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Planck collaboration 2018
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PDG 2024

How do we probe             more precisely or in newer regimes or answer outstanding 
questions about it? 

<latexit sha1_base64="TLfSpkXTI0UqKLDIMHRT46V3F8Q=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIVJfFunChUME+oDOUTCbThiaZIckoZeynuHGhiFu/xJ1/Y9rOQlsPBA7nnMu9OUHCqNKO820VVlbX1jeKm6Wt7Z3dPbu831ZxKjFp4ZjFshsgRRgVpKWpZqSbSIJ4wEgnGDWmfueBSEVjca/HCfE5GggaUYy0kfp22bsx4RDBzJMcNq5uJ3274lSdGeAycXNSATmaffvLC2OcciI0Zkipnusk2s+Q1BQzMil5qSIJwiM0ID1DBeJE+dns9Ak8NkoIo1iaJzScqb8nMsSVGvPAJDnSQ7XoTcX/vF6qows/oyJJNRF4vihKGdQxnPYAQyoJ1mxsCMKSmlshHiKJsDZtlUwJ7uKXl0n7tOrWqrW7s0r9Mq+jCA7BETgBLjgHdXANmqAFMHgEz+AVvFlP1ov1bn3MowUrnzkAf2B9/gAZcpNE</latexit>

⇤CDM

This region is not probed at all (before 2022) 
 Do we have new data regarding this region?

Discover the earliest galaxies observable and 
answer fundamental questions about particle 
physics and astrophysics/ cosmology
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https://webbtelescope.org/contents/media/images/01G3CFMP9ZH6A5182B7NFN46DS

https://www.esa.int/var/esa/storage/images/esa_multimedia/images/2022/07/webb_spectra_identify_galaxies_in_the_very_early_universe/24354875-2-eng-GB/Webb_spectra_identify_galaxies_in_the_very_early_Universe_pillars.png

Young (and thus hotter) stars emit 
mostly in the UV wavelengths

http://astronomy.nmsu.edu/aklypin/WebSite/Kirchhoff.pdf

These UV emissions get redshifted to 
longer wavelengths (i.e., optical and IR)

We need IR telescopes to observe the 
earliest galaxies
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https://webbtelescope.org/contents/media/images/4188-Image

Fig. credit: NASA Webb

Sizes of telescope  
primary mirrors

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 

NIRSpec: Near  
InfraRed Spectrograph  

NIRCam: Near InfraRed Camera 

MIRI: Mid InfraRed Instrument 

NIRISS: Near InfraRred Imager 
and Slitless Spectrograph 

Four different  
instruments  
on-board: NIRSpec,  
NIRCam, MIRI, and 
NIRISS

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 

Fig. credit: Yang and Boylan-Kolchin “Cosmologyfromhome 2023” 
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Early data releases 
of JWST have 
revealed several 
high redshift galaxy 
candidates (Castellano et al. 

2022; Finkelstein et al. 2022; Naidu et al. 2022; 
Adams et al. 2023; Atek et al. 2023; Bouwens et 
al. 2023; Donnan 2023; Harikane et al. 2023; 
Robertson et al. 2023; Yan et al. 2023 and many 
other recent papers)

Most of these 
galaxy candidates 
were identified 
photometrically, 
and later confirmed 
by spectroscopic 
observations

Brighter and more 
numerous than 
expected from 
prior observations 
at lower redshifts

Slide idea: Priyank Parashari

See recent review by Tacchella 2410.04227; see Napolitano et al. 2410.10967 for latest observational results; 
see Driskell et al. 2410.11680 + Semenov et al. 2410.09205 + many others

Shen et al. 2406.15548
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How do such massive galaxies form so early in the Universe (~ 300 Myr after the Big 
Bang)?

How do we test              cosmology using such JWST data sets?

