54th Saas-Fee Advanced Course ' : =

Galaxies and Black Holes SA*
- in the First Billion Years . - 563@
D¢

as seen by the JWST

Observations of early black holes
before and after JWST

Eduardo Banados

Max Planck Institute for Astronomy, Heidelberg

Marta Volonteri

Richard Ellis
Eduardo Banados

Rachel Somerville

January 27-31, il b o UNIVERSITE §

2 ':P':
. = DE GENEVE 8 ="' :
Saas-Fee, Switzerland 5 __ﬂ,..,_mg_m_
SOC/LOC:

Romain Meyer, Pascal Oesch, Michaela Hirschmann




Observations of early black holes — some warnings

54th Saas-Fee Advanced Course

Galaxies and Black Holes ' SA®
- in the First Billion Years . \S_G@
¢

as seen by the JWST

- Observationally focused

- Only scratch the surface and likely
influenced by my own biases

Richard Ellis Marta Volonteri
Rachel Somerville Eduardo Banados

- Main ideas, pointing to more
literature and some anecdotes

January 27-31, UNIVERSITE g ';'P'=L 5
: DE GENEVE 8§ ="' I

Saas-Fee, Switzerland B2 ]

SOC/LOC: . ‘

Romain Meyer, Pascal Oesch, Michaela Hirschmann

Eduardo Banados



Observations of early black holes — three lectures

54th Saas-Fee Advanced Course
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as seen by the JWST

1.- Introduction to AGN and Quasars

2.- Quasars in the first billion years:
What we knew before JWST

Richard Ellis Marta Volonteri
Rachel Somerville Eduardo Banados

3.- JWST insights into Quasars in the
early Universe
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Quasars in the first Gyr: What we knew before JWST

54th Saas-Fee Advanced Course
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as seen by the JWST
- Historical Overview — Redshift frontier

- Key pre-JWST observational results
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Most distant galaxies known pre-JWST
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Most distant galaxies known pre-JWST

Even confirmation is hard!

z=8.6 candidate

5 hours VLT and 11 hours Subaru

Bunker+ 2013

Eduardo Banados



Most distant galaxies known pre-JWST

Even confirmation is hard!

A 52 hours VLT/FORS2 spectrum of a bright z ~ 7 HUDF galaxy:
no Ly-a emission*

E. Vanzella!, A. Fontana2, L. Pentericci?, M. Castellano?, A. GrazianZ, M. Giavalisco®, M. Nonino®, S. Cristiani®,
G. Zamorani', and C. Vignali’
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Quasars are bright!
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S z=7.54 quasar
© ..« Bafados+2018b
SO X-rays
See also
 Connor, EB+ 2019, 2020, 2021
L . T Vito+ 2021 (incl. EB)

Wang+ 2021 (incl. EB)
Zappacosta+2023

MUItiwaveIength is key Key Differences at a Glance
* X-ray: Hot corona/jets

Definition A broad category of active A highly luminous type of AGN.
° U V/ t . I . t- d . k galactic centers.
O p I C a . a C C re I O n I S Luminosity Covers a wide range, from Among the brightest AGN, often
. . faint to bright. outshining hosts.
o IVI I d - I n fra re d : h Ot d u St Host Galaxy Usually visible in lower- Often invisible due to the Schmidt 1963
Visibility luminosity AGN. quasar's brightness. “The first quasar"
L]
[ ] Fa r_ I n fra re d : CO I d d u St/l S M Z =7 . 54 P i S CO” Distanc-e F?und both locally and at Prirnarily at high redshift(€arly
12 (Redshift) high redshift. universe).
L] L] . ~
°® R d . t q Examples Seyfert galaxies, radio 3C 273, ULAS J1342+0928 (z = Bafiados+2018
a I O . J e S uasar galaxies, LINERs. 7.54). “The Pisco quasar”

Banados+ 2018a



Quasars are bright!

Observed wavelength (um)
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Multiwavelength is key uv

X-ray: Hot corona/jets
UV/optical: accretion disk
Mid-infrared: hot dust
Far-infrared: cold dust/ISM

Luminosity

z=7.54 ,Pisco”
qguasar

Radio: jets
Banados+ 2018a

Eduardo Banados
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Outline

* Discovery and demographics

SMBH = ~pc scales

Galaxy / Close envs. =2 ~kpc scales

* Environments /IGM = ~Mpc scales

Obscured quasars/AGN?



