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A B S T R A C T 

Early data releases of JWST have re vealed se veral high redshift massive galaxy candidates by photometry, and some of them 

have been confirmed spectroscopically. We study their implications on the primordial power spectrum. In the first part, we use 
the CEERS photometric surv e y data, along with respective spectroscopic updates, to compute the cumulative comoving stellar 
mass density. We find that a very high star formation efficiency (unlikely in various theoretical scenarios) is required to explain 

these observations within Lambda cold dark matter ( � CDM) cosmology. We show that the tension can be eased if the primordial 
power spectrum has a blue tilt. In the second part, we study spectroscopically confirmed galaxies reported in the JADES surv e y 

to investigate their implications on a red-tilted primordial power spectrum. We estimate the star formation efficiency from an 

earlier observation at similar redshift by Spitzer , and find that the star formation efficiency is an order of magnitude smaller 
than required to explain the CEERS photometric observations mentioned earlier. Using the estimated star formation efficiency, 
we find the strongest constraints on the red tilt of the power spectrum o v er some scales. Our study shows that JWST will be an 

excellent probe of the power spectrum and can lead to novel discoveries. 

Key words: galaxies: high-redshift – cosmology: dark matter – cosmology: early Universe – cosmology: theory. 
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 I N T RO D U C T I O N  

uccessful operation of the JWST has made it possible to directly 
bserve a large number of galaxies formed very early in the Universe
sing Early Release Observations program (Adams et al. 2023b ; 
tek et al. 2023 ; Morishita & Stiavelli 2023 ; Rodighiero et al. 2023 ;
an et al. 2023 ), Early Release Science (ERS), and GLASS-ERS
rograms (Castellano et al. 2022a , b ; Harikane et al. 2023 ; Kannan
t al. 2023 ), and Cosmic Evolution Early Release Science (CEERS)
urv e y (Finkelstein et al. 2022 ; Naidu et al. 2022b ; Labb ́e et al.
023 ).These observations are useful to understand the cosmological 
tructure formation at high redshifts ( z � 7) or to disco v er new
hysics. 
Recent observations have yielded some intriguing results which 
ay point to new physics or a need for a better understanding of

alaxy formation. Labb ́e et al. ( 2023 ) have reported several galaxy
andidates in z ∈ [7, 10], with stellar masses ∼ O(10 10 M �). These
alaxies may be in tension with the Lambda cold dark matter 
 � CDM) cosmology (Haslbauer et al. 2022 ; Lo v ell et al. 2022 ;
oylan-Kolchin 2023 ). Haslbauer et al. ( 2022 ) show that the predic-

ions of a few simulations (Schaye et al. 2015 ; Pillepich et al. 2018 ;
elson et al. 2019 ) do not match with these observ ations. Ho we ver,

hese results have a few caveats: these redshifts are photometric, 
nd only a few have been confirmed spectroscopically. References 
aidu et al. ( 2022a ); Adams et al. ( 2023a ); Akins et al. ( 2023 );
ouwens et al. ( 2023 ); Endsley et al. ( 2023 ); Ferrara, Pallottini &
ayal ( 2023 ); Kaasinen et al. ( 2023 ); Zavala et al. ( 2023 ) discuss
 E-mail: priyank.du94@gmail.com (PP); ranjanlaha@iisc.ac.in (RL) 
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he possible uncertainties in photometric redshift measurements for 
hese galaxy candidates at such extreme distances. There have also 
een attempts to explain this tension by considering beyond � CDM
osmologies. F or e xample, an early dark energy component in the
niverse can lead to an early structure formation; therefore, it 
ay ease this tension (Klypin et al. 2021 ; Boylan-Kolchin 2023 ).
ther works suggest that the presence of primordial black holes 
r axion miniclusters (Liu & Bromm 2022 ; Dolgov 2023 ; H ̈utsi
t al. 2023 ; Yuan et al. 2023 ), fuzzy dark matter (Gong et al.
023 ), primordial non-Gaussianity (Biagetti, Franciolini & Riotto 
023 ), cosmic strings (Jiao, Brandenberger & Refregier 2023 ), and
ther new physics scenario (Lovyagin et al. 2022 ) as a possible
olution to this tension. Additionally, Wang & Liu ( 2022 ) study the
odified gravity model, dynamical dark energy, and dark matter- 