Galaxy formation involves understanding gravitational dynamics for N-body systems 
involving large cosmological simulations (with uncertain baryonic physics involved)

<latexit sha1_base64="k+Rfa+KsFIg5LmNxnkIz+wg0DAg=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclUyRsd0V68KFQgX7gM5QMplMG5p5kGSUMvZT3LhQxK1f4s6/MdNWUNEDgcM553JvjpdwJhVCH8bS8srq2npho7i5tb2za5b2OjJOBaFtEvNY9DwsKWcRbSumOO0lguLQ47TrjZu5372lQrI4ulGThLohHkYsYAQrLQ3MknOpwz6GmSNC2Dy/mg7MMqogDduGObFqyNKkXq9Vq3VozSyEymCB1sB8d/yYpCGNFOFYyr6FEuVmWChGOJ0WnVTSBJMxHtK+phEOqXSz2elTeKQVHwax0C9ScKZ+n8hwKOUk9HQyxGokf3u5+JfXT1VQczMWJamiEZkvClIOVQzzHqDPBCWKTzTBRDB9KyQjLDBRuq2iLuHrp/B/0qlWLLtiX5+UG2eLOgrgAByCY2CBU9AAF6AF2oCAO/AAnsCzcW88Gi/G6zy6ZCxm9sEPGG+fcLeTgQ==</latexit>

⇤CDM

These are the first cosmological observations at these redshifts; thus availability of 
cosmological simulations were initially limited 

Can we get test fundamental parameters of              cosmology using semi-analytical 
arguments?

<latexit sha1_base64="k+Rfa+KsFIg5LmNxnkIz+wg0DAg=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclUyRsd0V68KFQgX7gM5QMplMG5p5kGSUMvZT3LhQxK1f4s6/MdNWUNEDgcM553JvjpdwJhVCH8bS8srq2npho7i5tb2za5b2OjJOBaFtEvNY9DwsKWcRbSumOO0lguLQ47TrjZu5372lQrI4ulGThLohHkYsYAQrLQ3MknOpwz6GmSNC2Dy/mg7MMqogDduGObFqyNKkXq9Vq3VozSyEymCB1sB8d/yYpCGNFOFYyr6FEuVmWChGOJ0WnVTSBJMxHtK+phEOqXSz2elTeKQVHwax0C9ScKZ+n8hwKOUk9HQyxGokf3u5+JfXT1VQczMWJamiEZkvClIOVQzzHqDPBCWKTzTBRDB9KyQjLDBRuq2iLuHrp/B/0qlWLLtiX5+UG2eLOgrgAByCY2CBU9AAF6AF2oCAO/AAnsCzcW88Gi/G6zy6ZCxm9sEPGG+fcLeTgQ==</latexit>

⇤CDM

<latexit sha1_base64="D/cCtSv4qsfKldUoCIy4pEntQgg=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgqiRpTeuuWBcuFCrYWmhCmUwn7dDJg5mJUmI/xY0LRdz6Je78GydtBRU9MHA451zunePFjAppGB9abml5ZXUtv17Y2Nza3tGLux0RJRyTNo5YxLseEoTRkLQllYx0Y05Q4DFy442bmX9zS7igUXgtJzFxAzQMqU8xkkrq60XnQoUHCKYOD2Dz7HLa10tG+aRuW8cWNMqGUbMqdkasWtWqQFMpGUpggVZff3cGEU4CEkrMkBA904ilmyIuKWZkWnASQWKEx2hIeoqGKCDCTWenT+GhUgbQj7h6oYQz9ftEigIhJoGnkgGSI/Hby8S/vF4i/bqb0jBOJAnxfJGfMCgjmPUAB5QTLNlEEYQ5VbdCPEIcYanaKqgSvn4K/ycdq2zaZfuqWmqcLurIg31wAI6ACWqgAc5BC7QBBnfgATyBZ+1ee9RetNd5NKctZvbAD2hvn3xbk4g=</latexit>

⇤CDM
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Semi-analytical method to calculate the number of dark matter halo per unit mass  
and per unit volume as a function of redshift (halo mass function)

This gives a way to statistically compare with the JWST data set
<latexit sha1_base64="rHjaej2OkEAjnx2j2W//zPHJN8o="></latexit>

dn

d lnM
= M

⇢0
M2

f(�)

�����
d ln�

d lnM

�����
where     = number density of dark matter haloes <latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M = dark matter halo mass

<latexit sha1_base64="op3cxAPgh/uW6C5iz9nDG7iuGX8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1enqk+n6/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia1Kq1+8tK/SaPowgncArnEMAV1OEOGtAEAo/wDK/w5invxXv3PhatBS+fOYY/8D5/AEmIjvU=</latexit>⇢0 = mean density of the Universe
<latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>� = mass variance of smoothed linear matter density field in a sphere of radius 

<latexit sha1_base64="gA+KaQ8q4BwMGmTB+QI+KZDk2aQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALAzjOE=</latexit>

