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Outline：

ØThe history of the Universe
• From Dark Ages, Cosmic Dawn to the Epoch of Reionization

ØThe first-generation luminous objects
1. First stars
2. First galaxies (UV LF models, JWST observations)
3. First black holes --- direct collapse black holes (DCBH)

ØSummary 
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From the formation of Pop III stars to the end of 
reionization, it lasts ~1 billion years, ~1/14 of the 
full Universe timeline.

The history of the Universe:



1. First stars ended the Dark Ages and started the Cosmic 
Dawn;

2. First galaxies completed the reionization; first stars and black 
holes secondarily contributed to reionization;

3. First black holes are seeds of supermassive black holes 
(SMBHs)

The first-generation luminous objects play crucial role in Universe evolution:

Credit:N.R.Fuller, National Science Foundation Credit: NASA, ESA, CSA, Joseph Olmsted (STScI) Credit: ESA/Hubble



Stellar Population:
ØPop I：higher metallicity & 

young，mainly found in Galactic 
plane (like our Sun),；

ØPop II：lower metallicity & old，
mainly found in Galactic halo and 
globular clusters；

ØPop III：metal-free，not yet found

Credit: 
https://jila.colorado.edu/~ajsh/courses/as
tr1120_03/text/chapter8/l8S7.htm

The first stars must be Pop III stars!

In principle, the first-generation stars must be metal-free, 
because metal (except a little Li) can only form via nuclear 
fusion within stars than spread into the environment by 
stellar winds/supernova explosions .



Nordlander  2017

Cosmic Dawn

EoR



Increasing halo mass

🙁 😃 🤣

Jeans mass
~103 MSUN

Tvir~1000K
~105 MSUN

Tvir~10000K
~108 MSUN

No gas/DM 
annihilation

No cooling/21 
cm emission 
signal

H2 cooling/first 
stars

H cooling/first 
galaxies

DM halo mass function at Cosmic Dawn:



The formation of first luminous objects and Universe evolution:

DM collapses into halos，keep growing

When mass > Jean mass（~103-104MSUN，gas is 
accreted into halos

When Tvir >~ 103 K(mass~105-106MSUN）,gas 
cools via H2

One or multiple Pop III stars

When Tvir >~ 104 K（mass~107-109MSUN），gas 
cools via H First galaxies (lots of Pop III stars)

No luminous objects，21 cm emission 
signal

Strong external radiation，destroy H2

Strong external 
radiation，destroy H2

First galaxies
(lots of Pop II 

stars)

SMS/DCBH 

Stellar mass BHsdie

No luminous objects，but DM annihilation 
may produce high-energy particles

metals

No metals

H2 cooling

U
niverse evolution

DM: dark matter
SMS: supermassive stars
DCBH: direct collapse BHs

~104 – 106 M_SUN
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First Stars:

A single Pop III star

A Pop III binary

A multiple Pop III 
stars system

⭐

⭐
⭐
⭐

⭐

⭐

⭐

First Galaxies:

Many Pop III stars

Many Pop II stars

⭐
⭐⭐

⭐

⭐

⭐ Pop III -> Pop II

atomic-cooling halo

• First stars must be in minihaloes, must be Pop III stars;
• First galaxies must be in atomic-cooling halos, either 

Pop III or Pop II stars, or mixed.



The evolution of ionized regions：

Fraction of ionized volume

Production rate of 
ionizing photons from 
stars, galaxies and BHs
(stellar mass，
metallicity，BH accretion 
rate，et al.)

Escape probability of 
ionizing photons
(galactic ISM)

Clustering of IGM
(gas inhomogeneity & 
heating)

recombination
(cosmic gas temperature，
atomic physics)

Universe expansion

Cosmic mean H number density
(nucleosynthesis)

Ionization term recombination

ISM: interstellar medium; IGM: intergalactic medium



Observational constraints in cosmic neutral fraction：

Ota et al. 2017

Ø Reionization starts at z~15-10

Ø Ends at z~5-6

Ø Mid-point is z~7.7



Battaglia et al. 2013

The first luminous objects formed in over-dense regions, such regions are ionized earlier. 