2000 - The first quasar in the first Gyr of the Universe

THE ASTRONOMICAL JOURNAL, 120:1167-1174, 2000 September
© 2000. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE DISCOVERY OF A LUMINOUS :z = 580 QUASAR FROM THE SLOAN DIGITAL SKY SURVEY!

X1A0HUI FAN,? RICHARD L. WHITE,®> MARC DAvis,* ROBERT H. BECKER,>'® MICHAEL A. STRAUSS,> ZOLTAN HAIMAN,?
DONALD P. SCHNEIDER,” MICHAEL D. GREGG,>-® JAMES E. GUNN,? G. R. KNAPP,> ROBERT H. LUPTON,?
JouN E. ANDERSON, JR.,% ScOTT F. ANDERSON,’ JAMES ANNIS,® NETA A. BAHCALL,2 WILLIAM N. BOROSKI,®
ROBERT J. BRUNNER,!? BING CHEN,!! ANDREW J. CONNOLLY,'? ISTVAN CsaBAL'! Mamoru Doy, '3
MASATAKA FUKUGITA,!*15 G. S. HENNESSY,'® ROBERT B. HINDSLEY,!” TAKASHI ICHIKAWA,'® ZELIKO IVEZIC,?
JoN LovepAY,'® AVERY MEIKSIN,?? TiMoTHY A. McKAY,?! JEFFREY A. MUNN,?? HEDI Jo NEWBERG,%3 ROBERT NICHOL,
SADANORI OKAMURA,!® JEFFREY R. PIER,?? MAKI SEKIGUCHI,'* KAZUHIRO SHIMASAKU,!® CHRIS STOUGHTON,?
ALEXANDER S. SZALAY,!' GyuLA P. SzokoLY,?°> ANIRUDDHA R. THAKAR,'! MICHAEL S. VOGELEY,?® AND

24

SDSS 1044-0125 z=5.80

Lya

Ol+Sill - Silv+0Iv]

Lyg+0VI

© Mgll abs:
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wavelength (&)
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2006 — First SDSS sample of z~6 quasars
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J0840+5624 z=5.85

-------------------------------------------------------------------------

Xiaohui Fan,! C.L. Carilli,” and B. Keating’ Jooos-0006 2-5.85

J1436+5007 z=5.83

Steward Observatory, University of Arizona, Tucson, Arizona 85721; email: fan@sancerre.as.arizona.edu

?National Radio Astronomy Observatory, Socorro, New Mexico 87801; email: ccarilli@nrao.edu 2 , . : =
3Department of Physics, University of California, San Diego, California 92093; email: bkeating@ucsd.edu b o M

S e e T b iEINCIEEN B SN T TR SN e e T S i

J0927+2001 z=5.79

.....................................

-------------------------------------------------------------------

6800 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000 9200 9400 9600 9800

MA)



~2009

Extragalactic seminar — Assignment:
30 min talk sumarising this recent review

h. ANNUAL
§.¥l REVIEWS

Observational Constraints
on Cosmic Reionization

Xiaohui Fan,' C.L. Carilli,” and B. Keating’

Steward Observatory, University of Arizona, Tucson, Arizona 85721; email: fan@sancerre.as.arizona.edu
2National Radio Astronomy Observatory, Socorro, New Mexico 87801; email: ccarilli@nrao.edu
3Department of Physics, University of California, San Diego, California 92093; email: bkeating@ucsd.edu



~2013-2014
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,(@ ads

: : 11 . Author  First Author At
Xiaohui Fan,! C.L. Carilli,” and B. Keating’

ol n ol n
Steward Observatory, University of Arizona, Tucson, Arizona 85721; email: fan@sancerre.as.arizona.edu € Start New Search author: BanadOS’E author: Fan’ X

?National Radio Astronomy Observatory, Socorro, New Mexico 87801; email: ccarilli@nrao.edu

3Department of Physics, University of California, San Diego, California 92093; email: bkeating@ucsd.edu Your search returned 80 results