aryon interaction, and show that these models fail to resolve this
iscrepancy within the allowed model parameters, from Planck 
osmic microwave background (CMB) observations. Additionally, a 
etter understanding of galaxy formation physics(Chen, Mo & Wang 
023 ; Dekel et al. 2023 ; Prada et al. 2023 ; Yung et al. 2023 ) or busty
tar formation (Pallottini & Ferrara 2023 ; Sun et al. 2023a , b ) can
lso explain the data. Spectroscopic confirmation of these galaxies 
an validate the discrepancy between � CDM cosmology and JWST 

bserv ations. A fe w works have also studied the implications of
WST observed galaxies on various dark matter models (Dayal & 

iri 2023 ; Maio & Viel 2023 ). 
Besides photometric surv e ys, sev eral works hav e reported a few

pectroscopically confirmed galaxies using observations from JWST 

dvanced Deep Extragalactic Surv e y (JADES) (Curtis-Lake et al. 
022 ; Bunker et al. 2023 ; Robertson et al. 2023 ), CEERS surv e y
Arrabal Haro et al. 2023a , b ; Fujimoto et al. 2023 ; Kocevski et al.
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1 We hav e fix ed the cosmological parameters at their best-fitting value obtained 
from the Planck CMB observations throughout this work (Aghanim et al. 
2020 ). The values are as follows: matter density fraction 	m = 0.3153, 
baryon density fraction 	b = 0.0493, Hubble constant H 0 = 67.36 km s −1 

Mpc −1 , n s = 0.9649, and σ 8 = 0.8111. 
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023 ; Larson et al. 2023 ; Sanders et al. 2023 ; Tang et al. 2023 ),
nd other early data releases (Jung et al. 2022 ; Isobe et al. 2023 ;
akajima et al. 2023 ). JADES spectroscopic surv e y has reported fiv e
alaxies with stellar masses � 10 8 M � at z > 10 (Curtis-Lake et al.
022 ; Bunker et al. 2023 ; Robertson et al. 2023 ). These galaxies
re: JADES-GS-z10-0 at z = 10 . 38 + 0 . 07 

−0 . 06 , JADES-GS-z11-0 at z =
1.58 ± 0.05, JADES-GS-z12-0 at z = 12 . 63 + 0 . 24 

−0 . 08 , JADES-GS-z13-
 at z = 13 . 20 + 0 . 04 

−0 . 07 , and JADES-GN-z11 at z = 10.6034 ± 0.0013.
eller et al. ( 2023 ) and McCaffrey et al. ( 2023 ) compared these
alaxies to � CDM simulations, and found that they are consistent. 

JWST observations of high redshift galaxies can have important
mplications for astrophysical and cosmological models. It is im-
ortant to study this thoroughly to find new physics signals. Here,
e explore the implications of JWST observations on the primordial
ower spectrum. We use a modified form of the primordial power
pectrum with a blue/ red tilt on small length scales. Modified power
pectrum can arise in various beyond standard cosmological models.
or instance, inflation models with running inflaton mass or modified
ispersion relation can give rise to an enhancement in the primordial
ower spectrum at small scales (Covi & Lyth 1999 ; Martin &
randenberger 2001 ; Hirano et al. 2015 ). Additionally, inflation
odels with an inflection point Garcia-Bellido & Ruiz Morales

