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With stunning clarity, the JWST has revealed the Universe’s first billion 
years. The scientific community is analysing a wealth of JWST imaging 
and spectroscopic data from that era, and is in the process of rewriting 
the astronomy textbooks. Here, as a result of the 2024 ISSI Breakthrough 
Workshop, we provide a snapshot of the great progress made towards 
understanding the initial chapters of our cosmic history 1.5 years into the 
JWST science mission. We present the current census of early galaxies, their 
luminosities, appearance, chemical composition, masses and formation 
histories as revealed by JWST. We relate the discovery of massive black 
holes in early galaxies and discuss their demographics and implications 
for their formations and growth. We conclude by describing the potential 
sources of reionization and our current understanding of how the Universe 
became fully ionized. Throughout the Perspective, we highlight discoveries 
and breakthroughs, topics and issues that are not yet understood, and 
questions that will be addressed in the coming years, as JWST continues its 
revolutionary observations of the early Universe.

The first billion years of cosmic history were the most eventful, rich 
with firsts and transformations (see a graphic representation in Fig. 1). 
After the Big Bang and initial accelerated expansion, the Universe’s 
temperature and density constantly declined until photons and mat-
ter decoupled, initiating a period known as the cosmic ‘dark ages’. It is 
during this period that the seeds leading to the formation of the first 
stars and primordial galaxies were growing. Slow perturbations of 
dark matter accreted baryons until the conditions for the ignition of 

the first stars were met; the very first sources of light in the Universe. 
The energy, momentum and enriched material ejected by these stars 
initiated the sparks that would eventually lead to the last major phase 
transition of matter, the epoch of reionization, consisting of the ioni-
zation of the neutral hydrogen permeating the Universe. This time 
of infancy for galaxies, where star-formation processes and black  
hole (BH) formation and growth take place, is fundamental for our 
understanding of galaxy growth and evolution. Unfortunately,  
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help inform our understanding of cosmic reionization, the process 
that ended the ‘cosmic dark ages’ by ionizing hydrogen gas. Further-
more, the UV luminosity function provides essential data for testing 
cosmological models and assessing the effectiveness of observational 
techniques in probing distant, faint sources.

The decrease of ρUV(z) is slower than generally expected before 
JWST, implying a more sustained early production of UV photons. 
Moreover, we observe that the bright end of the luminosity func-
tion does not significantly evolve between 8 < z < 12 (refs. 19–23) due 
to an unexpectedly large number of luminous (where the absolute 
UV magnitude, MUV ≈ − 21) galaxies with blue spectral slopes β < −2  
(refs. 24,25). The abundances are still limited in precision due to 
detected field-to-field variation attributed to large-scale structure18, 
but these findings have important implications for cosmic reionization 
as discussed in the ‘Reionization’ section.

Various physical scenarios, along with existing semi-analytic, 
semi-numerical models and simulations (for example, refs. 26,27), 
have been proposed to explain the evolution of the luminos-
ity function. These include: (1) dust clearing by radiation-driven 
outflows28,29; (2) star-formation variability resulting in a flattening 
of the luminosity function30–32; (3) reduced feedback resulting in a 
higher star-formation efficiency33,34; and (4) a top-heavy initial mass 
function (IMF)35, although see ref. 36. Although individual solutions  
(or more likely, a combination of) might provide a viable interpreta-
tion purely using astrophysical arguments, it cannot be excluded that 
modifications to the currently favoured Λ cold dark matter model 
(ΛCDM; where Λ is the cosmological constant) cosmology could also 
be required37–39. Thus, JWST data offer a unique tool to constrain and 
improve cosmological scenarios.

The faint end of the luminosity function is also important, as it 
depends on the nature of feedback processes acting in low-mass galax-
ies. Pre-JWST data suggested a steepening slope at higher redshift, but 
early JWST results appear to indicate a convergence to a logarithmic 
slope of α = −2 in the luminosity function, suggesting that extremely 
faint galaxies dominate the cosmic star-formation rate density.

we know the least about this early time—many questions remain about 
the basic facts and chronology.

When did the first stars form? Were they very different from the 
stars today? When did stars and gas coalesce to form the first galax-
ies? What did they look like? Did any early galaxies have disks like our 
Milky Way, or were they disordered and bursting with star formation? 
When did the first supermassive BHs form and fuel active galactic 
nuclei (AGN) powerful enough to impact the star formation of entire 
galaxies? How quickly did supernovae enrich their surroundings with 
heavy elements and dust, the building blocks of planets and life? And 
what was the timeline and topology of the last major phase transition 
of the Universe, as light steadily reionized the hydrogen gas permeat-
ing the Universe?

The James Webb Space telescope ( JWST) is now enabling us to 
address these questions with direct observations of the light of these 
early galaxies emitted more than 13 billion years ago and redshifted 
into the infrared by the expansion of the Universe. This is the first and 
overarching success that JWST has unlocked: that it is possible to do 
these studies at all. With 10 times better resolution and a 100 times 
greater sensitivity than previous telescopes at similar wavelengths1, 
JWST’s four science instruments, the Near Infrared Camera (NIRCam), 
the Near Infrared Spectograph (NIRSpec), the Near Infrared Imager 
and Slitless Spectrograph (NIRISS) and the Mid-Infrared Instrument 
(MIRI) can complete in hours of observations what previously would 
have taken years, and therefore would have been unfeasible.