Collection Collection Property
astronomy physics +property:refereed

Eduardo Banados
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L THE ASTROPHYSICAL JOURNAL LETTERS, 861:L14 (4pp), 2018 July 10 https://doi.org/10.3847 /2041-8213 /aac511

Obs ervat Onal ConStr aInts A Powerful Radio-loud Quasar at the End of Cosmic Reionization

Eduardo Bafiados'"’ , Chris Carilli*? , Fabian Walter>* , Emmanuel Momjian2 s

On C OS mic Reioni Zation Roberto Decarli’ , Emanuele P. Farina® , Chiara Mazzucchelli* , and Bram P. Venemans”

! The Observatories of the Carnegie Institution for Science, 813 Santa Barbara Street, Pasadena, CA 91101, USA,; ebanados@carnegiescience.edu
2 National Radio Astronomy Observatory, Pete V. Domenici Array Science Center, P.O. Box 0, Socorro, NM 87801, USA

© 2018. The American Astronomical Society. All rights reserved.
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?National Radio Astronomy Observatory, Socorro, New Mexico 87801; email: ccarilli@nrao.edu
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Motivation for this lecture

2006 2023

LS ANNUAL
gl ANNUAL v
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Annual Review of Astronomy and Astrophysics

Observational Constraints Quasars and the Intergalactic
on Cosmic Relonization Medium at Cosmic Dawn

Xiaohui Fan,! C.L. Carilli,” and B. Keating’ Xiaohui Fan,' Eduardo Bafiados,’
and Robert A. Simcoe?

!Steward Observatory, University of Arizona, Tucson, Arizona, USA; email: xfan@arizona.edu
?National Radio Astronomy Observatory, Socorro, New Mexico 87801; email: ccarilli@nrao.edu Max-Planck-Tnstitut fir Astronomie, Heidelberg, Germany; email: banados@mpia de

ISteward Observatory, University of Arizona, Tucson, Arizona 85721; email: fan@sancerre.as.arizona.edu

3Department of Physics, University of California, San Diego, California 92093; email: bkeating@ucsd.edu SMIT Kavli Institute for Astrophysics and Space Research, Cambridge, Massachusetts, USA;

email: simcoe@space.mit.edu

Eduardo Banados



Outline 10 REVIEWS

h. ANNUAL
f.¥l REVIEWS

Annual Review of Astronomy and Astrophysics

Quasars and the Intergalactic
Medium at Cosmic Dawn

Xiaohui Fan,! Eduardo Bafiados,’
and Robert A. Simcoe®

!Steward Observatory, University of Arizona, Tucson, Arizona, USA; email: xfan@arizona.edu

?Max-Planck-Institut fiir Astronomie, Heidelberg, Germany; email: banados@mpia.de

3MIT Kavli Institute for Astrophysics and Space Research, Cambridge, Massachusetts, USA; - U n O b SC u re d q u a S a rs at Z > 5 ' 3
email: simcoe@space.mit.edu .
" - IGM studies based only on quasars

- Status of the field pre-JWST
Fan, Banados & Simcoe 2023

ARA&A 61, 373

Eduardo Banados



A ANNUAL

Outline I: 8 REVIEWS

* Discovery and demographics

SMBH = ~pc scales

Galaxy / Close envs. =2 ~kpc scales

* Environments /IGM = ~Mpc scales

(Obscured and jetted quasars/AGN?)

Eduardo Banados



Quasar selection
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Quasar selection

Arbitrary Units

Jtp1 M 2P ypi

6000 7000 8000 9000 10000 11000
Wavelength (A)




Finding the quasars in the haystack

Overwhelming amount of

contaminants 104
103_
Dusty z™2
Dusty z™~2 102
Very rare gaIaXVy T |  galaxies
~<1 GpC'3 at z=7/ < 101-%\%\5
fe © i
-2 ~<1 per 100 degz Z 10y o E Brown
Schindler, Baflados+2023 ~ e 3 g dwarfs
Matsuoka+2023 T dwarf Lé 10 % K
= o ®) &
2 102%{< E Lg
v z2>7
107
qguasars
104 —"—m—™@™—"—m———————————

z=7.5 quasar J magnitude

Euclid preparation V: Barnett+2019

Eduardo Banados



Finding the quasars in the haystack
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Finding the quasars in the haystack
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Finding the quasars in the haystack