R
<latexit sha1_base64="hOTaCA5KBAiCwL+J057nJAHcWo0=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Kokt1Y1QdONGqGIf0MQwmU7aoZNMmJkIJWTpxl9x40IRt36CO//GaZuFth64cDjnXu69x48Zlcqyvo2FxaXlldXCWnF9Y3Nr29zZbUmeCEyamDMuOj6ShNGINBVVjHRiQVDoM9L2h5djv/1AhKQ8ulOjmLgh6kc0oBgpLXnmwTU8h04vEAinVejENEsrGXTEgHsWvL2veGbJKlsTwHli56QEcjQ888vpcZyEJFKYISm7thUrN0VCUcxIVnQSSWKEh6hPuppGKCTSTSePZPBIKz0YcKErUnCi/p5IUSjlKPR1Z4jUQM56Y/E/r5uo4MxNaRQnikR4uihIGFQcjlOBPSoIVmykCcKC6lshHiAditLZFXUI9uzL86R1UrZr5dpNtVS/yOMogH1wCI6BDU5BHVyBBmgCDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gACbJgV</latexit>

M =
4⇡

3
⇢0R

3

We utilise the extended Press–Schechter formalism to compute the statistics of  
non-linear density field from the linear power spectrum

see cosmology text books by Baumann or Dodelson + Schmidt

<latexit sha1_base64="7oTX5qEu0mFdnx8j2lXqtGqwvXs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCye3c7zxRpVkkH8w0pr7AI8lCRrCx0mNY7Ws2Evh8UK64NTcDWiVeTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUslFlT7aXbwDJ1ZZYjCSNmSBmXq74kUC62nIrCdApuxXvbm4n9eLzHhtZ8yGSeGSrJYFCYcmQjNv0dDpigxfGoJJorZWxEZY4WJsRmVbAje8surpH1R8+q1+v1lpXGTx1GEEziFKnhwBQ24gya0gICAZ3iFN0c5L86787FoLTj5zDH8gfP5AyrwkAM=</latexit>

f(�) = fitting function obtained using Press - Schechter formalism and including 
corrections for ellipsoidal collapse, calibrated to numerical simulations
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The mass variance (   ) depends on the linear matter power spectrum,         , as<latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>�
<latexit sha1_base64="+XW35O9kWIuJ1258JiUYrigJA0w=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJpFZ1ejksV9yauwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsIbP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukc1XzGrXGQ73SvM3jKMIZnEMVPLiGJtxDC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHOpaNuQ==</latexit>

P (k)
<latexit sha1_base64="FbWQhUxKalbg1JQNqkvli3uyf2w="></latexit>

�2(R) =
1

2⇡2

Z 1

0
k2 P (k)W 2(kR) dk

where    = wavenumber and              is the filter function in Fourier space       
<latexit sha1_base64="NsjKO6FvOGDmdJJbvTvwmNzF414=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD1heM+g==</latexit>

k
<latexit sha1_base64="SYhkP2epr0QHGvQ3B7cBY4FU7k0=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1Bj0SvXhE4wIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkteujh/O++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE177GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpaFzW3XqvfX1YaN3kcRTiBU6iCC1fQgDtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwDntY4c</latexit>

W (kR)
<latexit sha1_base64="1sJRnCyZWSfAARUjFejXhJlDGbo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyUpUt0IRTcuI/QFbQyT6aQdOpOEmYlQQndu/BU3LhRx6y+482+ctFlo64HLPZxzLzP3+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88U3mdx6IkDQKm2oSE5ejYUgDipHSkmceO5XxGbyCjpf2BYexoHyaKc37GtTdM8tW1ZoBLhM7J2WQw/HMr/4gwgknocIMSdmzrVi5KRKKYkampX4iSYzwGA1JT9MQcSLddHbHFJ5qZQCDSOgKFZypvzdSxKWccF9PcqRGctHLxP+8XqKCSzelYZwoEuL5Q0HCoIpgFgocUEGwYhNNEBZU/xXiERIIKx1dSYdgL568TNq1ql2v1u/Oy43rPI4iOAInoAJscAEa4BY4oAUweATP4BW8GU/Gi/FufMxHC0a+cwj+wPj8AdQ6lsE=</latexit>