We refer to lookback time and distance in units of redshift (z), 
starting at z = 5.6, 1 billion years after the Big Bang according to stand-
ard cosmological models2, and pushing back in time to the highest 
redshifts yet observed.

The physical properties of early galaxies
Before JWST, our view of distant galaxies was fundamentally  
simplistic—galaxies were unresolved, sources at the redshift frontier 
were mostly limited to extreme intrinsic luminosities, and star light 
and spectral features beyond the rest ultraviolet (UV) were largely 
out of reach. Using JWST, we have begun to chart a full census of the 
emerging and evolving population of distant galaxies, with a wealth 
of spatial and spectral information to pinpoint their distances, char-
acterize their stellar growth and chemical enrichment histories, and 
resolve their complex structures and kinematics. In this section, we 
review these advancements.

Extending the redshift frontier
JWST data reveal a robust population of high-redshift galaxies at  
z > 10, beyond the reach of the Hubble Space Telescope (HST; Fig. 2).  
In most cases, the galaxies are selected through the signature, in 
multi-colour imaging, of a sharp spectral cut-off bluewards of the 
Lyman-α line. This requires the galaxies to be reasonably luminous 
in the rest-frame UV. Many hundreds of such candidates have been 
identified at z > 7 (see next section and Fig. 2), and about 20 have been 
spectroscopically confirmed at z > 10 (refs. 3–11), with the current high 
mark at z = 14.32 (ref. 11). This record will surely not hold, as there is no 
technical limit on finding galaxies to z = 20.

UV luminosity function
From these samples, JWST has produced a precise determination of the 
galaxy UV luminosity function and luminosity density (the integral of 
the luminosity function over a defined galaxy magnitude range), ρUV(z), 
at redshifts z ≳ 7 (Fig. 2, and refs. 12–18, for example).

The UV luminosity function provides insight into the population 
of young, star-forming galaxies, offering constraints on their number 
density, luminosity and size. JWST’s sensitivity in the near-infrared 
enables the detection of galaxies as far back as redshift z > 10, extend-
ing the study of galaxy formation to the epoch when the first galaxies 
emerged. High-redshift UV luminosity function measurements also 
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Fig. 1 | The cosmic timeline. The cosmic timeline from the origin of the Universe 
in the Big Bang, 13.8 billion years ago, until the present day. In the current 
standard picture, the Universe underwent a period of accelerated expansion 
called ‘inflation’ that expanded the Universe by about 60 orders of magnitude. 
The Universe then kept cooling and expanding until the next major epoch of 
‘recombination’ about 4 × 105 yr later when the first hydrogen atoms formed. 
This was followed by the ‘dark ages’ of the Universe that lasted for a few hundred 
million years. The emergence of the earliest galaxies, a few hundred million 
years after the Big Bang, marked the start of the era of ‘cosmic dawn’. The first 
galaxies also produced the first photons capable of ionizing the neutral hydrogen 
atoms permeating space, starting the epoch of reionization, the last major phase 
transition of matter in the Universe. In the initial stages of reionization, isolated 
galaxies (light yellow dots) produced ionized regions (grey patches) that grew 
and merged until the Universe was fully reionized. Credit: DELPHI project (ERC 
717001). EU Research SPR19/P53.
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Stellar mass census
Massive stars produce most of the UV light but most of the mass in 
galaxies is emitted in the rest-frame optical and near-infrared. In con-
trast to HST, JWST’s wavelength coverage and spectral sampling of the 
rest-frame optical thus allows tracking of the bulk of the stellar mass. 
These constraints are resolving earlier degeneracies regarding the 
contribution of emission lines, versus stellar continuum, enabling more 
accurate characterization of galaxy physical properties even beyond 
z = 10 when the rest-frame optical emission of galaxies redshifts into 
the MIRI wavelength range.

The rest-frame optical observations enable improved constraints 
on stellar mass, placing the first robust constraints on the rate of 
mass build-up in early galaxies, back to the first 500 Myr (refs. 40,41). 
Pre-JWST observations with HST, the Spitzer Space Telescope and the 
Atacama Large Millimeter/submillimeter Array (ALMA) had shown the 
potential existence of rare, massive and red galaxies beyond z > 4 that 
were typically excluded from rest-frame UV selections. JWST data reveal 
that these previously missed galaxies also contribute significantly to 
the stellar census42,43. An exciting frontier is access to the rest-frame 
infrared provided by MIRI. The inclusion of long-wavelength MIRI 
photometry extending out to 21 μm in the observed frame suggests 
a reduction in stellar mass estimates by typically 0.6 dex for massive 
(log(M/M⊙) > 10), red, dust-obscured sources at z > 3 (refs. 44,45). 
Accordingly, MIRI data are crucial to prevent overestimates of stellar 
mass in mature stellar populations at high redshift.