LETTER

A luminous quasar at a redshift of z=7.085

Daniel J. Mortlock?, Stephen J. Warren', Bram P. Venemans?, Mitesh Patel!, Paul C. Hewett?, Richard G. McMahon?,
Chris Simpson“, Tom Theuns™®, Eduardo A. Gonzales-Solares®, Andy Adamson’, Simon Dyes, Nigel C. Hamblyg, Paul Hirst*°,
Mike J. Irwin®, Ernst Kuiper', Andy Lawrence’ & Huub J. A. Rottgering"

doi:10.1038/nature10159

. Mortlock+ 2011 |-
Z |5} | : |
‘@ s
c ' =
[T 7
© |7
x |2 |
>
w "

Wavelength (micron) |



The search for quasars in the first Gyr
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The search for quasars in the first Gyr
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The search for quasars in the first Gyr
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The search for quasars in the first Gyr

o |
Q)\\Qo | e © (Mostly)
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Reionization-era quasars

Fan+06 ARAA review Fan+23 ARAA review [draft]
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>500 Reionization-era quasars

Lya redshift

) 5.4 5.8 6.2 6.6 7 7.4 7.8
~300 at z>6
Eyicor-
GP 8 at z>7
Trough _g® .
OI-+Sill 3 at Z>7.5

Database with
properties published
with the review

Lya
Susiseion - Coordinates, redshifts, UV
magnitudes, Black Hole
Masses, references ...

7500 | 8500 | 9500 | 10500
Observed wavelength (A) Fig. 3
Fan, Banados, Simcoe 2023

Eduardo Banados



ldentifying and confirming quasars is not trivial




ldentifying and confirming quasars is not trivial

Recent claim of a new z~7.5 quasar

Dense nitrogen-enriched circumnuclear region of the new high-redshift quasar ULAS J0816+2134 at
z=17.46

EKATERINA KOPTELOVA! AND CHORNG-YUAN HwaNng!

= VIEW Papers that cite

Dense nitrogen-enriched circumnuclear region of the

Abstract new high-redshift quasar ULAS J0816+2134 at z=7.46

Citations (3)

[ Q view this list in a search results page

References (99)

1 2024Natur.627...59M 2024/03 =S
Co-Reads A B =
A small and vigorous black hole in the early Universe
Similar Papers Maiolino, Roberto; Scholtz, Jan; Witstok, Joris and 36 more
2 2023ApJ...954..210A 2023/09 B =S

Subaru High-z Exploration of Low-luminosity Quasars (SHELLQs).
Graphics XVIIl. The Dark Matter Halo Mass of Quasars at z 6

Arita, Junya; Kashikawa, Nobunari; Matsuoka, Yoshiki and 10 more

Metrics —
3 2023RNAAS...7...72B 2023/04 @ [ —

Export Citation On the Discovery Claim of a New z > 7 Quasar
Bosman, Sarah E. |.; Davies, Frederick B.; Bafiados, Eduardo

- —

A A

Eduardo Banados



ldentifying and confirming quasars is not trivial

Recent claim of a new z~7.5 quasar

RNAAS RESEARCH NOTES OF THE AAS
the new high-redshift quasar ULAS J0816+2134 at

7.46
OPEN ACCESS ND CHORNG-YUAN HwaNng!

On the Discovery Claim of a New z > 7 Quasar

Sarah E. I. Bosman' (12, Frederick B. Davies' (12, and Eduardo Bafiados'

Published April 2023 « ® 2023. The Author(s). Published by the American Astronomical Society.
Research MNotes of the AAS, Volume 7, Number 4

Citation Sarah E. |. Bosman et al 2023 Res. Notes AAS 7 72

DOI 10.3847/2515-5172/accbbb

It’s an asteroid!

