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Figure 1 (Color online) Wavelength coverage of the JWST instruments and their relative scientific goals. Image credit: https://webb.nasa.gov/
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Figure 2 (Color online) Spectral energy distribution of a redshift 7 young galaxy (observed frame). The various filters from Hubble and Spitzer Space
Telescopes are in blue (UV), green (optical), and red (infrared) colors. The modelled spectra are in black, where the two typical ‘drop-out’ features,
namely Lyman break and Balmer break, can be clearly seen to be between F775W and F105W, and F160W and IRAC 3.6 um, respectively. If a galaxy
appears extremely ‘red’ (i.e., photometry in the redder bands is significantly brighter than in the bluer bands), then it is possibly a redshift 7 Lyman break

or Balmer break candidate. Image credit: J. Dunlop!'!!

ISR P RIE ARG, B e th i SEBR 2T
1216 AR S B /R EEIKI L, SRS I AELRS B .

WHEIED S AR RIVLLES, ERARUETIR GG
IE. MABER, FOMTETH Y, MUERSEFERNER,
ek T TIAIERS SR R R R IRHIEIGE, i3k 2 ke
IRERSIZ. R TFHIER R, 8RR
BB T FELLIN>T), FIIELLAM GG ML R AR
AU ESAIET-Be. B8, AR PO o) —Fhxhs Ll
BERIEATAIEM =, PRUIZLLAME AR KUGE R0,
HAZ AR, WKL nCo, [CIIAF)
Wz W I BILERS 6 LA B i B AR DGR (40 SR 12,13]).

H 1202248 b, BRI A 28 6] B B 1 E ST 4R A AR5
2T, CIAUERIR I R R 2201645 t a2 (B BT B b
B LB TR 1THIGN-z1 LR RN, 3SRk
R A E P RERRGE T ), ZIR&MRE) A R R g
WFC3TAE I UEAIE LI RS R R R, 2022477
A, W& A0 25 ) BB 2 B 0 2 —HE B & 1 (https://www.
nasa.gov/webbfirstimages), FEIHELLRE AR I Fcat B2 2R 40 S i)
HE T LR 13(JADES-GS-213-0).  7ETWST UM 457 9 Wil
BB, BRTELL A ICRTER I FEHE KR T I HNER,
SR T HIED] T IWST R B 2185 AL &R 1 K hE 1 (113). Bl

R ZIWSTEWE M &6, XA AL AR —
HTEARWHIA TG

20244, Wt B R SR BRI, B T 408814
(JADES-GS-z14-0F1JADES-GS-z14-1). & Fuin] IE H,
ML Y B B HR R TWS TR KIADES (JWST Ad-
vanced Deep Extragalactic Survey, PI: Eisenstein & Luetzgen-
dorH) T H &I, 43AIF41#414.3°) % (JADES-GS-214-0)
Fi113.9°) | (JADES-GS-z14-1). X—1 F 2 IWSTHI 1 #5 K |
BRI RINH, A5 T 20 =/1GTORI4H, 45l FIHINIR-
Cam, NIRSpec, MIRI=AMXEFIRIG T 9~144 U0 - B W,
THRIFE0.7~5 pm By 35 N 78 36 29 100°F J5 f 4 B K X, TE
7.7 ymBEF 10T AKX, HRTE 285 T GOODS-SAI
GOODS-NFIA™ KX 1) £ i BE G AN GIE R (https://archive.
stsci.edu/hlsp/jades).

[JGN-z11—Ff, JADES-GS-z14-0F1JADES-GS-z14-1#F
SIS AR RS 2 B RIE Wi R R, 4878 TIADES-
GS-z14-0fIWSTZ I Bl G B A — 4 — 40 i s 8. ™
AVEABEFER.T um A FRUAHE I B Y, J&BH B A “Dropout” 1k
PRELR. NIRSpec Yk I 3] 1w vl {5 BE B3 S B /R %
Wi R AR, PR b z=143% A0 40 5 B 6T 208 |43 1l 5.
JADES-GS-z14-00 K AURIHT T fei B R, X

4167


https://www.nasa.gov/webbfirstimages
https://www.nasa.gov/webbfirstimages
https://archive.stsci.edu/hlsp/jades
https://archive.stsci.edu/hlsp/jades

M4 Z 8B 2025588 FI0E L2441

JWST ADVANCED DEEP EXTRAGALACTIC SURVEY (JADES)