One compelling, although contentious, new population that 
emerged from the first JWST data was luminous and (overly) massive 
candidates at z ≳ 6 with redder-than-expected colours (for example, 
refs. 46,47). If interpreted correctly, these would require impossible 
or implausible star-formation efficiencies48. However, there has been 

significant debate within the community regarding how to incorporate 
the relative importance of star light, dust obscuration and actively 
accreting supermassive BHs when modelling the new datasets. So 
far, spectroscopic follow-up of many of the earliest (z > 6) massive 
candidates reveal strong emission lines due to star formation and/or 
AGN, which had been masquerading and/or exaggerating continuum 
breaks49,50, hence alleviating the tension.

However, potential descendants suggest that the problem has 
not disappeared; a population of old and massive galaxies at later 
times (z ≈ 2−4) also seems to require very efficient and rapid forma-
tion at z ≳ 8 (refs. 51–54). Such extreme formation efficiency still pre-
sents significant challenges for theoretical galaxy-formation models  
(for example, refs. 55,56). Larger spectroscopic samples, which  
enable more detailed stellar population modelling, will further test 
the extent of this tension.

Accurate characterization of the optical rest-frame emission also 
paves the way to probe the growth of galaxies and the structural and 
kinematics of their stars and gas, and to map star-formation sites and 
their feedback in terms of energy, momentum and metal enrichment 
injected in the galaxy medium, as discussed in detail below.

Star-formation histories
Simulations of galaxy formation predict an early period of stochastic 
star formation at high redshifts and low masses; JWST is beginning to 
confront these predictions. Such stochasticity in early star-formation 
histories can be induced by various feedback processes, such as (1) 
photoevaporation of molecular hydrogen, (2) supernova explosions, 
and (3) cosmological accretion/merging, which dominate low-, 
intermediate- and high-mass systems, respectively, and act on differ-
ent timescales31,32,57. Modelling the new imaging and spectroscopic data 
from JWST shows that z > 6 galaxies contain stars that are young, with 
typical inferred average ages of ~50 Myr, although younger (<10 Myr; 
for example, refs. 23,58–62) and older63,64 samples exist. Rest-frame 
optical ([O iii] + Hβ) emission-line equivalent-width distributions and 
UV slopes also indicate bursty star formation, with both on and off 
modes65–67, also referred to in the literature as stochastic star formation 
episodes. In addition, spatially resolved data that isolate multiple stel-
lar populations also emphasize that outshining can lead to significant 
stellar mass underestimates (up to 0.5 dex)68–70. Ultimately, as spectro-
scopic samples become more detailed and representative and analysis 
tools are optimized for the new datasets, we expect significant progress 
in obtaining robust galaxy stellar mass estimates.

Structural and kinematic properties
The distribution (for example, size, morphology) of rest-optical light 
within galaxies, which traces all stars not just the youngest and biased O 
and B stars, and their internal kinematics reveals the overall efficiency 
and nature of the physical processes driving galaxy formation and 
evolution. The dramatic improvement in the spatial resolution and 
wavelength coverage of JWST’s NIRCam instrument compared with its 
HST predecessors has enabled a sharper and more complete view of 
the distribution of stars in galaxies beyond z ≈ 7. The rest-frame optical 
size–mass relation has been measured well beyond the previous lim-
its—probing the mass distributions (not just youngest stars) for even 
dwarf-galaxy progenitors and pushing beyond cosmic noon (z > 3). 
These low-mass galaxies are more extended than conventional scaling 
relations would have predicted (for example, ref. 71). High-redshift 
galaxies at z ≳ 7 roughly extend earlier relations, more rapidly evolv-
ing for quiescent galaxies than their star-forming counterparts  
(for example, refs. 72–74).

The same NIRCam imaging yields an unparalleled view of the stel-
lar structures of those same galaxies. Although galaxies at high redshift 
(z > 3) exhibit a broad diversity of morphologies, visual inspection has 
revealed that disk-like galaxies appear at early times (~60% at z = 3, 
30% at z ≈ 6−9; for example, refs. 75–78). These studies have included 
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Fig. 2 | JWST spectroscopic redshift compilation. a, The distribution of absolute 
magnitudes and redshifts of spectroscopically confirmed galaxies from pre-JWST 
candidates (blue dots) and from public JWST datasets (orange squares), showing 
the power of JWST to detect galaxies beyond redshift 6. The latter include 
compilations120 and single targets10,11 observed with NIRSpec MSA observations, 
as well as NIRCam grism (First Reionization Epoch Spectroscopically Complete 
Observations (FRESCO)179 and Emission-line galaxies and Intergalactic Gas in 
the Epoch of Reionization (EIGER)128). b, The cosmic SFR density over the first 
billion years as seen from HST/WFC3 samples (dark circles), compared with 
JWST/NIRCam estimates (light squares). A model of constant star-formation (SF) 
efficiency is plotted in grey, for comparison. The model and all literature points 
are derived from ref. 4 (and references therein), where the latter are integrated 
down to MUV = −18 mag. The error bars are 1σ. SFR, star formation rate; WFC3, 
Wide Field Camera 3. Figure adapted from ref. 4 under a Creative Commons 
license CC BY 4.0.
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galaxies that were previously faint, or undetected in HST imaging  
(for example, ref. 79). Remarkably, the imaging also enables the iden-
tification of more detailed structures, including galactic bars at z ≈ 3  
(ref. 80), a disk plus proto-bulge at z ≈ 7 (ref. 81), and an enigmatic 
hint that some disk-like galaxies might actually be a population of 
elongated, or possibly prolate, systems78,82. Machine-learning meth-
ods, informed by comparisons with simulations, begin to address the 
scalability of morphological classification (for example, refs. 82–84). 
Although challenges remain in identifying ongoing mergers from imag-
ing alone, the merger fraction of subpopulations have been quantified 
out to z ≈ 5−7 (ref. 85).