+ Article and author information (#4383 8) 199 3 FW49

Abstract

Koptelova & Hwang (K22) recently claimed a new quasar discovery at z=7.46. After careful

consideration of the publicly available data underlying K22's claim, we find that the observations

were contaminated by a moving solar system object, likely a main-belt asteroid. In the absence of

the contaminated photometry, there is no evidence for the nearby, persistent WISE source being a BO S m a n Davi e S & Ba ﬁ a d O S 2 O 2 3
high-redshift object; in fact, a detection of the source in DESI Legacy Imaging Surveys z-band rules ’

out a redshift z>7.3. We present our findings as a cautionary tale of the dangers of passing

asteroids for photometric selections.

Eduardo Banados



Quasars at the reionization frontier

2023 census
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What does it take to make a Pisco Sour?

Credits: M. Novak

Eduardo Banados

Flux

1.0

Observed wavelength (um)

1.2 1.4 1 .|6 1 .]8 20 2.12 24
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What does it take to make a Pisco Sour?

High-z quasars
in the JWST era

The most distant quasars
N Where we are and where we are going

- Carnegie'Opservatories = Pas.adena, February 15-17, 2017
» F ] . -

Eduardo Baiados
Carnegie-Princeton Fellow

Feb 15, 2017

Eduardo Banados



What does it take to make a Pisco Sour?

In 2016 ... testing Magellan telescope capabilities

How to push to z>8? FIRE

ULASJ1120+0641 at z=7.1 in 4 minutes
Jag=20.3

e , % HEe eyl
15000 18000 22000

waa b 3"“.
11000 13000
Wavelength (4)

8000 8500 9000 9500 10000




What does it take to make a Pisco Sour?

How

to push to z>8? FIRE

Semester: 2017a
Investigator: Eduardo Banados
Department: CIW
Email: ebanados@carnegiescience.edu
Telephone: 626 3040 236
Project No. 1: The Carnegie search for the first QSOs: pushing the redshift barrier
Priority: 1
Co-Investigators: Bram Venemans (MPIA), Fabian Walter (MPIA), Chiara Mazzucchelli
(MPIA)
Observing Runs:
No. Blocks Nights | Max Telescope | Instr.One | Instr. Two | Service Observers
Moon
1 2017_DO02 2 |8 Baade FIRE FourStar| No Eduardo Banados
(2017 D02-2017 D03)
2 2017_DO04 2 |8 Baade FIRE FourStar| No Eduardo Banados
(2017 _D04-2017 _DO05)

The PI has discussed these projects with the following TAC members:
Dr. John Mulchaey and Dr. Gwen Rudie.

Eduardo Banados

Who wants to observe with me?

(observations in ~1 month)



What does it take to make a Pisco Sour?

~5 am of the last night ... a new redshift-record was born ...
Redshift

5658 60 62 64 66 68 70727476

A

8000 8500 9000 9500 10000 11000

Eduardo Banados



What does it take to make a Pisco Sour?

To: Fabian Walter, Venemans Bram, Roberto Decarli, Chiara Mazzucchelli, Xiaohui Fan, Feige Wang, and 2 more...

Eduardo Banados & March 10, 2017 at 3:22 AM e
piSCO Sour quasar

Dear all,

We are concluding the last night at Magellan. We observed more than 100 objects and we are happy to tell you that we have a winner! See
attached the 'pisco sour' z>7.2 quasar.

Now is pisco sour time.
Cheers,

Eduardo & Dan

5658 60 62 64 66 68 70727476

ll } ll\ :
| 4}1}! fil

1 i l
|
: 'w‘ QA‘ BRI . |
kLS B
iy ¢! EER T ST i R T Bl I e s TR Aty
8000 8500 9000 9500 10000 11000 13000 15000 18000 22000
Wavelength (A)

Slide from
Xiaohui Fan



Pisco sour time

Eduardo Banados



Wikipedia page in <1 hour

ULAS J1342+0928

From Wikipedia, the free encyclopedia

ULAS J1342+0928 is the most distant known quasar detected and contains the most distant supermassive black
hole,[1I5I6II7] at a reported redshift of z = 7.54, surpassing the redshift of 7 for the previously known most distant quasar
ULAS J1120+0641.1'] The ULAS J1342+0928 quasar is 13.1 billion light-years away from Earth[®!8l in the Bootes
constellation.[®! The related supermassive black hole is reported to be "800 million times the mass of the sun".!!