 2017 ); Germani & Prokopec ( 2017 ); Ballesteros & Taoso ( 2018 )
r bump Mishra & Sahni ( 2020 ) in the inflaton potential also result
n an enhanced power spectrum at small scales. It is also found
hat multifield inflation models, where the inflaton field is coupled
o a secondary field Braglia et al. ( 2020 ) or those features a mild
 aterf all phase in hybrid inflation (Gong & Sasaki 2011 ; Clesse &
arc ́ıa-Bellido 2015 ) or rapid turns in field space Palma, Sypsas &
enteno ( 2020 ) can also lead to an enhanced power spectrum. Using
EERS photometric observations, along with spectroscopic updates

or some of their candidates, we compute the cumulative comoving
tellar mass density (CCSMD), and show that a very high star
ormation efficiency ( ε) is required to explain these observations,
ithin � CDM. Such high star formation efficiencies are unlikely

n various theoretical scenarios. We show that a blue-tilted power
pectrum can potentially explain these observations, with a low to
oderate star formation efficiency. In the second part of this work,
e investigate the implications of JADES spectroscopic observations
n the primordial power spectrum. For this purpose, we use the star
ormation ef ficiency deri ved from the previous Spitzer observations
f galaxies with z ≈ 10 (Stefanon et al. 2021 ). It is important to note
hat the estimated star formation efficiency is an order of magnitude
maller than that required to explain the measurements by Labb ́e
t al. ( 2023 ). JADES spectroscopic observ ations imply lo wer limits
n the cumulative comoving galaxy number density (CCGND) at
ifferent redshifts. We use them to put the strongest constraints on
he red tilt in the power spectrum o v er some length scales. 

 H A L O  MASS  F U N C T I O N  

he halo mass function (HMF) is defined as the number density ( n )
f DM haloes per unit mass: 

d n 

d ln M 

= M 

ρ0 

M 

2 
f ( σ ) 

∣∣∣∣ d ln σ

d ln M 

∣∣∣∣ , (1) 

here σ and ρ0 are the mass variance of smoothed linear matter
ensity field in a sphere of radius R , and the mean density of the
ni verse, respecti vely. The radius R is related to the mass M within

he sphere as M = 

4 πρ0 
3 R 

3 . The mass variance ( σ ) depends on the
NRASL 526, L63–L69 (2023) 
inear matter power spectrum, P ( k ), and is given by 

2 ( R ) = 

1 

2 π2 

∫ ∞ 

0 
k 2 P ( k ) W 

2 ( k R )d k , (2) 

here k is the wavenumber and W ( kR ) is a filter function in Fourier
pace; we use a top-hat filter function. We use the fitting func-
ion, f ( σ ), obtained using the Press–Schechter formalism (Press &
chechter 1974 ), and including the corrections for ellipsoidal col-

apse (Sheth & Tormen 1999 ): 

 ( σ ) = A 

√ 

2 a 

π

[
1 + 

(
σ 2 

aδ2 
c 

)p ]
δc 

σ
exp 

[
− aδ2 

c 

2 σ 2 

]
, (3) 

here δc is the critical o v erdensity for collapse, A = 0.3222, a =
.707, and p = 0.3. 
The linear matter power spectrum can be expressed as P ( k) =
 prim 

( k ) T 2 ( k ) , where P prim 

( k ) is the primordial power spectrum and
 ( k ) is the transfer function, which go v erns the evolution of sub-
orizon modes. In standard cosmology, P prim 

( k) ∝ k n s , where n s is
he spectral index. In this work, we study a modified primordial
ower spectrum where it deviates from the standard primordial power
pectrum at small length scales with a model agnostic form: 

 prim 

( k) ∝ k n s , for k < k p , (4) 

∝ k n s −m s 
p k m s , for k > k p . (5) 

he deviation from standard primordial power spectrum depends on
he pivot scale, k p , and the tilt ( m s ) on scales k > k p . For m s > n s ,
he power spectrum will be blue tilted on scales k > k p , and it is red
ilted if m s < n s . Alternatively, we can also model P prim 

( k ) with a
on-zero running of spectral index (Planck Collaboration 2020 ). 