Similarly, NIRSpec and the NIRCam grism have opened an unprec-
edented window into a range of kinematic structures, primarily from 
gas kinematics. In addition to a diversity of kinematic structures 
in smaller, Milky Way mass progenitors (for example, refs. 69,86), 
there are remarkable examples of massive rotating disks in the early 
Universe79,87, and a host of non-virial structures in early galaxies driven 
by stellar and AGN-driven outflows observed in both emission and 
absorption (for example, refs. 88–90).

Clustered star formation, proto-globular clusters and  
single stars
Early galaxies in JWST deep cosmic fields show clumpy stellar structures 
and overall compact morphologies at scales of several hundred parsecs 
that dominate the galaxy’s UV blue optical light (Fig. 3). With the aid of 
gravitational lensing, galaxy light has been further broken down into 
smaller and denser stellar structures (for example, refs. 70,91–94). In 
some cases, these data reach parsec-scale resolutions, revealing young, 
massive star clusters in their interiors95–97. In general, more than 10% 
of the total stellar mass observed in these galaxies is in star clusters, 
which dominate the far-UV light of the host galaxies. The recovered 
ages show a progression, with the youngest clusters coincident with 
extreme emission-line equivalent widths and elevated ionizing photon 
production rate per UV photons (ξion).

Star clusters detected in early galaxies are consistent with being 
gravitationally bound, thus, potential proto-globular clusters95–97. Their 
stellar densities are comparable to or higher than globular clusters, 
enabling runaway stellar and BH mergers in their cores98. Radiative 
and mechanical feedback from these proto-globular clusters is likely 
to be responsible for the extreme ionization state of these early galax-
ies, as well as enhanced nitrogen abundances91,99, which are potentially 
linked to the chemical pattern of multiple stellar populations found in 
Milky Way globular clusters100. Star clusters within faint z > 6 galaxies 
might be important units for reionization. JWST observations of highly 
magnified galaxies will be fundamental in characterizing clustered star 
formation within these early galaxies, through cluster mass functions, 
cluster formation efficiency and survival rates.

Remarkably, gravitational lensing has also revealed individual 
stars as distant as Earendel at z = 6 (ref. 101). JWST observations have 
begun revealing their properties, showing that most are hot and 
luminous O and B stars102. Deeper JWST observations could deliver 
metallicities and outflow wind strengths of individual stars in the 
early universe103.

Chemical enrichment
The metal content of galaxies provides a complementary probe of their 
integrated past history of star formation, modulated by the inwards and 
outwards flow of baryons. As such, measurements of galaxy chemical 
abundances offer essential constraints on the regulation of galaxies 
over cosmic time. JWST’s spectroscopic capabilities have illuminated 
the build-up of metals within the first billion years, where direct oxygen 
abundances of roughly 2−30% solar have been measured for a dozen 
galaxies so far104–106. These ‘gold standard’ direct oxygen abundances 
are being used to anchor methods based on much brighter emission 
lines107,108, which are detected in large samples of galaxies out to z ≈ 10 

(Fig. 4). So far, the highest-redshift measurements of N, C, O, Ne, Ar and 
S abundances reach as far as z = 12.5, only 350 Myr after the Big Bang109.

Early JWST results demonstrate a continued gradual evolution 
towards lower total metallicity at fixed stellar mass beyond z = 4  
(ref. 107), and intriguing evidence for redshift evolution in the bar-
yon cycle at z > 8. Specifically, the balance among metallicity, stellar 
mass and star-formation rate, known as the fundamental metallicity 
relationship110, which appears constant from z ≈ 3 to z ≈ 0, seems to 
evolve towards lower metallicity at fixed mass and star-formation 
rate (for example, ref. 111). This metallicity deficit with respect to 
the lower-redshift fundamental metallicity relationship appears to 
increase beyond z ≈ 6, suggesting that metals are either more efficiently 
removed by star-formation-driven outflows or more efficiently diluted 
by inflows of pristine gas at the earliest times. Importantly, JWST has 
proven to be a powerful ‘metal detector’ for prominent high-ionization 
emission lines of C, N and Ne (for example, refs. 7,91,112,113); the abun-
dance patterns of these elements relative to oxygen (for example, C/O 
and N/O relative to O/H) suggests enrichment by not only core-collapse 
supernovae114 but also the winds of massive Wolf–Rayet stars in dense 
environments such as forming globular clusters99,115, or even the first 
generation of supernovae from population III progenitors109.

