2011)
6 6.48 0.31 0.18 Song et al. (2016)
6 6.59 0.05 0.07 Grazian et al. (2015)
6 6.68 0.09 0.11 Stefanon et al. (2021)
6 6.76 0.11 0.12 Duncan et al. (2014)
6 6.79 0.13 0.12 Bhatawdekar et al. (2019)
6.8 6.84 0.14 0.17 Gonzilez et al. (2011)
7 6.04 0.37 0.16 Grazian et al. (2015)
7 6.19 0.62 0.40 Song et al. (2016)
7 6.26 0.13 0.17 Stefanon et al. (2021)
7 6.54 0.52 0.55 Bhatawdekar et al. (2019)
7 6.64 0.56 0.89 Duncan et al. (2014)
8 5.50 0.83 0.81 Song et al. (2016)
8 5.69 0.83 0.81 Bhatawdekar et al. (2019)
8 5.73 0.21 0.33 Stefanon et al. (2021)
8 6.16 0.56 0.48 Kikuchihara et al. (2020)
9 5.61 0.92 0.90 Bhatawdekar et al. (2019)
9 6.32 0.76 0.64 Kikuchihara et al. (2020)
9 4.89 0.25 0.29 Stefanon et al. (2021)
10 3.68 0.52 0.79 Stefanon et al. (2021)

5. Results and Discussion
5.1. Impact of PMFs on P(k)

As illustrated in Adi et al. (2023a), PMFs predominantly
amplify the matter power spectrum at small scales. Further-
more, Sabti et al. (2024) illustrated the importance of
enhancements in P(k), such as bumps, in addressing phenom-
ena like the excess of ultramassive galaxy candidates. They
emphasize that the parameter f, plays a crucial role in
determining both the position and magnitude of such
enhancements.

Here, we investigate the individual effects of By and ng on
the power spectrum II(k). As illustrated at the top of Figure 1, it
becomes apparent that By predominantly serves to proportion-
ally enhance the PMF-induced II(k) (displayed in logarithmic-
logarithmic coordinates). Furthermore, the scale of the Jeans
cut expands gradually with higher values of Bj. This
observation underscores that excessively large values of By
would significantly boost the amplitude of the power spectrum,
rendering it incompatible with other large-scale structure
observational data (Kahniashvili et al. 2013).

Conversely, the behavior of np is more intricate, as depicted
at the bottom of Figure 1. As np approaches —3, the amplitude
of II(k) is suppressed, accompanied by a subtle rotational
effect. Interestingly, akin to By, the scale of the Jeans cut also
exhibits a slight extension toward smaller scales.

5.2. Impact of PMFs on SMD

Besides the power spectrum, we also show the effects of By,
and np on the cumulative SMD in Figure 2, which is directly
related to the matter power spectrum through Equations
(16)—(20).

For B,, its influence on the SMD closely mirrors its effect on
T1I(k), resulting in changes in the amplitude of p,. represented by
the dotted and dashed lines. Conversely, for ng, illustrated by
the solid line, the primary impact lies in modulating the slope
of the SMD. When ng approaches —3, the SMD curve exhibits
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Figure 1. The behavior of the PMF-induced I1(k) with different combinations
of By and np at today z = 0.
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Figure 2. The behavior of the cumulative SMD with different combinations of
By and ng with ff = 0.1. For comparison, we also plot the 20 SMD data
(black) in the figure.

a slight counterclockwise rotation. These distinctive effects
offer valuable insights for our subsequent analysis.

In addition to these two PMF parameters, the SMD
parameter ff also significantly affects the amplitude of p,.

As shown in Figure 3, higher values of ff correspond to
elevated overall densities. p, plays a pivotal role in interpreting
high-redshift data, with larger values aligning better with recent
high-redshift observations. Warm dark matter and fuzzy dark
matter can also be applied to SMD (Gong et al. 2023; Lin et al.
2024). But, their effect on the matter power spectrum is the
opposite of that of PMFs, and in Gong et al. (Gong et al. 2023;
Lin et al. 2024), they interpret the SMD data by suppressing the
matter power spectrum at high k& while raising ff. However,
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Figure 3. The cumulative SMD results in different combinations of ng and By,
with ff = 0.1 (upper panel) and ff = 0.3, 0.5 (lower panel). We also plot the
JWST data point at z ~ 8.0 (blue) for comparison.

this alignment may introduce conflicts with other observational
constraints and theoretical frameworks.