Tight correlation: first luminous objects formation --- ionization redshift  



First Stars vs. First Galaxies

Yes! First stars ended the Dark Ages, started the Cosmic Dawn. However, their formation rely on H2 cooling, 
which is rather fragile in the presence of LW radiation (from other Pop III stars, galaxies and AGNs). The global 
SFR of first stars is much smaller than first galaxies, so that the contribution to reionization. 

Ø the production rate of ionizing 
photons for a single star, Pop III >> 
Pop II  

Ø However the SFR of Pop << Pop II 
star

Ø Pop III stars’ contribution to 
reionization is~<10%

Pop III stars~13000Pop II stars~4000

Munoz et al. 2021

First StarsFirst Galaxies



Two kinds of photons，two kinds of 
ionization，multiple sources

1. >13.6 eV UV photons，short mean 
free path，only propagate in 
ionized gas，mainly from nearby 
sources，“patched” ionization 
scenario; 

2. X-ray photons，long mean free 
path，propagate in both ionized & 
neutral gas，homogeneous 
ionization scenario。

Reionization is mainly driven by UV photons from first galaxies!

Pop
III

galaxi
es

DCBHBHs

AGN



I. First Stars

The terminology “first stars” refers to the earliest stellar population (Pop III), 
rather than the earliest single star, in the Universe. 





A first star forming site:

Credit: Yoshida



Characteristics of Pop III stars:

• Massive, ~10 – 1000 M_SUN

• Shor-lived, ~ Myr

• High surface effective temperature, 105 K, 
hard spectrum, UV dominated

• Low formation efficiency 

• Rare, isolated/binary/several

Can ionize the HeII, HeII 1640 AA line (HeIII 
recombination line) is almost the smoking gun 
evidence for Pop III stars (may disappear soon)

Schaerer 2002

Our Sun:

• 1 M_SUN
• 105 Myr
• 6000 K, visible dominated

毕宿五

Pop III
Credit: Merrill Sherman/Quanta Magazine



Trussler et al. 2023 

Pop III mass= 106 M_SUN



Wang et al. 2024

HeII 1640AA



Observed constraints on the UV LF of Pop III stars at z~6 – 7 

Fujimoto et al. 2025

Not just upper limit



Why a Pop III star is (very likely) massive?

“When the sound-crossing time is less than the free-fall time, pressure forces temporarily overcome gravity, and 
the system returns to a stable equilibrium. However, when the free-fall time is less than the sound-crossing time, 
gravity overcomes pressure forces, and the region undergoes gravitational collapse.” 

For a gas cloud:

If a gas cloud is larger than its Jeans 
mass, it will fragment into multiple 
clumps with mass ~Jeans mass!



• The higher the temperature, the larger the Jeans mass

• H2 cooling becomes less efficient below 1000 K

• The Jeans mass of star-forming gas cloud is large

Barkana & Loeb 2001

Cooling function:

Hirano et al. 2015

Minimum Jeans mass, ~ 300 M_SUN

Yoshida et al. 2006



The final mass depends on mass and accretion rate of the proto-star, and how long the accretion lasts  

Initial proto-star: 1 M_SUN

Bromm & Loeb 2004

So if the accretion lasts for ~105 
yr, the final mass is ~120 M_SUN



IMF of Pop III stars

Hirano et al. 2014



However, feedback may halt the accretion, limit the growth of a proto star via accretion:

Hosokawa et al. 2012

A proto-star deposit energy into the 
surrounding via various radiation, this 
halts the accretion and limits the stellar 
mass to ~43 M_SUN 

Pop III stars are  still massive, however 
not that massive 



Fragmentation, Pop III star binary/multiple 
stars system 

Clark et al. 2011, see Stacy et al. 2010 as well

• Around the central protostar, an 
accretion disk forms and keeps 
growing

• The disk is gravitationally unstable, 
and forms several spiral arms

• The disk fragments into several low-
mass protostars

Gas falling onto the disk faster 
than accreted into protostar, 
therefore the disk has high 
surface density

Not an isolated, but a multiple stars system form!



