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1. Overviews




upermassive Flack Holes (SMBH)

® Classical bulges

® Ellipticals
Kormendy & Ho (2013)

https://en.wikipedia.org/wiki/Messier_87 artist’s illustration [ESA/Hubble, L. Calgada (ESO)]

Black Hole mass

Key gquestions:

1) What is the origin of SMBHs?
2) How did BHs and galaxies interact?
3) Cosmological coevolution & high-z?

Galaxy mass



History of the Universe

Cosmic dawn/ observable universe

Dark ages (EM WaveS) |
Inflation et —

First Stars | .

First Gala;'(ies

First SMBHs =

Primordial
fluctuations

Cosmic microwave
background > ~ 10-30 7 ~ 6-7 z=0 (today) [redshift]
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History of the Universe

photometric performance, point source, SNR=10 in 10°s servable universe
(EM waves)

limiting flux density (Jy)

Hubble

wavelength (um) z=0 (today) [redshift]

https:é/scr:\it«zr:t:/eéfgiggggr/gazg-0r9/ 0.1-0.5 Gyrs 1 Gyrs 13.7 Gyrs [age]



Hidden little monsters uncovered by JWST

A Candidate for the Least-massive Black Hole in the First 1.1 Billion Years of the Universe
Hidden Little Monsters: Spectroscopic Identification of Low-Mass, Broad-Line AGN at z > 5 with CEERS
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Hidden little monsters uncovered by JWST

A Candidate for the Least-massive Black Hole in the First 1.1 Billion Years of the Universe
Hidden Little Monsters: Spectroscopic Identification of Low-Mass, Broad-Line AGN at z > 5 with CEERS
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High-z SMBH population

Cosmic Time [Gyr]
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Formation channels of early BHs

Various masses of seed BHs depending on SF environments (the “up-to-date” Rees diagram)

Stellar-remnant BHs

H2 cooling .
Pop Il BHs GW recoils
20 <M/Mo< 140 ‘\\ Radiation feedback
\ .
' Supermassive star
Minihalo Y : ------ "1
T,ir < 104K ' 0
vir S i .
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Kl, Visbal & Haiman (2020), ARA&A, See also Greene+(2020), ARA&A, and Volonteri+(2021)



Seed BH mass functlon @hlgh-z
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Overmassive BH via rapid growth

Rapid BH growth in dense environments after their seeding

(KIl, Haiman & Ostriker 2016, Pacucci+2016, Lupi+2016, Takeo+2020, Shi+2023, Sassano+2023, Massonneau+2023)
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2. A new AGN population
“Little Red Dots”




Little Red Dots (LRDs)

Matthee+(2024)
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* Very compact & red sources (in JWST NIRCam)

Kocevski+23,24, Labbe+24,25, Furtak+23, Noborigushi+23,

* High redshift, abundant but transient populations Harikane+23, Maiolino+23, Barro+24, Killi+24,Greene+24,
B.Wang+24a,b, Kokorev+24, Akins+24, Baggen+24, Casey+24,
. Broad-compgnent of Balmer lines (Ha/Hb) X.Lin+24,25a,b, Setton+24,25, Taylor+25a,b, Y.Ma+25a,b,

Kokubo & Harikane 24, X.Ji+25, Z.Zhang+25, C.Chen+25a,b

» Common Balmer absorption (>20% of JWST AGN)

many more others! sorry, if your studies are missed here.



Extremely popular objects...

1. arXiv:2512.13957 [pdf, ps, other]

: 24 / : 2 : 2 : 2 From ASTRID to BRAHMA -- The role of overmassive black holes in little red dots in cosmological simulations
N -
p a p e rS y r Authors: Patrick LaChance, Aklant Kumar Bhowmick, Rupert A. C. Croft, Tiziana Di Matteo, Yihao Zhou, Fabio Pacucci, Laura Blecha, Paul Torrey, Yueying Ni, Nianyi Chen, Simeon Bird
Submitted 15 December, 2025; originally announced December 2025.
Comments: 13 pages, 7 figures

2.arXiv:2512.05180 [pdf, ps, other]

~1 p a p e r pe r a rX i V d ay Little red dot variability over a century reveals black hole envelope via a giant Einstein cross

Authors: Zijian Zhang, Mingyu Li, Masamune Oguri, Xiaojing Lin, Kohei Inayoshi, Catherine Cerny, Dan Coe, Jose M. Diego, Seiji Fujimoto, Linhua Jiang, Guillaume Mahler, Jorryt Matthee, Rohan P. Naidu,
Keren Sharon, Yue Shen, Adi Zitrin, Abdurro'uf, Hollis Akins, Joseph F. V. Allingham, Ricardo Amorin, Yoshihisa Asada, Hakim Atek, Franz E. Bauer, Marusa Bradac, Larry D. Bradley, et al. (57 additional

2 50 authors not shown)
Submitted 4 December, 2025; originally announced December 2025.