Eduardo Banados



| never said this

Dawn of time? Oldest
monster black hole ever

found could ‘prove Big Bang
NEVER happened’

A SUPERMASSIVE black hole has left scientists questioning beginning of life.

OEMOT=R 0O 22 @)

By Jamie Micklethwaite ;/ Published 7th December 2017

Eduardo Banados

Big Bang theory wrong: Black
hole found that's so big and old it
makes Big Bang IMPOSSIBLE

ASTRONOMERS have spotted a black hole that is almost as old as the universe itself,
putting a huge question mark over the Big Bang theory.

By SEAN MARTIN

SHARE| f I TWEET | |G-Ji=d < F*



>500 Reionization-era quasars

Lya redshift

) 5.4 5.8 6.2 6.6 7 7.4 7.8
~300 at z>6
Eyicor-
GP 8 at z>7
Trough _g® .
OI-+Sill 3 at Z>7.5

Database with
properties published
with the review

Lya
Susiseion - Coordinates, redshifts, UV
magnitudes, Black Hole
Masses, references ...

7500 | 8500 | 9500 | 10500
Observed wavelength (A) Fig. 3
Fan, Banados, Simcoe 2023

Eduardo Banados



Outline

* Discovery and demographics

SMBH = ~pc scales

* Galaxy / Close envs. =2 ~kpc scales

* Environments /IGM = ~Mpc scales

Eduardo Banados



Quasars look the same across cosmic time

ST T L B e
: ——  Yang+2021 ] .
i Vo Bt 2001 20} : Composite spectra at
r ——  Shen+2019 [ ]
5| o 15} z~2,276, and z76.6
<
R o
1j
0 -
PR PR [ S TR SN TN NN TR ST TR S N ST SN T S NN TR T S S [ S S S T S T S S T W S S S_"
1000 1250 1500 1750 2000 2250 2500 2750 3000
Rest Frame Wavelength
20
0 Yang+2021 Mazzucchelli+2017 ¢  Maiolino+2003 ¢ Onoue+2020
Schindler+2020 4  DeRosa+2011 A Shin+2019 Iwamuro+2002 . . .
No evolution of the Broad Line Region

|

metal enrichment up to z~7.5
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I

l
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0-0 1 2 3 4 5 6 7 Flg >
Redshift Fan, Banados, Simcoe 2023
*See also Schindler+2020 (incl. EB), Onoue, Bafiados+2020 Adapted from Yang+2021

Eduardo Banados



The growth of supermassive black holes

All Mgll-based black hole mass
measurements at z>5.9

48 ® Guasars
. Eddington ratios 0.08 — 2.70
oo 47 Mean: 0.92
) .
— Median: 0.79
.qu 46'_
045 <A
_ SR A
s S
7 8 9 10 Fig. 6

log Mgy (M@) Fan, Bafados, Simcoe 2023




What were the “seeds” of supermassive black holes?

Redshift
30 20 15 10 9 8 7 § 0
z > 5.9 quasars e

2107 5
= *F®e o M87
— e
% 107 _
=
<
=107 -
24
Q
o
anl 103 -

0.2 0.4 0.6 0.8 .. 137

Age of Universe (Gyr)
Fig 7.

Fan, Banados, Simcoe 2023




Mass growth of a black hole

HOMEWORK:
Derive the following equation:

t
MBH(t) - MBH,seed X €Xp [(1 - ef‘)A‘Edd a] ’ 7.

where ¢, is the radiative efficiency, which is the efficiency of converting mass to energy, and the
Salpeter time is defined as
€,0TC

Fsal = 4r Gony,

Assuming Aggq = 1 and €, = 0.1, Equation 7 is equal to

~ €, 450 Myr. 8.

t
MBH(t) — MBH,seed X €Xp [ ] . 9.

50 Myr




What were the “seeds” of supermassive black holes?

Redshift
30 20 15 10 9 8 7 6 0
2z > 5.9 quasars
S0
= *F®e o M87
— ?
% 107 _
=
% Direct Collapse | =
5 _ Black Hol
j 10 ac ole Seed
Q L .
g formation
3
10 models
0.2 0.4 0.6 0.8 .. 13.7
Age of Universe (Gyr)
Fig 7.