Gerif et al. 2011

• In all the cases, the disk around the first 
protostar (the center) fragment into several 
clumps

• Multiple stars system (cluster) form

Even in minihalos, the formation of Pop III 
protostars is clustered

However, still it is possible that these protostars 
may merger into a single main sequence star in a 
short timescale (Greif et al. 2012)



An isolated Pop III star is far below the sensitivity of the JWST

Rydberg et al. 2013



Final fate & first SN explosion

Heger et al. 2003

For stellar mass in 140 – 260 M_SUN
Pair instability supernova (PISN), 
Released energy 1052 erg!

Greif et al. 2007

Remnant of a PISN Explosion of a PISN



PISN is another tool for detecting the Pop III stars indirectly!

Hartwig et al. 2018

Predicted light curve Predicted PISN rate for different IMFs

Wiggins et al. 2024

yr



Pop III.1 & Pop III.2

Yoshida et al. 2007

• Below ~100 K, hydrogen deuteride (HD) cooling is 
more efficient, gas is cooled down to CMB floor

• The Jeans mass is several tens, instead of several 
hundred M_SUN

• Stars formed via HD cooling (Pop III.2) is much smaller 
than via H2 cooling (Pop III.1)

Pop III.2 stars formed in ionized bubbles, where the formation of 
HD is promoted and HD finally reaches 1% of H2

Pop III.1

Ionized bubble 

Pop III.2



Minimum halo mass for Pop III star 
formation, LW feedback, self-shielding

Machecek 2001

No LW

strong LW

O’Shea & Norman 2008



The formation of Pop III stars is self-regulated:

• LW from 
previously-
formed Pop III 
suppresses the 
formation of 
following Pop 
III stars

• Pop III stars 
formation rate 
density is 
limited 

Trenti et al. 2009

LW

LW boost this minimum mass



Stellar archaeology (恒星考古学), not 
Archaeoastronomy (考古天⽂学)

• No survival first stars in present-day Universe ，
however, in our Milky Way there are extremely 
metal poor star (EPMs, 极端贫⾦属星 );

• They have small mass, low metallicity, lifetime 
comparable to age of the Universe, must formed 
just after Pop III died,  they are alive “fossils” of 
the early Universe；

• Their metals are produced by first stars!

Frebel &
 N

orril 2015

Howes et al. 2015

Ishigaki et al. 2018

Pop III stars 
with 
difference 
masses yield 
different 
metals, 
The mass 
function of 
Pop III stars 
are derived 
from 
metallicities 
of EMPs



PISN abundances signature in very-metal poor star observed by LAMOST

Xing et al. 2023



The Velocity Acoustic Oscillations (VAO)



ØBefore recombination, gas has pressure but DM no, resulting in velocity difference 
between them；

ØIn Fourier, vbc has oscillations feature;

Vbc field Wiggles on the power spectrum of vbc



Kulkarni et al. 2021

M
inim

um
 m

ass of halos w
here Pop III 

star form
ation is available

ØAt Cosmic Dawn, the relic vbc is still supersonic, suppressing Pop III star formation in smaller 
minihalos；
ØSFRD field of Pop III stars is modulated by vbc field.

SFRD field of Pop III stars at Cosmic Dawn

Zhang et al. 2024



Before Cosmic Dawn, no Pop III stars, 
no/weak wiggles

At Cosmic Dawn, strongest wiggles

After Cosmic Dawn, Ly⍺ coupling/X-ray 
heating saturated, wiggles disappear

Finally, the 21 cm signal from Cosmic Dawn is also modulated by vbc field

VAO wiggles on the 21 cm signal from  Cosmic Dawn is almost the smoking gun 
evidence of Pop III stars at Cosmic Dawn!