P (k) = Pprim(k)T
2(k)                                         where               is the primordial power spectrum, predicted in 

various very early Universe cosmological models and          = transfer function

<latexit sha1_base64="F1bMogyYsZ2x9XHeS7/e4r83dMA=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EixCvZRdkeqx6MVjBfsB7bJk07QNTbJLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet7O2vrG5tV3YKe7u7R+U3MOjlo5TRWiTxDxWnQhrypmkTcMMp51EUSwiTtvR+Hbmtx+p0iyWD2aS0EDgoWQDRrCxUuiWGmHWUwIliolpZXweumWv6s2BVomfkzLkaITuV68fk1RQaQjHWnd9LzFBhpVhhNNpsZdqmmAyxkPatVRiQXWQzQ+fojOr9NEgVrakQXP190SGhdYTEdlOgc1IL3sz8T+vm5rBdZAxmaSGSrJYNEg5MjGapYD6TFFi+MQSTBSztyIywgoTY7Mq2hD85ZdXSeui6teqtfvLcv0mj6MAJ3AKFfDhCupwBw1oAoEUnuEV3pwn58V5dz4WrWtOPnMMf+B8/gAgLpLC</latexit>

Pprim(k)
<latexit sha1_base64="NB3RQhwOBzuxfe41lIuoegohfIY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxQr+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RQ2Nre2d4q7pb39g8Oj8vFJR0eJIrRNIh6pXoA15UzStmGG016sKBYBp91gep/53SeqNItky8xi6gs8lixkBJtMalWnl8Nyxa25C6B14uWkAjmaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz1UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46VzWvXqs/Xlcad3kcRTiDc6iCBzfQgAdoQhsITOAZXuHNEc6L8+58LFsLTj5zCn/gfP4AQLKNvQ==</latexit>

T (k)
<latexit sha1_base64="XBKhdjE1FNOsa46tis5Y0cHcpWY=">AAACCXicbVDLSgMxFM3UV62vUZdugkWomzIjUl0W3bisYB/QjkMmzbShSSYkGaEM3brxV9y4UMStf+DOvzFtZ6GtBwKHc+7l5pxIMqqN5307hZXVtfWN4mZpa3tnd8/dP2jpJFWYNHHCEtWJkCaMCtI01DDSkYogHjHSjkbXU7/9QJSmibgzY0kCjgaCxhQjY6XQhY0w6ykOpaJ8AiujU9iTKpEmgaP7TIR6Erplr+rNAJeJn5MyyNEI3a9eP8EpJ8JghrTu+p40QYaUoZiRSamXaiIRHqEB6VoqECc6yGZJJvDEKn0YJ8o+YeBM/b2RIa71mEd2kiMz1IveVPzP66YmvgwyKmRqiMDzQ3HKoA06rQX2qSLYsLElCCtq/wrxECmEjS2vZEvwFyMvk9ZZ1a9Va7fn5fpVXkcRHIFjUAE+uAB1cAMaoAkweATP4BW8OU/Oi/PufMxHC06+cwj+wPn8Ac6/mc0=</latexit>

Pprim(k) / kns

 where                               is the scalar 
spectral index

<latexit sha1_base64="8M3kWQS9gUCfaYqYdxeZ/azrMn0=">AAAB/nicbZDLSgMxFIbPeK31Niqu3ASL4KrMSK26EIpuXFawF2iHIZOmbWgmMyQZoQwFX8WNC0Xc+hzufBsz7Sy09UDIx/+fQ07+IOZMacf5tpaWV1bX1gsbxc2t7Z1de2+/qaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gdJv5rUcqFYvEgx7H1AvxQLA+I1gbybcPha/QNXLKV9Vz1I1DQ45T8e1SdmeFFsHNoQR51X37q9uLSBJSoQnHSnVcJ9ZeiqVmhNNJsZsoGmMywgPaMShwSJWXTtefoBOj9FA/kuYIjabq74kUh0qNw8B0hlgP1byXif95nUT3L72UiTjRVJDZQ/2EIx2hLAvUY5ISzccGMJHM7IrIEEtMtEmsaEJw57+8CM2zslstV+8rpdpNHkcBjuAYTsGFC6jBHdShAQRSeIZXeLOerBfr3fqYtS5Z+cwB/Cnr8webnJKy</latexit>