So far with JWST, the lowest measured oxygen abundances reach 
a few per cent of the solar value (for example, refs. 116,117), with evi-
dence reported for one object with abundances below 1% (ref. 118). It 
remains unclear whether this observed metallicity floor is the result 
of very rapid chemical enrichment on galactic scales (with associated 
light-weighted galaxy ages of ≲5 Myr) or a selection effect. JWST 
has thus not conclusively identified any first-generation galaxies 
that are composed entirely of pristine gas and population III, that 
is, zero metallicity, stars. Nor have we yet seen other signatures of 
individual first stars, such as those that have been gravitationally 
lensed, or caught when they explode as the hypothesized pair–insta-
bility supernovae.

Interstellar dust
Characterizing interstellar dust and its effects on starlight in the early 
Universe is an essential component of tracing the early build-up of 
galaxies, as well as the evolution of their interstellar contents. JWST has 
provided an unprecedented view of dust properties in early galaxies. 
NIRCam photometry and NIRSpec spectroscopy have shown that the 
rest-UV continuum slopes of star-forming galaxies at z > 6 are typically 
blue, as is characteristic of young, dust-poor systems (for example, 
refs. 24,25,119,120). These results corroborate previous HST photo-
metric studies of bright galaxies and extend our understanding to a 
more representative sample, even offering a tantalizing suggestion of 
dust-free stellar populations at z > 10 (ref. 6). JWST has also delivered 
the first constraints on nebular attenuation using hydrogen recombi-
nation lines past z ≈ 2.5, revealing surprisingly little evolution at fixed 
stellar mass out to z ≈ 7 (refs. 121,122). Given the general gas and metal 
evolution of galaxies, the constancy of attenuation over such a large 
redshift range is puzzling.

The incredible sensitivity of JWST has enabled the identification 
of optically faint, dusty sources that had previously eluded detec-
tion (for example, refs. 42,123,124). The inclusion of such sources 
enables a more complete census of early star formation, with roughly 
twice as much obscured star-formation-rate density inferred at z ≈ 4–6  
(refs. 44,47), compared with pre-JWST estimates.

The properties of dust grains reflect key processes of chemical 
enrichment, as well as heating and cooling in the interstellar medium. 
JWST has enabled characterization of the composition and size dis-
tribution of the dust grains, with the detection of the 2,175 Å feature 
at z = 6.7, suggesting a rapid formation timescale for carbonaceous 
grains125. The extinction curve seems to flatten at high redshifts, per-
haps reflecting a change of the dust grain size distribution, and of the 
main dust production sources126.
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Large-scale environments
Early photometric and grism studies reveal substantially clustered 
megaparsec-scale distributions of galaxies and AGN beyond z ≳ 5 
(refs. 60,127–129). A typical JWST field contains multiple prominent 

peaks in the histogram of redshift, spanning overdensities δ = 1–100 
on arcminute scales. That high-redshift galaxies would be highly 
clustered was theorized, following mid-redshift measurements, 
but it indicates that care must be taken in interpreting the results of 
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Fig. 3 | JWST morphologies of galaxies in the first billion years. Resolved 
galaxy morphologies at z > 6 observed with JWST NIRCam (unless otherwise 
specified). Galaxies in the field (top) show clumpy and dense structures75. Owing 
to gravitational lensing, the light from these compact galaxies is resolved into 
several stellar clumps down to scales of tens of parsecs (‘Cosmic Grapes’69). 
In some cases, these clumps show strong emission lines as showcased for 
M1149−JD1 observed with NIRISS and NIRCam70, MIRI imaging and integral 
field spectroscopy180, and NIRSpec (manuscript in preparation by the Galaxy 

Assembly with NIRSpec Integral Field Spectroscopy (GA-NIFS) collaboration; 
see https://ga-nifs.github.io) suggesting that intense episodes of star formation 
are concentrated within them. Near the critical lines, the galaxy light is stretched 
into long arcs, revealing bright compact bound star clusters, with intrinsic sizes 
smaller than 10 parsecs (‘Cosmic Gems arc’95, ‘Firefly Sparkle’96 and ‘Sunrise arc’97) 
and single stars (‘Earendel’181). These stellar systems dominate the light of their 
galaxies, suggesting that star cluster might be a dominant star-formation mode 
for young galaxies.
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surveys in single sight-lines and narrow redshift intervals. Substantial 
field-to-field variations have already been observed (for example, 
refs. 18,130,131).

Furthermore, at low redshift, it is well known that galaxy proper-
ties differ between high- and low-density environments. It is not yet 
known what high-redshift properties will correlate substantially with 
environment.

AGN in early galaxies
Massive BHs are now considered central to galaxy formation and evo-
lution. Many, if not all, galaxies in the local Universe harbour a BH, and 
empirical relationships between BH mass and the properties of their 
host galaxies offer compelling evidence of their co-evolution over 
cosmic time. Detecting and characterizing BHs in the early Universe 
is crucial for understanding the conditions that drive their formation, 
their growth, and the initial stages of their interplay and interaction 
with their host galaxies. Before the advent of JWST, observational 
studies were limited to detecting the tip of the BH population at 
high redshift, that is, the most massive accreting BHs. Such observa-
tions had confirmed the existence of extremely luminous and rare 
quasars (bolometric luminosity of Lbol ⩾ 1045–46 erg s−1, ~1 Gpc−3) as 
early as z ≈ 7.6, powered by BHs of mass MBH ⩾ 108 M⊙. JWST has not 
only detected the stellar light of these quasars’ host galaxies but also 
uncovered the presence of fainter AGN with Lbol ≈ 1043–46 erg s−1 (Fig. 5). 
The demographics of BHs now encompass objects with masses of 
~106–109 M⊙ at z ≈ 3–10.