Zhang et al. 2024



The wiggles feature are detectable for SKA1-low and SKA2-
low：

Forecasts on SKA-low observations of VAO wiggles:



A break of ~15 minutes



II. First Galaxies



• In pristine gas, the only coolants 
are H2 and H;

• H2 cooling works at >~1000K;
• H cooling works at >~10000K

Barkana & Loeb 2001

• In halos, gas is heated to virial temperature 
by shock; 

• In halos with Tvir >~10000K, gas cools by H.

Binding energy:

Kitayama et al. 2005

A 
galaxy!  



Kitayama & Yoshida (2005)

Atomic-cooling halos

Retain gas under ionizing 
feedback and SN 
explosions



Bromm et al. 2009



What is the difference between:
1) a minihalos hosting multiple first stars (Greif et al. 2007)
and  2) a first galaxy reside in atomic-cooling halos?

• In minihalos, the star formation 
process is feedback regulated, all stars 
formed simultaneously, no following 
star formation until the host halo 
becomes an atomic-cooling halo

• First galaxy in atomic-cooling halos, it can 
sustain continuous star formation mode 
(even though at the beginning the star 
formation is bursty)



Yajima et al. 2017

The simulated star formation history in first galaxies

At the beginning, the star formation is bursty

Later on, it become smoothly 





Observations of high-z galaxies:



HST has discovered more than one thousand galaxies with z>~6; the highest 
redshift is ~11 (GNz-11).

SFRD at EoR is still highly uncertain! 

The constructed SFH from HST observations

Bouwens et al. 2015

JWST can directly observe the Cosmic Dawn!

XDF/HUDF as 
deep as ~30 
mAB!

Credit: NASA



JWST  discovered some highest redshifts galaxies 
(spectroscopically confirmed):

JADES-GS-z10-0, JADES-GS-z11-0, JADES-GS-z12-0, JADES-GS-z13-0

Robertson et al. 2023

JADES-GS-z14-0, JADES-GS-z14-1

Carniani et al. 2024



Naidu et al. 2025

A new galaxy MoM-z14, with redshift 14.44 
(spectroscopically confirmed), even higher than 
GSz14 which is 14.32.



JWST photometric candidates have redshifts extend to ~20!

Yan et al. 2023



High-z galaxies statistics



UV luminosity functions (LFs) constructed from HST observations ：

Bouwens et al. 2021 Oesch et al. 2018



UV LFs from JWST:

McLeod et al. 2024
Donnan et al. 2023

Harikane et al. 2023， photometric

Harikane et al. 2024，spectroscopical

Whitler et al. 2025



SFRD constructed from HST observations (UV LFs):

Bouwens et al. 2015



SFRD constructed from JWST observations,  at z>~10, it is much higher than the 
extrapolation of models based on HST observations

Banados et al. 2024

Extrapolation from lower-z observations

From JWST observations



The SFR-M* relations：

Chakraborty et al. 2024



The MZR do evolve!
The MZR evolves:

Sarkar et al. 2025



However, most ionized photons are from 
those undetected galaxies.

undetected

• What is the minimum luminosity of the first galaxies?
• The UV LF is steeper at higher redshift ?

冰山一角！

• Pre-JWST stage：for z>6 galaxies only “a tip of the iceberg” was observed.
• JWST stage: it is still true!

detected



Parameterizing the UV LFs of high-z galaxies: 
The Schechter function



Generally, the luminosity function is well-described by a formula named “Schechter function”:

Power-law term, 
dominates the faint-
end

Exponential term, 
dominates the bright-end

Power-law

Exponential



In observations, generally use the absolute magnitude rather than the luminosity

The Schechter function writes in absolute magnitude as variable: 



Observed luminosity functions (HST):

Bouwens et al. 2015



Bouwens et al. 2015

Parameters derived from observations:

Redshift-evolution fitting of the three parameters

So now you have an analytical formula to calculate 
the UV LF at any redshifts! 