5.3. 14 Points for z > 6.5

Before incorporating all 20 SMD data points, we first
consider a conservative case by initially analyzing solely the
last 14 SMD data points with z > 6.5, a redshift range where
the double power law form of the SFE can be considered
reliably applicable, thus we consider that ff in this interval is a
fixed value that does not evolve with redshift. We list the
constraints on three free parameters from 14 SMD data points
in Table 2.

The amplitude parameter B stands as a critical parameter in
PMFs, directly correlating with the energy density of the
magnetic field. A higher B, signifies a more potent magnetic
field energy density, given by pg(f) = B(f) /(8). Following the
marginalization of other free parameters, we deduce a
constraint of By < 4.44 nG at a 95% confidence level, a result
akin to that derived from the Planck measurement (Zucca et al.
2017).

In our analysis, ng functions as a free parameter. Upon closer
inspection of Figure 4, it becomes apparent that when np
approaches —3, the impact of the PMF-induced power
spectrum becomes negligible. Consequently, regardless of
how substantial B, is, both the power spectrum and the
cumulative SMD remain largely unaltered. Conversely, when
np is significantly larger than —3, the evident departure in the
power spectrum and SMD will not rule out large B, values,
indicating a clear anticorrelation between B, and ng. This
results in the distribution of By exhibiting a protracted tail, and
the allowed area for B, expands significantly, leading to a weak
constraint on Bj.
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Table 2
The 68% and 95% Confidence Levels of Upper Bounds on the PMFs Amplitude B, (nG) and the Spectral Index np, as well as the Median Value and the 68%
Confidence Level of the SMD Parameter ff in Different Cases

By(68%) By(95%) np(68%) np(95%) ff (68%)

14 points <1.05 <4.44 < =279 <224 0.123 £ 0.042
20 points <1.70 <4.20 < —2.69 < =2.10 0.044 £0.012
ng = —2.85 <0.352 <1.33 0.146 £+ 0.071
ng = —2.90 <0.465 <221 0.145 £ 0.090
ng=—2.95 <0.979 <3.90 0.142 £ 0.095
. 14-points Therefore, we need to increase the amplitude of PMFs B, to
20-points counterbalance the impact of the decrease in f. on the
cumulative SMD. Consequently, our measurement results for
By are slightly weaker compared to those when using the 14
data points. The upper limit of the 68% confidence level
increases from 1.05 to 1.70 nG, while the upper limit of the
—22 95% confidence level remains almost unchanged. In the
P meantime, the constraints of ng will undergo corresponding
—26 changes. The upper limits of the 68% and 95% confidence
—28 ) levels both increase to varying degrees, as clearly shown in

0.20 ] N\ Figure 4. . . . . .
' \ Due to the inconsistency with the theoretical expectations of
o | \ f¢ concerning the SMD, for the subsequent analysis, we will
0.10 / continue to utilize the 14 SMD data points to derive the final

0.05 y constraints on the relevant parameters.
2 4 -2.9 -2.5 -2.1 0.05 0.10 0.15 0.20
Bo[NnG] ng i

Figure 4. 1D and 2D dimensional constraints on parameters of By, ng, and ff
from the 14 and 20 SMD data points, respectively. The vertical gray dotted line
here represents ff = 0.1. The 2D contours encompass 68% and 95% of the
probability.

Regarding the spectrum index of PMFs ng, most studies
either do not treat it as a free parameter or subject it to multiple
constraints. However, our analysis reveals that the cumulative
SMD data can effectively constrain np, offering a significant
result that distinguishes our study from previous works.

In addition to the parameters B, and np related to PMFs, we
also obtained the constraint on the SFE parameter:
ff = 0.123 £ 0.042 at the 68% confidence level. This result
aligns well with predictions from theoretical models of the star
formation process, which typically suggest ff ~ 0.1. This
consistency reinforces the validity of our model and analysis.

5.4. 20 Points for z >5.5

In the previous subsection, we conservatively used 14 SMD
data points with z>6.5. The remaining six data points are
around z ~ 6, where the double power law form of the SFE
could still be roughly reliable. Therefore, we now incorporate
all 20 SMD data points into our analysis to provide a more
comprehensive constraint on the parameters, which are listed in
Table 2.