Comments: 59 pages, 13 figures, 3 tables, submitted to a peer-reviewed journal; comments are welcome

3. arXiv:2512.05097 [pdf, ps, other]

Highly-ionized gas in lensed z = 6.027 Little Red Dot seen through [OIlll] 88tm with ALMA

200 Authors: Kirsten K. Knudsen, Johan Richard, Mathilde Jauzac, Tom J. L. C. Bakx, Thiago S. Goncalves, Eiichi Egami, Kiana Kade, Rahul Rana, Laura Sommovigo, Flora Stanley, Daniel P. Stark
Submitted 4 December, 2025; originally announced December 2025.
Comments: Submitted to A&A

4, arXiv:2512.04208 [pdf, ps, other]
A Black-Hole Envelope Interpretation for Cosmological Demographics of Little Red Dots

150
A Critical Evaluation of the Physical Nature of the Little Red Dots

100 KoHEI INaAvyosHI 2! AnD Luis C. Ho @h2

L Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China
50 2 Department of Astronomy, School of Physics, Peking University, Beijing 100871, China

ABSTRACT

0 Little Red Dots (LRDs) are a newly identified class of active galactic nuclei (AGNs) uncovered by

2024 2025 2026 JWST deep surveys. Their enigmatic properties challenge the canonical AGN paradigm and have
stimulated numerous ideas on the early formation and growth mechanisms of massive black holes

(BHs). In this review, we summarize how early BHs can shape the characteristic features of LRDs,

* An eXtremely Overheated tOplC how their nuclear environments differ from those of normal AGNs, and how future observations can

distinguish between competing scenarios (AGN or stellar origins). Our main conclusions are as follows:

- hard to follow all relevant papers The first LRD review paper




Characteristic v-shape SEDs

Ao (A)
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”
2 0.075 - A typical AGN spectrum
5 (Vandan Berk+2001)
2 0.050
0.025
0 — Jul _A
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* Two-component scenario (e.g., unobscured galaxy + obscured AGN)
* Balmer-break like feature observed in some LRDs
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* Two-component scenario (e.g., unobscured galaxy + obscured AGN)

Balmer-break like feature observed in some LRDs



Recall ~1960s’

LRD Originsz Lb01~1044 erg/ §  quasar discovery time

e.g., Lynden-Bell (1969)

Gravitational energy (accretion) Nuclear energy (stars)
ISM / ISM
dust reddening ¢ S dust reddening ‘/‘s—

IR re-emission IR re-emission

a © ‘
{<> 2 a4 /((f "3?
L

o Too massive & dense

M, > 10" M,

@» . Reasonable BH mass A
o _ O o
. 4 7 -

~1-2dex lower without dust How about Balmer breaks?



Balmer break: stellar? or AGN?

RUBIES-EGS-494 z4,..=6.68 B.Wang+(2024b) Kl & Ichikawa (2024)
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» Stellar-origins of red continua requiring MW-like galaxies at z>6
* Extremely high stellar density and a tension to ACDM (Qp > Qstar)
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Spectral characteristics of LRDs

ALMA 1.2mm

(30)

ALMA 2.0mm

ALMA/VLA/MeerKat
non-detection

(no cold dust/jets?)
(Labbe+23,Akins+24, Mazzolari+24;
Gloudemans+KI 25)

JWST/MIRI
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Chandra
0.5-2 keV

Sy

(429)

X-ray non-detection
(Yue+24,Maiolino+24,Ananna+24)




Spectral characteristics of LRDs
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Kl & Ho (2025)



3. LRDs = Gas-enshrouded AGNSs

An illustration by Chat-GPT



Two big problems in 2024-20235

 What is the main power source of LRDs? Stellar or AGN origin?

- Broad-emission lines support the AGN origin (compact massive object),
but Balmer break features might not be produced by AGNs

« What makes LRDs red without dust?