Exercises 1:
• Derive the best-fit Schechter parameters of the measured UV LFs data 

(from HST) at z~5,6,7,8,9 in Bouwens et al. 2021; and the data (from 
JWST) at z~9, 12, 16 in Harikane et al. 2023

Bouwens et al. 2021
Harikane et al. 2023



Redshift-evolutions:

Finkelstein et al. 2015



Double power-law form:

Power-law 1

Power-law 2

Essential for estimating the bright-end of the LF.
Bowler et al. 2015

At z~6-7, DPL fits the observations 
better than Schechter Function



How we know the star formation rate (SFR) of a galaxy from observed UV luminosity?



Bouwens et al. 2015



JWST observations

Donnan et al. 2024

DPL parameters



Bouwens et al. 2023

Schechter parameters

JWST observations



Harikane et al. 2025

JWST observations:



Modeling the UV LFs of first galaxies







Duty-cycle: for small dark matter halos, only a small fraction of 
them can sustain continuous star formation

Park et al. 2019

O’Shea et al. 2015



Atomic-cooling mass at z=15

Because of 
feedback, even 
halo above 
atomic-cooling 
criterion cannot 
necessarily 
sustain 
continuous star 
formation 











Due to dust



Dust attenuation, mainly in UV band: 

Calzetti (2012)

Dust attenuation: the difference between 
the observed and intrinsic magnitude



Koprowski et al. (2018)



Bouwens et al. 2014



Even for high-z galaxies, the bright ones are heavily dust obscured. 

Intrinsic UV LF

Observed UV LF

z~6



Bouwens et al. 2015

observed

Correcting the dust attenuation

At z>~8, dust attenuation has negligible 
influence on the  global star formation 
history





Mason et al. 2015

The SFR history based on halo growth:
The derived star formation efficiency:

Similar to double power law form



Predicted UV LFs:

Mason et al. 2015

Predicted reionization history under the constraints of the 
observed UV LFs:



Empirical model for galaxy formation : UniverseMachine

Behroozi et al. 2019

https://bitbucket.org/pbehroozi/universemachine

Stellar mass function

Luminosity function



Interpreting the star formation excess observed by JWST: 



1) Enhanced SFE at z>~10

Model B: Model C:

Zhang et al. 2025





The UV LFs:

z~6 z~10 z~13.5

Constant SFE

Enhanced SFE at 
z>~10



Harikane et al. 2024

The SFE does not change, however stars are brighter per unit mass

2)JWST discovered more than expected high-z galaxies: top-heavy IMF? 



Predict the UV LFs from constrained SMF model

Predicted UV LFs

Predictions are 
consistent with 
observations, without 
boosting the SFE at 
higher redshifts

3)No need to enhance the SFE at higher redshifts



Dwarf galaxies are frozen first galaxies?
• There are low-luminosity dwarf galaxies in our 

Milky Way;

• After EoR, the IGM is ionized/heated, hard to 
form small galaxies;

• Dwarf galaxies formed (very likely) before EoR, 
fossils of pre-EoR Universe

Star formation history (SFH) if 6 dwarf galaxies:



Exercise 2:



A break of ~15 minutes



III. First Black Holes



Supermassive black holes (SMBHs) at the high-z Universe：

When the Universe is younger than 1 billion 
years (z≳6), BHs are already as massive as～
109-1010 Msun

Question: how did they form?

Padmanabhan & Loeb 2023

More than 200 SMBHs with z >~6 have been detected

Mass distribution of z>6 SMBHs:



The observed high-z SMBHs

Jeon et al. 2025

The most distant, z~11

Maiolino et al. 2023

• They generally have BH mass/stellar mass ratio larger 
than local SMBHs. 