The most notable change is observed in the constraint on ff ,

where the optimal value of ff shifts to 0.044, markedly
departing from the theoretical expected value of 0.1 derived
from theoretical models of the star formation process. This shift
primarily arises due to the inclusion of six new data points,
which notably fall below the theoretical expectations for the
SMD. Given that the parameter ff is highly influenced by the

magnitude of the SMD, the permissible range of ff values is
significantly suppressed by these SMD data.

5.5. Fixed the Spectrum Index

In previous studies, constraints on the spectrum index ng
have often been weak, leading to situations where nj is fixed at
certain values to discuss the constraints on the amplitude B
(Pandey & Sethi 2013; Pandey et al. 2015; Jedamzik &
Saveliev 2019; Sanati et al. 2024). As mentioned earlier, there
is a clear correlation between ng and By, such that once np is
constrained to specific values, the constraints on By, become
significantly stronger.

Therefore, in our study, it is essential to explore the
constraints on By while setting np to some typical values, such
as —2.95, —2.9, and —2.85, as utilized in previous studies like
Pandey et al. (2015). It is worth mentioning that the specific
value of ng is not clearly given by the model such as PMFs
generated during inflation. According to the work of previous
researchers, we have widely selected the interval of ngz from —3
to —2.5, so our values for ng are reasonably generated during
the inflation model. In these cases, two free parameters, B, and
ff , are considered. The corresponding constraint results from
the 14 SMD data points are presented in Table 2 and Figure 5.

First, we observe that in these three cases, the constraints on
the SFE parameter ff exhibit a notable similarity. The
marginalized distributions are considerably broadened, with
the maximum likelihood values shifting from 0.123 to
approximately 0.2. Since ff and B, both affect the amplitude

of the cumulative SMD, a larger value of ff will lead to a
tighter constraint on B,. Therefore, we can see that the
constraints on B, are now quite stringent when compared with
the previous results.

As we mentioned before, there is an anticorrelation between
By and ng. The further ny deviates from —3, the stronger the
constraints on By become from the SMD data. Therefore, when
we fix the spectrum index to be ng = —2.95, 2.90, and 2.85, the
95% confidence level upper limits of the amplitude are
By <3.90, By<2.21, and By < 1.33 nG, respectively. These
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Figure 5. Constraints on ff and B, from the 14 SMD data points, when fixing
the spectrum index as np= —2.95, —2.9, and —2.85. The 2D contours
encompass 68% and 95% of the probability.

constraints are a little bit weaker than those from the
reionization history of the Universe (Pandey et al. 2015), but
are comparable with the constraint from the CMB measure-
ments (Zucca et al. 2017).

5.6. Measurements from JWST

Finally, we integrate observations from the James Webb
Space Telescope (JWST) into our analysis. Early release
observations from the JWST have revealed galaxies with stellar
masses reaching approximately 10''M_, out to z>6 (Labbé
et al. 2023). These galaxies are estimated to have formed
roughly 1 billion years after the Big Bang. The existence of
such massive galaxies at such early cosmic epochs poses a
significant challenge to the standard cosmological model,
ACDM, and prevailing star formation theories (Sabti et al.
2024). These high-redshift data significantly surpass previous
observations, underscoring the need for a more comprehensive
understanding.

However, it is important to note that the JWST relies on
current photometric redshift (photo-z) estimation methods,
which can introduce significant uncertainties. Studies such as
Gong et al. (2023) suggest that different spectral energy
distribution (SED) templates and photo-z programs can yield
varying redshift estimates.

Regardless of the uncertainties in high-redshift measure-
ments, the SFE f, is another important issue related to the
JWST result. As we know, f,. can vary based on redshift, star
formation theory, galaxy formation theory, and the cosmolo-
gical model. While ff values are typically considered to be less
than 0.1 based on lower redshift observations (Menci et al.
2022; Boylan-Kolchin 2023), higher values, even approaching
ff ~ 1, are theoretically plausible at higher redshifts.

Recently, several studies have indicated that it is impossible to
maintain ff at 0.1 to interpret JWST observations under the
ACDM model. For instance, Forconi et al. (2023) used Planck
large-scale polarization data and found that there is a significant
discrepancy between the full Planck CMB angular spectrum
measurements and the JWST observations if ff < 0.3. They

indicate that a value of ff greater than 0.3 is needed for

compatibility. When ff is 0.32, the discrepancy decreases to less
than 30, as also seen in Figure 2 of Boylan-Kolchin (2023).
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However, as mentioned in Gong et al. (2023), a high ff would
conflict with the cosmic reionization history.