 ANALYSI S  A N D  RESULTS  

ollowing Boylan-Kolchin ( 2023 ), we compute the CCSMD and
CGND assuming a modified form of the primordial power spec-

rum. We first calculate the cumulative comoving number density of
aloes with masses abo v e some threshold M halo as 

 ( > M halo , z) = 

∫ ∞ 

M halo 

d M 

d n ( M, z) 

d M 

, (6) 

nd the corresponding cumulative comoving mass density of haloes 

( > M halo , z) = 

∫ ∞ 

M halo 

d M M 

d n ( M , z) 

d M 

. (7) 

hese relations can be directly translated to compute the CCGND,
 ∗ ( > M ∗, z), and CCSMD, ρ∗ ( > M ∗, z), with stellar masses greater
han M ∗, assuming M ∗ = εf b M halo , where f b = 	b / 	m . 1 The exact ε
alue depends on the star formation physics; ho we ver, it satisfies the
nequality ε ≤ 1, and we assumes it to be constant o v er a redshift
ange. The CCSMD is given as ρ∗( > M ∗, z) = εf b ρ( > M halo , z). 

Photometric candidates: Recently, Labb ́e et al. ( 2023 ) have
eported 13 galaxy candidates, which were identified in the JWST
EERS program, with stellar masses ∼10 9 –10 11 M � in the photo-
etric redshift range z ∼ 6.5–9.1. Some of the galaxies have also been

onfirmed spectroscopically (Arrabal Haro et al. 2023b ; Fujimoto
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t al. 2023 ). We work with updated mass and redshift measurements
or these galaxies. We have also accordingly updated the CCSMD 

omputed by Labb ́e et al. ( 2023 ) in two redshift bins z ∈ [7, 8.5] and
 ∈ [8.5, 10], using the three most massive galaxies, which are shown
n Fig. 1 , by green bands. The uncertainties in CCSMD includes both
oisson errors and cosmic v ariance. Cosmic v ariance is computed 
sing a web calculator (Trenti & Stiavelli 2008 ) and is approximately
0 per cent. In the two bins, the most massive galaxies are at z ≈
.5 and 9 with M ∗ ≈ 10 11 and 10 10 M �, respectively. We compute
CSMD within Lambda cold dark matter for ε = 1.0 and 0.2 at

edshifts z = 7.5 and 9, shown by black lines in Fig. 1 . We also
ompute CCSMD assuming a blue-tilted primordial power spectrum 

ith k p = 1 h Mpc −1 and m s = 2.0, displaying them as a function of
 ∗ by blue dashed curves in Fig. 1 . We have used HMF code in our
ork (Murray, Power & Robotham 2013 ; Murray 2014 ). 
It is evident from Fig. 1 , that CCSMD within � CDM with ε = 0.2

s not consistent with the JWST inferred CCSMD. More specifically, 
he JWST inferred CCSMD at z ≈ 9 and z ≈ 7.5 is consistent with
he predictions within the standard cosmology for ε � 0.45 and ε �
.95. When we consider the 1 σ uncertainties, slightly smaller values 
f ε will be consistent with the JWST inferred CCSMD. Ho we ver,
or both cases, the required ε is either inconsistent or marginally 
onsistent with the plausible theoretical values ( ε � 0.32) (Gribel, 
iranda & Vilas-Boas 2017 ; Tacchella et al. 2018 ; Behroozi et al.

020 ), pointing towards a tension between the JWST observations 
nd standard cosmology (see also Boylan-Kolchin 2023 ). We can 
ee from Fig. 1 , that a smaller ε is required to explain the JWST
nferred CCSMD in cosmology assuming a blue tilted primordial 
ower spectrum than that required within the standard cosmology. 
herefore, this tension can be eased by a blue-tilted primordial 
ower spectrum. From Fig. 1 , the CCSMD obtained for a blue tilted
rimordial power spectrum with k p = 1 h Mpc −1 and m s = 2.0 can
e consistent with CCSMD inferred from JWST , at z = 9 with ε =
.2. For z = 7.5, a slightly larger ε will be required. A larger m s can
ead to an even large value of ρ∗( > M ∗), but we cannot choose any
alues of m s and k p , as these will be limited by the constraints on
atter power spectrum from various measurements (Viel, Weller & 