- If dust is responsible to red optical continua, AGN heated dust re-emits into
NIR, but JWST MIRI observations report the absence of hot dust emission

- LRDs are possibly metal-poor systems (see also lacks of metal lines, [Olll])



Balmer absorption on BLL AGNs

Matthee+(2024) X.Ji+(2025a)
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» Absorption on broad Balmer & Hel emission lines; EWaps ~ O(10)A
* BLRs embedded by dense gas with a high covering fraction



Balmer break on pure AGN spectra

Kl & Maiolino(2025)
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* Balmer break & absorption imprinted by gas absorbers with the same conditions
» A potential correlation with super-Eddington outflows (~3-10 Mgqq)



LRD with both Balmer breaks + absorption
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* LRDs with prominent Balmer breaks too deep to be stellar origins



LRD with both Balmer breaks + absorption
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* LRDs with prominent Balmer breaks too deep to be stellar origins



LRD with both Balmer breaks + absorption
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* LRDs with prominent Balmer breaks too deep to be stellar origins



BH + accreting envelope

Dust-reddened AGN

‘/S

 LRD spectral characteristics

ISM - No hot dust (weak NIR emission in MIRI)
dust reddening
IR re-emission - Dense nucleus (Balmer absorption & break)

Qo f o



BH + accreting envelope

Gas-enshrouded BH

‘/‘S * LRD spectral characteristics
C.Hayashi - No hot dust (weak NIR emission in MIRI)
A Envel
gasr;;'zd"epn?ng - Dense nucleus (Balmer absorption & break)
(Teff ~ 5000K)

» Optically-thick absorbers (or envelope/cocoon)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25
Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

- Teri ~ 5000 K due to H- ion opacity (Hayashi track)
(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Red optical continuum spectra (the Wien law)

- Weak infrared continuum spectra (the Rayleigh-deans law)



BH + accreting envelope

* LRD spectral characteristics
Kl, Murase & Kashiyama (2026)

' | - No hot dust (weak NIR emission in MIRI)
—— Abell2744-QSO0O1 (z=7.04)
—~ 10| MoM-BH*-1 (z = 7.76) ] _
s RUBIES-UDS-154183 (z = 3.55) g - Dense nucleus (Balmer absorption & break)
{,_{ —— UNCOVER-45924 (z=4.47) | |
;_v: —— CAPERS-LRD-79 (z = 9.288)
< bl i
E LO o T 1+ Optically-thick absorbers (or envelope/cocoon)
2 | ' _ Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25
~
; Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26
% 0.1} Composite SED model |
< - . . .
R T M/ My=008 - Tett~5000 K due to H- ion opacity (Hayashi track)
5 IR R — Myy/ M,=0.15 |
— Mygy/ My=027 | (Hayashi 1961; Stahler, Palla & Salpeter 1986)
0.01 . . L
0.1 0.2 0.4 0.6 1.0 1.5 | | |
Rest-frame wavelength (um) - Red optical continuum spectra (the Wien law)

- Weak infrared continuum spectra (the Rayleigh-deans law)
See also Kido+25, deGraaff+25
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BH + accreting envelope

With radiation transfer ca

__ The Cliff
(Rubies 154183)

Sirocco model at z=3.55
== Stellar component
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Sneppen+ (2026)

 LRD spectral characteristics
- No hot dust (weak NIR emission in MIRI)

- Dense nucleus (Balmer absorption & break)

» Optically-thick absorbers (or envelope/cocoon)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25
Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

- Teri ~ 5000 K due to H- ion opacity (Hayashi track)
(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Red optical continuum spectra (the Wien law)

- Weak infrared continuum spectra (the Rayleigh-deans law)



BH + accreting envelope

Umeda, Kl+ (2026) * LRD spectral characteristics
- No hot dust (weak NIR emission in MIRI)

- Dense nucleus (Balmer absorption & break)

» Optically-thick absorbers (or envelope/cocoon)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25

lOg Lbol / L@

Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

- Teri ~ 5000 K due to H- ion opacity (Hayashi track)

yﬁﬂﬁ Track (Hayashi 1961; Stahler, Palla & Salpeter 1986)
(Extrapollation)

- Red optical continuum spectra (the Wien law)

- Weak infrared continuum spectra (the Rayleigh-deans law)




Two big problems in 2024-20235

* What is the main power source of LRDs? Stellar or AGN origin?
* What makes LRDs red without dust?