In our study, we present a comparative analysis between
theoretical calculations and observational data, incorporating
PMFs, as depicted in Figure 3. We first set ff = 0.1 to explore

whether maintaining ff at this value, even at high redshifts, can
account for the JWST data. The solid black line in the upper
panel of Figure 3 represents the ACDM model with ff =0.1
However, the observed JWST data (blue points) significantly
exceeds theoretical predictions, even when ff is increased to
0.3 (black line in the lower panel of Figure 3). When we take
the PMFs into account, we find that for ff = 0.1, agreement
with observational data is achievable, although it requires
substantial values of By (minimum 4 nG) and ng (< —2.90), as
shown by the dotted purple and solid blue lines.

Considering that these values of By and nz may already be
ruled out by other measurements, we utilize larger values of f, 0
such as 0.3 or 0.5, in the calculations. We find that in these
cases, large values of By and np are not necessary. Typical
values of By =0.5 and nz = —2.9 are sufficient to explain the
JWST results, as illustrated in the lower panel of Figure 3.

Based on this calculation, we confirm that PMFs can play a
similar role with ff in enhancing the cumulative SMD.
Therefore, it is possible to increase p, to explain the observed
data from JWST without increasing ff and affecting the
cosmic reionization history.

6. Conclusion

The study of small-scale phenomena in the Universe, as
revealed by the observation of the cumulative SMD, provides
valuable insights that complement other cosmological probes
like the CMB and BAO, which predominantly address large to
medium scales of the Universe. In this research, we have
gathered 20 data points from cumulative SMD observations
and examined their potential to constrain the parameters of
PMFs. Our main conclusions are summarized as follows:

Through the close relationship between SMD and matter
power spectrum, we first investigate how the PMF parameters,
such as By and np, influence the power spectrum P(k) and the
SMD, respectively. We find that the B, affects the amplitude of
the SMD, while the SMD curve exhibits a slight rotation ng
approaches —3.

Subsequently, we analyze 14 SMD data points with redshifts
7> 6.5 to derive upper limits on the parameters B, and ngp,
finding By <4.44 nG and ng < —2.24 at the 95% confidence
level. These constraints align with previous results obtained
from CMB measurements. Additionally, this analysis enables
us to constrain the SFE parameter, yielding f(;k =0.123 +
0.042 (68% confidence level), consistent with theoretical
models of the star formation process.

We also extend our analysis to include lower redshifts by
incorporating the remaining six data points at z~ 6. When
utilizing all 20 SMD data points to constrain the PMF model,
the most notable change is observed in the constraint on the
SFE parameter f(;k , where the optimal value shifts to 0.044,
significantly deviating from the theoretically expected value of
0.1. Consequently, the constraints on By and np are slightly
weaker compared to those derived from the 14 high-redshift
data points alone, with By <4.20 nG and np < —2.10 at the
95% confidence level.

Our results indicate a clear correlation between ng and Bj.
By fixing np at specific values, such as —2.95, —2.9, and
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—2.85, we obtain significantly stronger constraints on B.
Specifically, the 95% confidence level upper limits on By are
<3.90, <2.21, and <1.33 nG, respectively. Concurrently, to
align with the data points, the SFE parameter fo* adjusts from
0.123 to approximately 0.2.

Finally, we explore the potential of PMFs to account for
observations from the JWST, which show significant devia-
tions from the ACDM model. By setting fo* = 0.1, we find that
agreement with observational data can be achieved, though it
necessitates substantial values for both B and np. If we further
explore scenarios with larger values of fo*, such as 0.3 or 0.5,
we find that typical values of By =0.5 nG and ngp=—2.9 are
sufficient to explain the JWST observations. Our findings
suggest that by selecting appropriate PMF parameters, it is
possible to account for these observations without significantly
increasing the SFE.

Given the current scarcity of high-redshift observations
compared to other types of observational data, as well as the
significant statistical and systematic errors, future efforts should
prioritize acquiring more accurate and comprehensive data. We
anticipate that understanding the impact of PMFs on star and
galaxy formation at small scales could eventually aid in
interpreting early observations from instruments like the JWST
(Labbé et al. 2023). This could open new avenues for exploring
the early Universe and enhancing our understanding of
cosmological phenomena.
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