aehnelt 2004 ; Chabanier, Millea & Palanque-Delabrouille 2019a ; 
habanier et al. 2019b ; Gilman et al. 2022 ; Sabti, Mu ̃ noz & Blas
022 ). 
We perform a scan of m s and k p values to find the parameter space

hat can achieve the CCSMD inferred from the JWST observations. 
e vary k p ∈ [1, 5] h Mpc −1 and m s ∈ [0.9649, 5], with ε = 0.1 or

.2, and compute the corresponding CCSMD ( ρ∗ ( > M ∗)) with M ∗
xed at the maximum value of JWST inferred stellar mass at z ≈ 9.
o infer the parameter space consistent with CEERS observations, 
e compare the computed CCSMD with that inferred from CEERS 

bservation. If the computed CCSMD is greater or equal to the lowest
at 68 per cent c.l.) value of the CCSMD inferred from CEERS
bservations, we select the k p and m s values; otherwise, we reject 
hem. The selected k p and m s values represent the parameter space 
onsistent with CEERS observations and are shown by the green 
haded regions in the left-hand panel of Fig. 2 . The solid and dashed
ines correspond to ε = 0.1 and 0.2, respectively. It is evident from
he figure that a larger tilt is required to explain JWST inferred ρ∗ ( >
 ∗) for ε = 0.1 than that required for ε = 0.2. The shaded regions
ay be in conflict with the 68 per cent c.l. error bars presented in
ilman et al. ( 2022 ) and Sabti et al. ( 2022 ). As an example, the linear
atter power spectrum obtained assuming � CDM transfer function 

nd a blue tilted primordial power spectrum with k p = 1 . 1 h Mpc −1 

nd m s = 1.53, which can explain the Labb ́e et al. ( 2023 ) result,
s shown in the right-hand panel of Fig. 2 . There are a few ways
o address this issue: 1. JWST results are slightly revised, although
hey still remain in tension with � CDM predictions. 2. Our inferred
 s –k p region is probably consistent with the 95 per cent c.l. regions
f other measurements. 3. Even if the inferred m s –k p region for ε =
.2 is inconsistent with the other measurements, some other m s –
 p values with a slightly large ε will still be allowed. Therefore,
 blue-tilted spectrum will still ease the tension though it may not
esolve it completely. 4. Some new physics changes the transfer 
unction such that only a small blue tilt is required. Finally, it is
lso possible that star formation efficiency is higher for massive 
alaxies at high redshifts (Dekel et al. 2023 ). The required blue tilt
ay also impact the reionization epoch (Gong et al. 2023 ), which

uture observations can probe. In addition, we would also like that a
lue-tilted power spectrum will also exacerbate some of the small- 
cale tensions in � CDM cosmology. A blue-tilted power spectrum 

ill imply a larger number of satellite galaxies as compared to that
redicted in � CDM cosmology, which will worsen the missing 
atellites problem. Ho we ver, since the current JWST observ ations
o not confirm the existence of a blue-tilted power spectrum at small
cales, we do not address this problem in this work. 

Spectroscopically confirmed galaxies: Recently Curtis-Lake et al. 
 2022 ); Robertson et al. ( 2023 ) have reported four galaxies from the
ADES surv e y with spectroscopically confirmed redshifts. Keller 
t al. ( 2023 ) report the lower limit on CCGND inferred from these
bserv ations, sho wn in Fig. 3 by black stars. There are also other
stimates of CCGND at z ∼ 10, obtained using Spitzer data by
tefanon et al. ( 2021 ), which are shown by black points with error
ars in Fig. 3 . There are few other spectroscopic measurements, but
ur work only uses these observations. For a given power spectrum,
he CCGND depends on ε. We first compute the CCGND at z ∼
0, within the standard � CDM cosmology, and compare it with
he results obtained by Stefanon et al. ( 2021 ) to find a range of
∈ [0.03, 0.042]. The CCGND as a function of stellar mass for