• The extreme case: UHz1, M_BH/M_*~1.



The little red dots (LRDs):

Credit: NASA, ESA, CSA, STScI, Dale Kocevski (Colby College) 

• Above z~4
• Blue in UV and red in optical spectrum
• Extremely compact, ~2% of Milky Way’s radius
• Number density 10-5-10-4 Mpc3

• BH mass 106-8 M_SUN
• Larger M_BH/M_* ratio than local samples

Kocevski et al. 2024



• Pop III stars~100 MSUNàrelic BHs 
with comparable mass，this the first 
generation BHs in the Universe.
• These stellar mass BHs are seeds, 

they keep growing since birth，
finally become IMBHs or SMBHs. Is 
this true?

Herger & Woosly 2002 

Credit: Visualization: Ralf 
Kaehler. Simulation: Tom 
Abel.

die
acerate
merger

Cret: Joen et al. 2012

If this is true, then the BH grow by a factor 
~108 in ~800 million years!!!



The Eddington limit on BH growth:

To make SMBHs as～109-1010 Msun at z ～6, Pop III seeds should form at z ⪎ 35 
and since then always have highest growth rate (fEdd～1). 

Seems not physically impossible, however…

Balance the gravity and the radiation pressure



The environment of the Pop III seed:
• Minihalos hard to keep hot gas;
• Main sequence Pop III stars generate HII regions far beyond the halo 

boundary;
• The seed BH find itself in a low density (～0.5 cm-3) and hot (～104 K).  

Bondi accretion rate:

fEdd～10-5 (Alvarez et al. 2009)

Dense gas clumps rise accretion burst, 
however it will be destroyed if radiative feedbacks are 
considered. 

Always much 
lower than 
Eddington limit!



Smith  et al. 2018

For a stellar-mass BH, no matter it 
formed  in dense, normal or low-
density region, the growth ratio is 
much much smaller than 1 
throughout hundreds Myrs since its 
birth!

However, we need 108 !

The ratio of the net grow
th m

ass com
pared to the initial m

ass



The origin of SMBH seeds has puzzled us for long time:

The natural solution: to directly form intermediate mass 
black holes (IMBHs, ~104-106 MSUN) as seeds. 



The direct collapse black holes (DCBHs)



atomic-cooling halo,
Tvir > 104 K

T~ 8000 K

H2 cooling

H2 cooling

T~ 8000 K

×

hyper-strong LW

SMS/quasi-star → DCBH

The formation of Pop III stars 
requires H2 cooling，if such 
molecular formation is suppressed，
then gas can only cool by atomic H，
finally, the full gas could collapse 
into a single supermassive 
stars/BH！

minihalo, 
Tvir < 104 K H2 cooling

Pop III star

H cooling

first galaxy

strong LW

Barkana & Loeb 2001



1. The accretion rate (because the gas is warm) to the center sink: 

～0.1- 10 MSUN/yr;

2. The angular momentum transfer mechanisms do works;

3. The SMS/quasi-star has size ～5000 RSUN, effective temperature 

～5000K and inefficient in producing ionizing photons;

4. After the formation of a DCBH, the accretion could be 

intermittent and ～Eddington rate on average.

e.g. Latif et al. 2013, Regan et al. 2008, Hosokawa et al. 2013, Schleicher et al. 2013, Pacucci et al. 2015, 
Inayoshi et al. 2016,… 

In summary: 

1. High accretion rate;

2. No fragmentation，an IMBH(104-106 MSUN) form directly as a seed.



Chon et al. 2018



To suppress the H2 formation, it requires a strong LW radiation, how strong?

Sugimura et al. 2014



To suppress the H2 formation, it requires a strong LW radiation, how strong?

Sugimura et al. 2014

In one-zone simulation:

Atomic-cooling track

H2 cooling track



Latif et al. 2015

However, Jcrit found by 3D simulations are generally one orders of magnitude higher!