Demographics and identification
Many candidate AGN have been identified through JWST imag-
ing (broadband, photometric spectral energy distribution  
(refs. 44,62,132–135 and references therein)). Follow-up spectros-
copy has confirmed the presence of AGN at high redshift, with many 
identifications occurring serendipitously during large spectroscopic 
surveys. AGN identifications primarily rely on the detection of a broad 
component of permitted lines, notably Hα, without any counterpart  
in the forbidden lines (for example, [O iii]5,008), ruling out outflows 

(for example, refs. 136–140 and references therein). The spectral 
energy distributions of some broad-line or candidate AGN have raised 
additional puzzles: some are heavily obscured by dust (extinction 
Av ≈ 1–4 (refs. 138,140)), and some less extreme dust-obscured AGN 
candidates have flatter-than-expected spectral energy distributions 
at rest frame ⩾1 μm. The latter might indicate that early obscured AGN 
could lack hot dust emission or that their rest-frame near-infrared is 
dominated by stars44,62 (with MIRI imaging).

A large fraction of BH growth could occur in obscured phases; 
there are now efforts to find these. However, JWST has revealed that 
some of the standard narrow-line diagnostics used in the local Universe 
(for example, the so-called Baldwin Phillips & Terlevich (BPT) dia-
grams) do not work at such high redshift, as AGN seem to overlap with 
star-forming galaxies, possibly because of low metallicities14,136,139,141. 
Nevertheless, several narrow-line AGN were recently successfully 
identified from high-ionization UV emission lines (for example,  
refs. 113,142). Interestingly, most of these AGN could be X-ray weak143–145, 
and various reasons are being explored (for example, intrinsic weak-
ness, extreme absorption).

A large population. These newly discovered AGN with Lbol ≈ 1044–
1046 erg s−1 appear more numerous than expected from the extrapola-
tion of the luminous quasars’ luminosity function, from X-ray selected 
AGN, or from some cosmological simulations146. Specifically, number 
densities range from 10−5 mag−1 cMpc−3 to 10−3 mag−1 cMpc−3 in the UV 
magnitude range −17 < MUV < −21 where MUV is the magnitude of the 
AGN and their hosts138–140,147.

The fraction of early galaxies hosting an AGN depends strongly on 
the sensitivity, AGN bolometric luminosity, and whether colour, size 
or spectroscopic criteria are used, such that the AGN fraction varies 
from ~1% to ~20%.

BH masses. JWST’s wavelength range has made it possible to estimate 
the BH mass of type 1 AGN at high redshift with the same tracers as 
those used in the local Universe, namely, Balmer broad lines such as 
Hα and Hβ. This finally enables consistent comparisons across redshift. 
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For the small number of high-redshift quasars measured so far, the 
Balmer-derived masses are consistent with previously derived Mg ii 
masses, within a scatter of 0.5 dex (for example, refs. 148–151).

Quasar and AGN hosts
JWST data have revealed the stellar light of a few quasar hosts at z ⩾ 6 
(for example, refs. 152–154), indicating that quasars reside in galaxies 
with stellar masses of 1010–11.5 M⊙. In addition, the JWST has allowed 
astronomers to delve into the host properties (stellar mass, veloc-
ity dispersion) of the recently discovered AGN at z ⩾ 4 with the same 
tracers as used in the local and low-redshift Universe, and has already 
raised intriguing questions. Such AGN seem to be embedded in galaxies 
with stellar masses of 108–10.5 M⊙. Both these newly discovered AGN and 
high-redshift quasars have high BH-to-stellar-mass ratios compared 
with those of the local Universe112,141,147,155,156. This finding may support 
scenarios involving heavy seeds (direct-collapse BHs) and/or bursts 
of super-Eddington accretion during the early phases of BH growth. 
However, selection effects and uncertainties in both BH and stellar 
masses can play a role.

Quasar large-scale environment
The question of which environments can drive the rapid assembly of 
extremely massive, high-redshift quasars in less than 1 Gyr has remained 
a long-standing challenge until recently. JWST data have not only spec-
troscopically confirmed that quasars have close companions149,157 but 
also demonstrated that some quasars are embedded in overdense 
environments, with an enhanced number of [O iii] emitters on mega-
parsec scales129, while others live in fields consistent with the average 
density of the Universe130.

JWST will be key to disentangling whether this is due to a broad 
range of quasar dark matter haloes and/or the consequence of quasar 
feedback into their surroundings.