hese two ε values are shown by the green and red curves in Fig. 3 .
t is evident from Fig. 3 , that the CCGND within the standard
osmology and ε in this range will be consistent with the results
f Robertson et al. ( 2023 ) and Stefanon et al. ( 2021 ). Since a red-
ilted primordial power spectrum predicts a smaller CCGND, we can 
se this observational data to constrain the red-tilt for a given ε. As
e have already obtained a range of ε values which gives results

onsistent with the standard cosmology, we fix ε ≈ 0.03 and 0.042 
or these galaxies. Note that these ε values are an order of magnitude
maller than that required to explain the Labb ́e et al. ( 2023 ) results.
hese differences may arise due to environmental effects; more 
bservations are required to clarify the situation. Next, we compare 
he CCGND obtained for a red-tilted power spectrum at z = 11.38,
2.53, and 13.32 with those inferred from the JWST observations by
obertson et al. ( 2023 ) at these redshifts. The parameter space of m s 

nd k p that predicts a smaller CCGND than that inferred from the
WST observations at these redshifts will be disallowed. We perform 

 similar parameter scan analysis with JADES observations as done 
ith CEERS observations to find the constraints on the red-tilted 
ower spectrum. We vary k p ∈ [1, 2] h Mpc −1 and m s ∈ [0.9649, 0],
ith ε = 0.035 or 0.042, and compute the corresponding CCGND 

 n ∗ ( > M ∗)), with M ∗ fixed at the minimum value of JWST inferred
tellar mass of the galaxies. Next, we compare the computed CCGND 

ith that inferred from JADES observations to obtain the parameter 
pace constrained by JADES observations. Since JADES observation 
rovides a lower limit on CCGND, the k p and m s values for which
he computed CCGND is smaller than JADES inferred CCGND will 
ot be allowed. Hence, if the computed CCGND is smaller than
he JADES inferred CCGND, we reject the corresponding values to 
MNRASL 526, L63–L69 (2023) 
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M

Figure 1. The CCSMD of galaxies with stellar mass content more than M ∗ for z = 9 (left-hand panel) and 7.5 (right-hand panel). The black and blue curves 
are for the standard � CDM cosmology and the cosmology with a blue tilted primordial power spectrum ( k p = 1 h Mpc −1 and m s = 2.0), respectively. The 
thick and thin curves are for ε = 1.0 and 0.2, respectively. The green bands represent the CCSMD that we have computed using observations by Labb ́e et al. 
( 2023 ), and corresponding spectroscopic updates. 

Figure 2. Left-hand panel: The shaded region represents the k p –m s parameter space which predicts CCSMD consistent with JWST inferred ρ∗ ( > M ∗), assuming 
M ∗ fixed at the mass of the most massive galaxy candidate at z ≈ 9 by Labb ́e et al. ( 2023 ). The solid and dashed curves are for ε = 0.1 and 0.2, respectively. 
Right-hand panel: Matter power spectra computed at z = 0, within the standard � CDM cosmology and cosmology with a blue tilted primordial power spectrum 

( k p = 1 . 1 h Mpc −1 and m s = 1.53) are shown by the black and blue solid lines, respectively, along with constraints from other measurements by Viel et al. 
( 2004 ); Chabanier et al. ( 2019a ); Chabanier et al. ( 2019b ); Gilman et al. ( 2022 ); Sabti et al. ( 2022 ). 
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btain the constrained k p –m s parameter space. The galaxy at z =
1.38 puts the most stringent constraint; the disallowed region is
hown in Fig. 4 by the region below green shades. The curves
ith solid and dashed lines correspond to ε = 0.035 and 0.042,