X-ray boosts the required LW radiation

Inayoshi et al. 2015



X-ray can boost the required LW radiation

Zhang et al. 2015



A source galaxy can provide LW strong enough to suppress the H2 cooling 
only if it is very very close to the gas cloud, however then negative 
feedbacks come:

• Metal pollution;
• Machanic feedback from supernova explosion;
• Tidal disruption;
• Ionizing radiation
• X-ray radiation
• …

• LW

Negative

positive



Habouzit et al. 2016

What is the number density of DCBHs?

If DCBHs are seeds of SMBHs:

• The upper limit is set by the number 
density of atomic-cooling halos;

• The lower limit is set by the observed 
SMBHs/AGNs

Number density 
of ACHs

Probability to 
receive 

supercritical LW

Metal pollution

…

D
C

BH
num

ber 
density



In a word:

• Stellar mass black holes are easy to form, but hard to grow;

• DCBHs are hard to form, however seems easy to grow.

Is it possible to make DCBH form easier?



DCBH is the dominant population at Cosmic Dawn?

Chemistry  for H2 formation: 

Crucial for H2 formation

Suppressing the H2

External radiation from:
• Pop III stars,
• first galaxies, 
• and, even other DCBHs



Collapsing / time increasing

If the external radiation is from a star-forming galaxy (SB99):

t

Evolution of a pristine gas cloud irradiated by external radiation field

atomic-cooling track, finally form a SMS/DCBH

molecular-cooling track, finally form a Pop III 
stars



SED of Compton-thick BHs

no ionizing photons



Collapsing / time increasing

If the external radiation is from a another DCBH:

t

Evolution of a pristine gas cloud irradiated by external radiation field

DCBHs (NH=1.5×1025 cm-2,NH=8.0×1024 cm-

2,NH=5.0×1024 cm-2 ) are from Pacucci’s
simula>on

Yue et al. 2017



The radiation from DCBH can suppress the H2 formation efficiently, 
because its SED is more efficiently for detaching the H-



Yue et al. 2014





By first galaxies By other DCBHs

• P1 and P2 are derived from numerical simulations/semi-analytical simulations, or Monte Carlo simulations

• A typical DCBH is much brighter than a typical first galaxy, therefore P2 can be >> P1

• P2 is roughly proportional to nDCBH, if P2 is the dominant term, then nDCBH grows exponentially

• P1 and P2 depend on source’s brightness and clustering

• However, the clustering decreases with decreasing redshift/feedback woks efficiently, so nDCBH growth 
becomes slower at the end of Cosmic DAwn



Zhang et al. 2025

P2 can be the dominant term

P2 never dominated



Yue et al. 2014

The “rise and fall” of DCBH population at Cosmic Dawn：



X-ray may reduce the formation rate of DCBH:



Barrow et al. 2018

It is possible to identify DCBH 
candidates via photometric 
Observations.



Predicted X-ray of DCBH, Natarajan et al. 2017



We wrote a science outreach piece 
on WeChat Official Account of NAOC 
to introduce the first luminous 
objects

我们在国家天⽂台微信公众号上的⼀
篇科普⽂章



Summary:
• First stars must be Pop III stars, they formed in minihalos. First galaxies formed in atomic-

cooling halos, either Pop III stars, or Pop II stars, or Pop III -> Pop II. First black holes are either 
the relic stellar mass black holes after the death of Pop III stars, or the IMBHs formed through 
direct collapse of atomic-cooling gas.

• JWST has discovered some high-z galaxies at EoR and Cosmic Dawn, however the real first 
galaxies have not yet observed.

• DCBH scenario is the most promising model for origin of SMBH seeds, however the formation 
mechanisms are still poorly understood. Until now no DCBHs have been identified.

We are looking forward to seeing the first discovery of first luminous objects in (near) 
future!

In a word: until now none of any first-generation luminous objects have been detected.



Thanks!