ns = 0.965± 0.004
fig. credit: Priyank Parashari

<latexit sha1_base64="Hnh1WOSlVglQWQJdVl1h5eXYK+Y=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgadkVab0IRS8eK9gPaJeSTbNtaDa7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXpAIro3rfqPC2vrG5lZxu7Szu7d/UD48auk4VZQ1aSxi1QmIZoJL1jTcCNZJFCNRIFg7GN/O/PYTU5rH8sFMEuZHZCh5yCkxVuqM8DV2nWqtX664jjsHXiVeTiqQo9Evf/UGMU0jJg0VROuu5ybGz4gynAo2LfVSzRJCx2TIupZKEjHtZ/N7p/jMKgMcxsqWNHiu/p7ISKT1JApsZ0TMSC97M/E/r5ua8MrPuExSwyRdLApTgU2MZ8/jAVeMGjGxhFDF7a2Yjogi1NiISjYEb/nlVdK6cLyqU72/rNRv8jiKcAKncA4e1KAOd9CAJlAQ8Ayv8IYe0Qt6Rx+L1gLKZ47hD9DnD8upjoU=</latexit>

h = 0.67

Heavier dark matter haloes form later in 
the Universe in a bottom-up approach as 
observed

JWST is probing halo mass function at 
the highest redshifts: we must be able to 
probe the primordial power spectrum 
using this data-set

Ranjan Laha

<latexit sha1_base64="G6J5EGpYh+Eyosxkr0Uk9Yt6qO4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2iltuc+Zl5t2i9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+7pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZr+TgdCcoZxYQpkW9lbCRlRThjahkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wdMrI7p</latexit>
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Primordial power spectrum

12Ranjan Laha

Gilman et al. 2112.03293

A variety of 
cosmological 
observables (using 
CMB, Lyman-alpha 
forest 
observations,  
UV luminosity 
functions, etc.) 
probe the 
primordial power 
spectrum at various 
length scales

Can we use JWST 
observations to 
probe the primordial 
power spectrum 
better than current 
observations?



A model-independent modification to  
the primordial power spectrum

13Ranjan Laha

We parametrize a model-independent modification to the primordial power spectrum by two 
independent parameters:

<latexit sha1_base64="ZLGJ0cTcSDQ8GQCevqrTs024ctg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO4n/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFa8I3d</latexit>

kp = pivot scale
<latexit sha1_base64="Ey2LQS3VzVRaCfGLq4YxK6FsC5M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iL7plyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNj91is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKzv9GAaUosnziCiWbuVkRGWGNiXTolF0Kw/PIqaV1Ug1q1dn9Zqd/kcRThBE7hHAK4gjrcQQOaQGAIz/AKbx73Xrx372PRWvDymWP4A+/zB2KIjeI=</latexit>ms = tilt index

Fig. credit: Priyank Parashari
Fig. credit: Priyank Parashari



How to convert dark matter halo mass to 
corresponding stellar mass?

14Ranjan Laha

JWST does not measure the dark matter halo mass directly, but measures the stellar light emitted 
by a galaxy: we need a prescription to convert the dark matter halo mass to stellar mass (JWST articles 
that we used specified the stellar mass rather than the UV luminosity)

Given a halo mass    , what is the stellar mass       ?
<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M
<latexit sha1_base64="3oS1bkJPdeoJnwotu40Awt0fSPM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuSPQY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7LXqVcub8oVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8MVjXk=</latexit>

M⇤

Assuming a redshift   , the cosmic baryon fraction is                where                      and              <latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z
<latexit sha1_base64="w90P900EC0wUD0NgZakONdlETM0=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEpLoRim7cWcFeoAlhMpm0Q2cmYWYilNCtG1/FjQtF3PoG7nwbp20Ebf1h4OM/53Dm/GHKqNKO82WVlpZXVtfK65WNza3tHXt3r62STGLSwglLZDdEijAqSEtTzUg3lQTxkJFOOLya1Dv3RCqaiDs9SonPUV/QmGKkjRXYMA5CeAG9KJYI594NJ30UhOMf4uPArjo1Zyq4CG4BVVCoGdifXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZFIgT5efTS8bwyDgRjBNpntBw6v6eyBFXasRD08mRHqj52sT8r9bLdHzu51SkmSYCzxbFGYM6gZNYYEQlwZqNDCAsqfkrxANkMtEmvIoJwZ0/eRHaJzW3XqvfnlYbl0UcZXAADsExcMEZaIBr0AQtgMEDeAIv4NV6tJ6tN+t91lqyipl98EfWxzcVNJn9</latexit>