WEBB SPECTRA REACH NEW MILESTONE IN REDSHIFT FRONTIER
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Figure 3 (Color online) JWST JADEs observations confirm galaxies in the early universe with redshift 10 or higher, using NIRCam images (left) and
MIRI spectroscopy (right). From the top to bottom are four examples of the spectra of Lyman-break candidate galaxies, with confirmed spectroscopic
redshift from high to low. Image credit: NASA, ESA, CSA, and STScl, Refs. [15,16]
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Figure 4 (Color online) Spectroscopic and direct images of JADES-GS-z14-0. JADES-GS-z14-0 is currently the galaxy with the highest redshift,

and is clearly a ‘drop-out’ galaxy based on multi-wavelength stamp images, starting to appear only at bands longwards of 2 um. NIRSpec

spectroscopy confirmed the Lyman alpha break feature, and a spectroscopic redshift of 14.375-35, only 300 million years after the Big Bang. Image credit:
Ref. [17]
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Figure 5 (Color online) Qualitative explanation of the different black hole seeding mechanisms of the supermassive black holes discovered with
JWST in the early universe. The X-axis marks the black hole mass, and the Y-axis marks the redshift. The blue and red regions correspond to the ‘light’
and ‘heavy’ black hole seeds, respectively. The red and blue curves show the mass evolution for the two seeds along, above, and below the Eddington
accretion limit, as marked along each curve. GN-z11 (red point) can be explained by either a normal accretion from a heavy seed, or a super-Eddington
accretion from light seeds. Blue dots mark the JWST-observed mid- to high- redshift supermassive black holes (z~6, Refs. [23-25]), while the black dots
are quasars at z<4 observed by conventional ground-based observations such as SDSS (Refs. [26,27]). Image credit: Ref. [28]
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Advancement in space-based infrared telescopes and recent
progress on the exploration of galaxy formation in the early
universe

Yu Dai

National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China
E-mail: ydai@nao.cas.cn

Infrared observatories have been the key to our exploration of the distant universe, given the fact that star light from the
early universe is redshifted to the infrared and these bands are immune to dust reddening. In the past 50 years or so, the
advancement in space-based infrared telescopes has led to discoveries and systematic confirmation of high-redshift
galaxies, including ultra-luminous infrared galaxies (ULIRGs) and active galactic nuclei (AGNs), which have significantly
improved our understanding of galaxy formation and evolution at the high-redshift universe. Since its launch at the end of
2021, James Webb Space Telescope (JWST), as the most advanced space astronomical telescope available, has
significantly pushed our frontier in the exploration of the origin of the universe with its unprecedented image resolution,
deep fields, and the critical spectral coverage in the near- and mid-infrared wavelengths. Our understanding of galaxy
formation and evolution in the early universe has greatly advanced with JWST’s new observations. One important
breakthrough is the continuous new records for the earliest galaxies detected and confirmed. The Lyman-break method is
commonly employed to search for high-redshift galaxies. This method is based on the prominent Lyman-break feature in
star-forming galaxies, which results in a significant jump from the bluer to redder bands. Several deep surveys in the near-
and mid-infrared bands have taken advantage of this method to select galaxy candidates in the early universe. With follow-
up spectroscopical observations, JWST has identified and confirmed multiple galaxies with redshifts exceeding 10,
including the record-breaking redshift 14 galaxies JADES-GS-z14-0 and JADES-GS-z14-1. These findings indicate that
large-scale star formation activities already happened only a few hundred million years after the Big Bang. The maturity of
these galaxies far exceeded model predictions, posing a challenge to existing theories of galaxy formation and the time for
cosmic ionization. In addition to the discovery of high-redshift galaxies, JWST has also revealed the existence of
supermassive black holes in the early universe by spectral confirmations. For example, the highly excited spectral emission
lines detected in the GN-z11 galaxy suggest the possibility of active accretion of supermassive black holes (SMBHs),
which is “over-massive” compared to their host galaxies, as compared to the local SMBH-host mass relations. A population
of similar “over-massive” SMBHs has been identified with JWST in the early universe at z > 4. This poses concerns to the
current pictures on the co-evolution of black holes and their host galaxies, where the two should grow in sync with each
other. Different black hole seeding mechanisms have been proposed to explain the observed black hole and host mass
ratios. Looking ahead, with the release of more infrared data and the discovery of fainter galaxies at a high redshift, more
breakthroughs are expected in the study of dark matter, initial conditions for star formation, co-evolution of black holes and
galaxies, and the structure of the early universe. Upcoming infrared observations will further enrich our understanding of
the origin of the universe and the formation and evolution of early galaxies, and promote the in-depth development of
galaxy formation and evolution theories and simulations.

infrared astronomy, galaxy formation, supermassive black holes, high-redshift, Lyman-break galaxy, space
telescope
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