especti vely. It is e vident from Fig. 4 , that only a tiny red tilt in the
ower spectrum is allowed from JWST observations. The constraints
ill be more stringent or relaxed with a smaller or larger value
f ε. Since the exact ε value depends on complex astrophysical
rocesses, and there is a de generac y between ε and the power
pectrum parameters, we can only constrain the power spectrum
arameters for a given value of ε. 
We also study the implications of these constraints on the matter

ower spectrum, assuming the � CDM transfer function. If the
ransfer function changes due to the presence of new physics,
he constraints on the matter power spectrum will also change
ccordingly. We plot the linear matter power spectra with the
NRASL 526, L63–L69 (2023) 
aximum allowed red tilts for k p ∈ [1, 2] and ε = 0.042 in the
eft-hand panel of Fig. 5 by multiple red curves. We also show
he constraints from Viel et al. ( 2004 ); Chabanier et al. ( 2019a );
habanier et al. ( 2019b ); Gilman et al. ( 2022 ); Sabti et al. ( 2022 );
ll of them are consistent with � CDM cosmology. It can be seen
rom Fig. 5 , that the matter power spectra obtained with the
aximum allowed red tilts for k p ∈ [1, 2] and ε = 0.042 lie within the

8% c.l. band reported in Gilman et al. ( 2022 ). Recently, Esteban,
eter & Kim ( 2023 ) have also constrain the matter power spectrum
t small scales using Milky Way satellite velocities. We also plot
he percentage deviation of matter power spectrum obtained with
 red-tilt from that predicted in standard cosmology, defined as
 
P ( k ) = 

P � CDM ( k ) −P rt ( k ) 
P � CDM ( k) × 100, where P � CDM 

( k ) and P rt ( k ) are
atter power spectra within � CDM cosmology, and cosmology with

ed-tilted primordial power spectrum, respectively. The % 
P ( k) is
hown in the right-hand panel of Fig. 5 by red curves. It is clear from
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Figure 3. The CCGND of galaxies with stellar masses more than M ∗ for z = 10.38 (left-hand panel) and 11.58 (right-hand panel), within the � CDM cosmology. 
The red and green curves are obtained with ε = 0.03 and 0.042, respectively, in order to match the data obtained by Stefanon et al. ( 2021 ), which are shown 
by black data points. The black stars represent the CCGND inferred from the recent JWST observations (Curtis-Lake et al. 2022 ; Keller et al. 2023 ; Robertson 
et al. 2023 ). 

Figure 4. The shaded regions show the k p –m s parameter space consistent 
with JADES observations. For all the values in the shaded region, the predicted 
CCGND for a red-tilted power spectrum is consistent with that inferred for 
the galaxies observed in the JADES survey. Parameter space below the green 
shaded regions are ruled out by JADES observations. The solid and dashed 
curves are for ε = 0.042 and 0.035, respectively. The black dotted line shows 
the spectral index n s = 0.9649, within � CDM cosmology. 
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his figure that % 
P ( k) is less than the maximum deviation allowed
n P ( k ) by the constraints obtained in Gilman et al. ( 2022 ), shown
y a grey line. From Fig. 5 , we find that observations of high redshift
assive galaxies can give the strongest constraints on matter power 

pectrum on scales k ∼ 2–7 h Mpc −1 . If future JWST observations
eveal a higher number density of galaxies at these masses and 
edshifts, then this will imply an even stronger constraint on the 
atter power spectrum; thus demonstrating that such observations 
ay be the best probe of the matter power spectrum at 1 � k � 10 h
pc −1 . 

 C O N C L U S I O N S  

WST has already provided very interesting, and perhaps surprising, 
esults by observing several massive galaxy candidates at high 
edshifts. Many of these candidates are detected photometrically, and 
ome of them have been confirmed as galaxies using spectroscopy. 