fb =
⌦b

⌦m

<latexit sha1_base64="aHhuzxHlB0XbJDWFXwe80VHJQrg=">AAAB+nicbZDLSsNAFIYn9VbrLdWlm8EiuCqJlqoLoejGnRXsBdoQJtOTduhMEmYmSql9FDcuFHHrk7jzbZy2WWj1h4GP/5zDOfMHCWdKO86XlVtaXlldy68XNja3tnfs4m5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBcOrab11D1KxOLrTowQ8QfoRCxkl2li+XezeCOgTP8AX2Ck7lfMT3y4ZmAn/BTeDEspU9+3Pbi+mqYBIU06U6rhOor0xkZpRDpNCN1WQEDokfegYjIgA5Y1np0/woXF6OIyleZHGM/fnxJgIpUYiMJ2C6IFarE3N/2qdVIdn3phFSaohovNFYcqxjvE0B9xjEqjmIwOESmZuxXRAJKHapFUwIbiLX/4LzeOyWy1Xbyul2mUWRx7towN0hFx0imroGtVRA1H0gJ7QC3q1Hq1n6816n7fmrGxmD/2S9fENQ8uSEQ==</latexit>

⌦b = 0.0493
<latexit sha1_base64="ZDHYlbNxlf441aLCUydryKiBl6s=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiQ+qhuh6MadFewD2hAm00k7dGYSZiZKif0UNy4UceuXuPNvnLZZaOuBC4dz7uXee8KEUaVd99sqLC2vrK4V10sbm1vbO3Z5t6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLye+K0HIhWNxb0eJcTnqC9oRDHSRgrscveWkz4KOLyErnPinZ0EdsV13CngIvFyUgE56oH91e3FOOVEaMyQUh3PTbSfIakpZmRc6qaKJAgPUZ90DBWIE+Vn09PH8NAoPRjF0pTQcKr+nsgQV2rEQ9PJkR6oeW8i/ud1Uh1d+BkVSaqJwLNFUcqgjuEkB9ijkmDNRoYgLKm5FeIBkghrk1bJhODNv7xImseOV3Wqd6eV2lUeRxHsgwNwBDxwDmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDTsmSGA==</latexit>

⌦m = 0.3153

Stellar mass inside a dark matter halo of mass      will be                       where            denotes the 
star formation efficiency (depends on star formation physics)

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M
<latexit sha1_base64="uf56OdHRhWA5ZRCBDfvWUj7zezs=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEcVESkepGKLpxU6hgH9CWMJlO2qGTSZiZCDUUf8WNC0Xc+h/u/BunbRbaeuDC4Zx7ufceP+ZMacf5tnJLyyura/n1wsbm1vaOvbvXUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJn4zQcqFYvEvR7FtBvivmABI1gbybMPqt4pukIdGivGI4ECz0dVzy46JWcKtEjcjBQhQ82zvzq9iCQhFZpwrFTbdWLdTbHUjHA6LnQSRWNMhrhP24YKHFLVTafXj9GxUXooiKQpodFU/T2R4lCpUeibzhDrgZr3JuJ/XjvRwWU3ZSJONBVktihIONIRmkSBekxSovnIEEwkM7ciMsASE20CK5gQ3PmXF0njrOSWS+W782LlOosjD4dwBCfgwgVU4BZqUAcCj/AMr/BmPVkv1rv1MWvNWdnMPvyB9fkDSlOT2w==</latexit>

M⇤ = ✏fbM
<latexit sha1_base64="XHuJ5MI6kmmDF94szF7hadAEUSo=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquSPVY9OKxgv2AdinZdLYNzSZrkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqhEQDZwKahhkOnUQBiUMO7XB8M/Pbj6A0k+LeTBIIYjIULGKUGCv13XIPEs24FLjH4QH7fbfiVb058Crxc1JBORp996s3kDSNQRjKidZd30tMkBFlGOUwLfVSDQmhYzKErqWCxKCDbH74FJ9aZYAjqWwJg+fq74mMxFpP4tB2xsSM9LI3E//zuqmJroKMiSQ1IOhiUZRybCSepYAHTAE1fGIJoYrZWzEdEUWosVmVbAj+8surpHVe9WvV2t1FpX6dx1FEx+gEnSEfXaI6ukUN1EQUpegZvaI358l5cd6dj0VrwclnjtAfOJ8/B66SsQ==</latexit>