Implications for BH seeding and growth
Before JWST, the existence of quasars at z ⩾ 6 suggested that their 
progenitors, referred to as BH seeds, must have formed with masses 
ranging from a few hundred solar masses (‘light seeds’ formed from 
the remnants of population III stars) to about a million solar masses  

(‘heavy seeds’) in the very early Universe. While JWST has not ruled 
out any of the existing theoretical models, the confirmation of over-
massive BHs (with high BH-to-stellar-mass ratios) could hint towards 
the existence of heavy seed channel(s). Those can form, for example, 
from the collapse of high peak density fluctuations (‘primordial BHs’), 
the collapse of supermassive stars formed in atomic cooling haloes 
(‘direct collapse’ seeds with ~103–5 M⊙) or through hierarchical mergers 
of massive stars or BHs in compact stellar clusters (seeds with ~102–3 M⊙).

Additional solutions to the abundance of AGN and overmassive 
BHs include sustained super-Eddington accretion and BH mergers. 
Super-Eddington phases can account for a large fraction of BH growth 
under reduced BH feedback as shown in models158–160 and supported by 
recent observational findings112,156. The contribution of BH mergers in 
their mass budget remains a long-standing question, tied to their mass, 
dynamics and environment. Remarkably, JWST has already revealed the 
existence of dual AGN at high redshift with separations of a few/several 
kiloparsec161,162; a population surprisingly larger (by about an order of 
magnitude) than what is predicted by cosmological simulations. In 
addition, there are growing indications of dual AGN on even smaller 
scales of a few 100 pc, which are probably in the process of merging137,139.

Reionization
The collective energy of the first stars, galaxies and accreting BHs—
including those too faint for even JWST to detect directly—transform 
the universe around them by heating and ionizing hydrogen (and later 
helium) gas in the intergalactic medium. This ‘reionization’ process 
sets the stage for all subsequent galaxy formation, as it impacts the 
ability of future dwarf galaxies to cool gas and form stars. We know 
that hydrogen reionization happened, but exactly when and how it 
happened has been a major missing piece in our understanding of the 
first billion years.

Assuming that reionization is driven by stars in early galaxies, the 
energy injection is commonly simply parameterized by the product 
of three terms. (1) The UV luminosity density of sources, ρUV(z), which 
describes the total abundance of high-redshift ionizing sources, as dis-
cussed above. (2) The production rate of hydrogen ionizing photons per 
UV photons, ξion, determined by the stellar populations. (3) The fraction 
of ionizing photons that escape the dense interstellar medium (ISM) of 
galaxies into the intergalactic medium (IGM), fesc. The rate of ionization 
is determined by the evolution of these quantities with redshift and 
galaxy properties, and the rate of hydrogen recombination in the IGM.

Before JWST, we knew that reionization ended approximately 
1 billion years after the Big Bang (z ≈ 5–6), but not when it started. 
Owing to the limited observations of the UV luminosity function for 
galaxies and AGNs, and local Universe indications that the escape frac-
tion of ionizing photons from galaxies was modest (<5%), the ionizing 
photon budget was tight. It was commonly assumed that reionization 
was accomplished by dwarf (MUV ≈ −13) galaxies, by extrapolating a UV 
luminosity function steep at the faint end (slope ~−2), and assuming 
escape fractions 10−20%. Owing to the low observed number densi-
ties of UV-bright z > 6 AGN, they were commonly assumed to not play 
a major role in hydrogen reionization.

Sources of reionization
With the JWST, we have made significant progress in understanding 
the reionization process. The JWST has shown that the ionizing photon 
budget is not necessarily tight and that high average values (>20%) of 
the escape fraction are not necessary. As discussed above, we have 
now been able to measure the faint end of the UV luminosity function 
at least up to z ≈ 7–8, and obtained information on the UV luminosity 
density of MUV < −17 sources within the first billion years. We have also 
obtained hints on the variability of star formation of these sources. 
We have found spectroscopically confirmed galaxies up to z = 14.3, 
implying that reionization may have started just a few hundred million 
years after the Big Bang.
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JWST has spectroscopically measured the ionizing photon produc-
tion of galaxies down to MUV = −15.5 (ref. 116). Direct measurements 
of ξion from photometry and spectra of Balmer lines up to z ≈ 6–9  
(refs. 60,120,163,164) find a range of values, logξion ≈ 26–26 erg−1 Hz, 
likely implying that galaxies have a range of star-formation histories. 
Mean ξion values are about three times higher than pre-JWST assump-
tions, reducing the need for high escape fractions. These values reflect 
larger populations of hot, massive stars and may be driven by more 
recently rising star-formation histories, lower metallicity or possibly 
more top-heavy IMFs (for example, ref. 66).

JWST’s discovery and characterization of faint AGN at z > 5 (see 
above) has opened new discussions on the AGN contribution to reioni-
zation. However, as the majority of these high-redshift AGN are prob-
ably UV-obscured or intrinsically faint, BH accretion likely contributes 
no more than 25% to ionizing budget165.