Detections of some galaxy candidates in the CEERS surv e y with
tellar masses � 10 10 M � at photometric redshifts z � 7 have caught
uch attention. If all of them are confirmed spectroscopically, these 

an seriously challenge the � CDM cosmology: how do such massive
alaxies form so early in the timeline of the Universe? A solution
o this challenge may come from a better understanding of galaxy
ormation physics or beyond � CDM cosmology. This work shows 
hat a blue-tilted primordial power spectrum can ease this tension. 
ecently, Hirano & Yoshida ( 2023 ) did simulations with a blue-tilted
ower spectrum and found their results consistent with our results. 
o we ver, k p –m s parameter space that eases this tension is highly

onstrained from various astrophysical observations. Soon after this 
ork, Sabti, Mu ̃ noz & Kamionkowski ( 2023 ) performed an analysis
y assuming a Gaussian enhancement in the power spectrum, and 
ound that the enhancement required to explain Labb ́e et al. ( 2023 )
bservations will conflict with previous constraints on these scales 
y Sabti et al. ( 2022 ) (see Fig. 2 of this work). Additionally, there are
arge systematic and statistical uncertainties in these measurements. 
f future JWST data can shrink these uncertainties and the redshifts are
pectroscopically confirmed, these observations will be an important 
ool in probing the power spectrum at small length scales, and will
e a disco v ery tool for new physics. 
We also study the impact of spectroscopically confirmed galaxies 

bserved in the JADES survey by JWST on the primordial power
pectrum. These galaxies are consistent with the � CDM cosmology. 
e use four spectroscopically confirmed galaxies at z > 10 to

onstrain a red-tilted primordial power spectrum. We find that the 
ost stringent constraint on the red tilt of the primordial power

pectrum comes from the observation of a galaxy at redshift z =
1.38. These constraints depend on ε: for smaller values of ε, the
onstraints will be stringent, whereas they will weaken if ε is larger.
sing the ε values derived from Spitzer data, we find the most

tringent constraint on the matter power spectrum at k ∼ 2–7 h
pc −1 . In the future, more spectroscopically confirmed galaxies at 

uch high redshifts by JWST can further strengthen these constraints. 
We w ould lik e to point out that the JADES measurements only

rovide a lower limit on the CCGND, hence, it will be formally con-
MNRASL 526, L63–L69 (2023) 
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M

Figure 5. Left-hand panel: Matter power spectra computed at z = 0 within the standard � CDM cosmology (black solid line) and cosmology with a red tilted 
primordial power spectrum (red solid lines). The multiple red lines are obtained for k p ∈ [1, 2] h Mpc −1 and show the lower limits on the red-tilt for each k p 
from JWST observations with ε = 0.042. Right-hand panel: The maximum allowed percentage change in P ( k ) with a red tilted primordial power spectrum as 
compared to that in � CDM cosmology, % 
P ( k), is shown by multiple red curves for k p ∈ [1, 2] h Mpc −1 and corresponding allo wed m s v alues. The grey 
curve represents the maximum percentage deviation allowed in P � CDM 

( k) by the constraints obtained in Gilman et al. ( 2022 ). These plots show that JWST 
observations impose the strongest constraints on scales k ∼ 2–7 h Mpc −1 . 
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istent with a blue-tilted power spectrum if we ignore other measure-
ents that constrain the power spectrum at these scales. Ho we ver, it is

ot appropriate to e xclusiv ely compare only the CEERS and JADES
bservations, while neglecting the other measurements at these
ength scales. When CEERS and JADES observations are combined
ith earlier measurements, it is apparent that there is a discrepancy
etween the two data sets: CEERS is probably inconsistent with
 CDM cosmology, whereas JADES is consistent with it. Conse-

uently, it is impossible to find a modified power spectrum that ex-
lains both sets of observations while also remaining consistent with
revious measurements. As these data sets have inconsistency, we
o not employ them to simultaneously constrain the power spectrum.
ur aim is to highlight the significance of JWST observations as a po-

ential power spectrum probe. Therefore, we use these observations
o study their implications on the power spectrum independently. 

Our work shows that near-future observations of massive galaxies
t high redshifts by JWST can either teach us more about galaxy
ormation physics and star formation efficiency in the early Universe
r disco v er new physics be yond � CDM physics. 
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