✏  1

Cumulative co-moving number density of haloes with masses above some mass threshold is
<latexit sha1_base64="Gwj0Iz4xJOX/XiG1qoZwhK4qM+g="></latexit>

n(> Mhalo, z) =

Z 1

Mhalo

dM
dn(M, z)

dM

Cumulative co-moving mass density of haloes with masses above some mass threshold is
<latexit sha1_base64="GPGS+kEXGa/LWBxsgxwLEGPEy3Q="></latexit>

⇢(> Mhalo, z) =

Z 1

Mhalo

dM M
dn(M, z)

dM

Cumulative co-moving stellar mass density (CCSMD) is

Cumulative co-moving galaxy number density (CCGND) is denoted by 
<latexit sha1_base64="YgdyX6D5959iMl741O73rQG3HaU=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSLUIiURqZ6k6MWLUMF+QBvDZrttl242YXej1ND/4cWDIl79L978N27bHLT1wcDjvRlm5vkRZ0rb9re1sLi0vLKaWcuub2xubed2dusqjCWhNRLyUDZ9rChngtY005w2I0lx4HPa8AdXY7/xQKViobjTw4i6Ae4J1mUEayPdC6+IChfoxiseo6cjL5e3S/YEaJ44KclDiqqX+2p3QhIHVGjCsVItx460m2CpGeF0lG3HikaYDHCPtgwVOKDKTSZXj9ChUTqoG0pTQqOJ+nsiwYFSw8A3nQHWfTXrjcX/vFasu+duwkQUayrIdFE35kiHaBwB6jBJieZDQzCRzNyKSB9LTLQJKmtCcGZfnif1k5JTLpVvT/OVyzSODOzDARTAgTOowDVUoQYEJDzDK7xZj9aL9W59TFsXrHRmD/7A+vwBS+uQcw==</latexit>

n⇤(> M⇤, z)
<latexit sha1_base64="+zkcLmQuxnwCxvuJQftKy00mqds="></latexit>

⇢⇤(> M⇤, z) = ✏fb ⇢(> Mhalo, z)

Boylan-Kolchin 2208.01611



Interplay between star formation 
efficiency and blue tilt in the primordial 
power spectrum from CEERS observation



Ranjan Laha

JWST-CEERS observations of massive galaxies  
at high redshifts

16

Labbe et al. 2023

Using the first observations of JWST Cosmic 
Evolution Early Release Science (CEERS) program, 
Labbe et al. identified 6 galaxy candidates with 
stellar masses                   with  

<latexit sha1_base64="3WuQHj+S8PNFAiORw0tdnsVNn3U="></latexit>

& 1010 M�
<latexit sha1_base64="4WWAfQ9Qfk/YVTkVz4FJasDcwAI=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiSlpM2u6MZlBfuANpTJdNIOnUzizESIpf6KGxeKuPVD3Pk3TtoKKnrgcg/n3MvcOUHCqFS2/WEU1tY3NreK26Wd3b39A/PwqCPjVGDSxjGLRS9AkjDKSVtRxUgvEQRFASPdYHqR+91bIiSN+bXKEuJHaMxpSDFSWhqa5bpVgwNGbuDdsnmWMzQrtmVruC7MidOwHU08r1GtetBZWLZdASu0hub7YBTjNCJcYYak7Dt2ovwZEopiRualQSpJgvAUjUlfU44iIv3Z4vg5PNXKCIax0MUVXKjfN2YokjKLAj0ZITWRv71c/Mvrpyps+DPKk1QRjpcPhSmDKoZ5EnBEBcGKZZogLKi+FeIJEggrnVdJh/D1U/g/6VQtx7Xcq1qleb6KowiOwQk4Aw6ogya4BC3QBhhk4AE8gWfj3ng0XozX5WjBWO2UwQ8Yb5/91pMY</latexit>

7.4  z  9.1

displays Milky Way stellar  
mass = 

<latexit sha1_base64="DENgUYc+QaQ6cv0vL3zRKBbe4eo="></latexit>

(6.08± 1.14)⇥ 1010 M�

Labbe et al. 2023

extrapolation from  
pre-JWST data

How do such massive galaxies form so early 
in the Universe (~ 600 Myr after the Big 
Bang)?

Why do they have such a high number 
density?