A. Gas-enshrouded AGNs (or BH envelope, BH*, etc)

A self-consistent explanation of (i) Balmer break and absorption, and
(i) red optical and weak infrared continua of LRDs



4. Future perspectives

(with some open discussion)

\l/ \l/ \l/



Low-z objects with LRD characteristics

Rest-frame Wavelength (um)
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

_ 10%F J1025+1402 at z=0.1007
| I
o5
: =
= |
Im }—§—1 — jgw R ;
a0 UL
S 'it'"‘j;ﬂf | ;
L pNG
= 10 | HH  Photometry e
% ||—— Smoothed MODS+FIRE 0~ 00—
= JWST LRD (z=5.09) F%*

02 05 10 20 50 100 20.0
Observed Wavelength (um)

X.Lin et al. + Kl (2025)
see also X.Ji et al. (2025b)

 BLAGN with a V- and A-shaped SED (Tesi = 5000K)

* Absorption features seen in stellar atmospheres



Low-z objects with LRD characteristics

Rest-frame Wavelength (um)
0.1 0.2 0.5 1.0 2.0 5.
- J1025+4+1402 at z=0.1007

3
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| HH Photometry e
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(Y
-
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Flux (10717 erg s™! cm=2 A1)
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X.Lin et al. + Kl (2025)
see also X.Ji et al. (2025b)

 BLAGN with a V- and A-shaped SED (Tesi = 5000K)

* Absorption features seen in stellar atmospheres



Cooled dense atmospheres?

Low-ionization metal absorptions (Na D, K|, CaT,Til, etc)

1.00}
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~
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X.Lin et al. + Kl (2025)
see also X.Ji et al. (2025b)

 BLAGN with a V- and A-shaped SED (Tesi = 5000K)

* Absorption features seen in stellar atmospheres



Cooled dense atmospheres?

2.5 a) | — WIDE-ECS-2974 b) T — 4000K No water absorption
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B. Wang+(2026)

 BLAGN with a V- and A-shaped SED (Tet = 5000K)

* Absorption features seen in stellar atmospheres



LRD variability — envelope pulsations?

Gas-enshrouded BH K-mechanism in an supermassive star’s envelope
2 ' | v ' ' ' ' v ' | ’ ' v
Envelope Eovel He He H
gas reddening nvelope 1.0 Msun/yr
(Test ~ 5000K) pulsations 1+ -
® O~ —
8) ’/Q?I-- ----------------------------
= NS
- — \ /
X -1t N -
S —— 1000 Msun
500 Msun
P e 300 Msun ‘
. T
< LY
- /; y /({f\/\; . : L : : : L
| an 3x105 10° 3x10* 10° 4x10°
o temperature (K)

Kl, Hosokawa & Omukai (2013)

T 1/4 T —3
P~17.3 yr ( ) ( eft ) Agreement with the “first-overtone” pulsation mode

See also Cantiello+ (2025) for a quasi-star



Quadruply imaged LRD with ~100 yr variability

Zhang, Kl+ 2025
VENUS program (PI, Fujimoto)
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LRD variability — envelope pulsations?

Gas-enshrouded BH

Envelope
gas reddening
(Tef ~ 5000K)

Envelope
pulsations

Les/(1044 erg/s)

N

W

- L ocT4'9

RX1.4, At=—131 yr
RX1.3, At=—120 yr
RX1.1, At=—82 yr
RX1.2, At=0 yr

A Cepheid (scaled)

3300 4000

Tetr (K)

4200 4400

Zhang, Kl+ 2025

* Cepheid-like pulsation driven variability with a ~10yr-long period



Emergence of LRD populations

Asada, Kl+(2026)
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see also Sun+(2026)

A transition from LRDs to normal AGNs (LBDs) in the later epochs



Transient behavior of LRD populations
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see also
Kocevski+(2025)
Y.Ma+(2025)
Tanaka+(2025)
M.Zhuang+(2025)

A transition from LRDs to normal AGNs (LBDs) in the later epochs
through envelope feeding and SN/AGN feedback (?)



A missing link between seeds and QSOs

Seed BH formation LRD phases AGNs
(z>10-20) (Z~4-8) (z<4-6)

GOODS-N-9771

®

-—

Kl, Omukai &|Tasker (2014) Matthee:+ (2024)

* First accretion episodes of seed BHs = LRDs

 LRD’s spectral characteristics related to dense gas

» Disappearance LRD’s features in later episodes (dust, X-rays, hosts)



Summary

What are Little Red Dots (LRDs)?

* A newly type of BLAGNSs with v-shape UV-optical SED,
and weak IR, X-rays, radio emission
(Some) Theoretical interpretations

* Heavy BH seeds form in overdense regions and can
growth via transient super-Eddington accretion

* Gas-enshrouded AGNSs explain co-existence of Balmer
absorption and beak, and other key LRD’s properties

Welcome to LRD business!

An illustration by Chat-GPT similar to quasar discovery in 1960s