There is still significant debate about the primary sources of reioni-
zation, in particular the contribution of faint galaxies (MUV < −17). This 
is driven by uncertainties in the galaxy properties including the ‘bursti-
ness’ of the star-formation history, the IMF and fesc. The foreground 
neutral IGM makes direct measurement of fesc impossible within the 
epoch of reionization. Therefore, JWST observations are being com-
bined with those from ground-based telescopes and HST to identify 
galaxy properties that correlate with fesc in the z < 3 Universe, where 
direct observations of ionizing photons are possible. These correla-
tions imply modest average fesc (≲10%) values in samples of tens of 
z > 6 sources where comparisons with z < 3 galaxies are possible (for 
example, refs. 166,167).

In summary, recent JWST observations have found that early 
galaxies were more numerous and more efficient producers of ion-
izing photons than previously assumed. While there is still significant 
uncertainty about their star-formation histories and escape fractions, 
we have moved from a situation where we thought that there were not 
enough ionizing photons to complete reionization to one where we 
might have an excess. Significant progress should be expected with 
future JWST observations by surveying the faint (MUV > −17) galaxy 
population with deeper imaging and spectroscopy to understand their 
contribution to reionization.

Morphology and growth of ionized regions
JWST is also enabling us to observe the reionization process directly. 
Reionization is predicted to be ‘patchy’, with ionized bubbles growing 
around overdensities of galaxies (Fig. 6). The ionization state of the IGM 
can be traced by transmission of Lyman-series photons—either through 
the Lyman-α and -β forest, probing the very end stages of reionization 
at z ≈ 6, or Lyman-α emission from galaxies at all stages of reionization. 
The JWST has shown that the z ≈ 6 Lyman-α and -β forest transmission 
measured in quasar spectra is correlated with distance from galaxies, 
suggesting that galaxies (and their overdensities) dominated the ion-
izing emissivity at z ≈ 6 (ref. 128). A downturn in the average Lyman-α 
emission from galaxies at z ≳ 6 has been confirmed168,169, implying that 
we are observing a predominantly neutral universe at higher redshifts. 
JWST spectroscopy enables us to infer the ionization state of the IGM 
at z > 10 (ref. 170), hence providing an independent constraint on the 
total star-formation rate density at early times, probing sources below 
the detection limits of even JWST.

The JWST also finds strong evidence for ionized regions, giving 
the first opportunity to understand how reionization is occurring on 
local scales. Early results have shown large field-to-field variations 
in Lyman-α emission visibility, even in overdensities171–173, and also 
highlighted the importance of understanding Lyman-α absorption by 
dense residual neutral gas within and around galaxies93,172,174. The sizes 
of ionized regions are predicted to be determined by the clustering 
strength, luminosity and star-formation histories of the dominant 
reionizing sources (for example, ref. 175) and can be probed directly 
via the spatial variations in Lyman-α transmission.

JWST has enabled the first measurements of Lyman-α escape 
fractions (from Balmer lines), robust fluxes and velocity offsets 
from systemic in z > 7 galaxies. The discovery of sources with high 
Lyman-α rest-frame equivalent width and Lyman-α escape frac-
tion, and low-velocity offsets, in overdense regions implies these 
galaxies reside in ionized regions ≳1 pMpc (refs. 172,176,177). By 
spectroscopically confirming galaxies in these regions, we are start-
ing to build three-dimensional maps172,178 (Fig. 6), which probe the 
contribution to reionization from faint sources below the detection 
limits of JWST59.
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Future systematic spectroscopic studies of Lyman-α visibility as a 
function of environment and galaxy properties will help us understand 
how ionized regions grew. This will enable us to constrain ionizing 
photon escape fractions and star formation in sources beyond the 
detection limits of the JWST.

Conclusion
JWST’s sharp imaging, broad wavelength coverage, exquisite spec-
troscopy and two-orders-of-magnitude improvement in sensitivity 
have unlocked the study of how galaxies evolved in the first billion 
years. The high-redshift Universe has emerged in stunning definition 
and the initial discoveries of JWST are rewriting astronomy textbooks.

The JWST has revealed that galaxies and BHs assembled, formed 
significant stellar mass and dust, and synthesized the elements of 
the periodic table much earlier than was expected. The remarkable 
abundance of luminous and potentially massive galaxies at such early 
times hold the promise of upending theories of primordial galaxy 
formation. The discovery of very dense and massive star clusters urge 
us to decipher the role that these tiny stellar systems play in the evolu-
tion of early galaxies. The large numbers and apparent high masses of 
accreting supermassive BHs found by the JWST have renewed interest in 
channels that generate intermediate-mass seeds. The JWST has directly 
measured the abundance of chemical elements in these early galaxies, 
finding low (≳2%) but non-zero oxygen abundance, which indicates 
either that the Universe rapidly self-enriched or that the JWST has not 
yet reached the epoch of the very first galaxies. Whereas before the 
JWST we knew that the Universe must have reionized, but did not know 
which sources were responsible, The JWST has now found thousands 
of galaxies in the epoch of reionization, and associated individual 
ionized bubbles with star-forming galaxies, beginning to map out the 
topology of reionization.

We are gathering many pieces in the puzzle that describes the chro-
nology of the first billion years of the Universe; however, the emerging 
picture is still scattered. In the coming years, as many more discoveries 
are made, we will be able to connect these subfields, and comprehen-
sively describe the first billion years of cosmic history.
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