Licquia and Newman 1407.1078



Ranjan Laha

JWST-CEERS observations of massive galaxies  
at high redshifts

17

Blue-tilted primordial power spectrum can reduce the required star formation efficiency

P. Parashari & R. Laha, MNRAS: Letters, 526, L63–L69 (2023) arXiv: 2305.00999

Blue-tilted primordial power spectrum produces heavier dark matter halos at the same 
redshift, and heavier dark matter halos can host a larger amount of baryons + stars
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JWST-CEERS observations of massive galaxies  
at high redshifts
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P. Parashari & R. Laha, MNRAS: Letters, 526, L63–L69 (2023) arXiv: 2305.00999

Parameter space that can explain the 
Labbe et al results while having a low 
star formation efficiency without taking 
into account constraints from other 
observables

Parameter space may be in conflict with 
various other observables especially 
with Milky Way dwarf galaxies (see Dekker 
and Kravtsov 2407.04198)
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JWST-CEERS observations of massive galaxies  
at high redshifts
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P. Parashari & R. Laha, MNRAS: Letters, 526, L63–L69 (2023) arXiv: 2305.00999

Hirano & Yoshida (arXiv: 2306.11993) did numerical simulations with a blue-tilted power 
spectrum and found their results consistent with our results

Sabti, Munoz, and Kamionkowski (arXiv: 2305.07049) performed an analysis by assuming 
a Gaussian enhancement in the power spectrum and found that the enhancement required 
to explain Labbe et al. (2023) observations will conflict with previous constraints on 
these scales by Hubble Space Telescope, which is consistent with our results

Hirano and Yoshida 2306.11993Hirano and Yoshida 2306.11993



Constraints on the red tilt of the 
primordial power spectrum using galaxies 

observed in the JADES program
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JADES observations of massive galaxies  
at high redshifts
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Keller et al., 2212.12804

Using some of the early  
observations  
of JWST Advanced Deep 
Extragalactic Survey 
(JADES) program,  
Curtis-Lake et al. and 
Robertson et al. discovered 
four galaxies 
spectroscopically      

Four of the earliest galaxies by JADES:

Keller et al. 2212.12804 
compared these observations 
with numerical simulations 
and found that they are 
consistent with theoretical 
expectations; they also 
displayed lower limits on the 
cumulative number density of 
galaxies above a given stellar 
mass

Stefanon+ 21  
used Spitzer
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JADES observations of massive galaxies  
at high redshifts
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P. Parashari & R. Laha, MNRAS: Letters, 526, L63–L69 (2023) arXiv: 2305.00999

Red-tilted primordial 
power spectrum produces 
lesser number of heavier 
dark matter halos at the 
same redshift

These observations give a 
lower limit on the 
cumulative number 
density of galaxies above 
a given stellar mass; thus 
the underlying power 
spectrum cannot be too 
red-tilted, implying a 
constraint on red-tilt of 
the primordial power 
spectrum
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JADES observations of massive galaxies  
at high redshifts
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P. Parashari & R. Laha, MNRAS: Letters, 526, L63–L69 (2023) arXiv: 2305.00999

Assuming                 , we show the maximum value of the red tilt that is allowed by the data.  
The red tilt allowed depends on the pivot scale

<latexit sha1_base64="Y/bLtJemcH2zXRYPMTA3qM7aRVM="></latexit>

%�P (k) =
P⇤CDM(k)� Prt(k)

P⇤CDM(k)
⇥ 100
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✏ = 0.042
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kp 2 [1, 2] hMpc�1

In the range                                                   , we obtained the most stringent constraint on 
the red tilt in the primordial power spectrum 
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k ⇡ 2 hMpc�1 � 7 hMpc�1
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Conclusions
JWST has opened up a new window to probe our high-redshift Universe
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JWST has discovered a number of massive galaxies at very high redshifts

We show that a blue tilted primordial power spectrum can lead to an enhanced 
formation of massive galaxies at high redshifts

Such a blue tilt may be in conflict with other measurements, especially using 
gravitational lensing and Hubble Space Telescope observations

We also used some spectroscopically confirmed galaxies in JADES program  to 
derive the most stringent bound on the red tilt of the primordial power spectrum  
at scales 
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k ⇡ 2 hMpc�1 � 7 hMpc�1

Questions & comments: ranjanlaha@iisc.ac.in

We demonstrated the power of JWST to probe the primordial power spectrum: 
near future data-set may lead to an even more stringent constraint or a discovery!