Fan, Banados, Simcoe 2023




Outline

* Discovery and demographics

30 20 15

SMBH > ~pc scales

* Galaxy / Close envs. =2 ~kpc scales

* Environments /IGM = ~Mpc scales

Eduardo Banados



Quasar as a phase of a galaxy

Quasar Host Galaxies HST « WEPC2

PRC96-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA

Eduardo Banados



Quasar as a phase of a galaxy

Local black hole — bulge mass relation

Quasar Host Galaxies HST « WFPC2

PRC96-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA

Black hole mass (M)

Bulge mass (M)

Haring & Rix 2004
Kormendy & Ho 2013

Eduardo Banados



What came first, black holes or galaxies?

Observational test: In which galaxies do black holes live?

| | | II : | | |
log10 Mgy/Mg > 6
2 Illustris .
= e
S H-AGN
R 5 b S T TRTE & B
Simulations diverge S * * + f . HOLES
at high redshift 5 h | J GROW FIRST
= OM :
" * * $ * | GALAXIES
S L | | GROW FIRST
| ] ] ] | ] ]
0 1 2 3 4 5 6
Redshift

Habouzit, Onoue, Banados+2022




Where is the stellar light in z>6 quasars?

Extremely hard in the UV/Optical even with HST

O

@

Mechtley+ 2012

Quasar PSF model Quasar - PSF

See also Decarli+2012

Eduardo Banados



Quasar host galaxies

The host galaxies dominate at rest-frame FIR
* Dust continuum

* |nterstellar medium (ISM) lines: [CII], [Olll], CO, ...

Leipski+2014

host
galaxy
dust &
NV RIES

10
rest wavelength (um)




First [CIl] on a z>6 quasar. - 2005

A&A 440, L51-L54 (2005) Astrono my
DOI: 10.1051/0004-6361:200500165 .
®© ESO 2005 Astrophy8|cs | 64 measmn 642 | 644
15 [c11] | | ‘:
:Ei 1or / 1
First detection of [CII]158 um at high redshift: S ﬁw/u ik
vigorous star formation in the early universe SF S
L i _ . —1000 —500 0 500
R. Maiolino!, P. Cox2, P. Casellil, A. Beelen?, F. Bertoldi*, C. L. Carilli*, M. J. Kaufman®, . .
K. M. Menten?, T. Nagaol’, A. Omont®, A. WeiB%>, C. M. Walmsley', and F. Walter'° Velocity Offset (km s )
I INAF - Osservatorio Astrofisico di Arcetri, L.go E. Fermi 5, 50125 Firenze, Italy
-mail: maiolino@ i. .it .
Tl edeTimoTareeti astre - 12.4 hours with IRAM/30m telescope

What was the highest redshift [Cll] detection before?

Eduardo Banados



Second [CIl] on a z>6 quasar - 2012

THE ASTROPHYSICAL JOURNAL LETTERS, 751:L25 (5pp), 2012 June 1 doi:10.1088/2041-8205/751/2/L.25
© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

DETECTION OF ATOMIC CARBON [C1] 158 um AND DUST EMISSION
FROM A z = 7.1 QUASAR HOST GALAXY

B. P. VENEMANs! 2, R. G. McMaHON>*, F. WALTER!, R. DECARLI!, P. Cox?, R. NErI’, P. HEWETT?,

D. J. MortLOCK® 7, C. StMPsoN®, AND S. J. WARREN®
! Max-Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany; venemans@mpia.de
2 European Southern Observatory, Karl-Schwarzschild Strasse 2, 85748 Garching bei Miinchen, Germany

[C ] redshift
7.06 7.08 7.10 7.12

A L1 | MUPHH] T
°;3“|JU ,Ml ’Mr [T

Flux [mdy beam']
n

Residuals

i

-1500 -1000 -500 0 500 1000 1500
Velocity [km s ]

6.3 hours with IRAM/PdBI




PJ007+04

Quasar host galaxies

PJ009-10

. d1048-0100 ;

8 L
e

-
E‘ »
A -
: & N @

PJ065-26 PJ065-19

J1306+03
PR

ALMA/NOEMA make it look , easy”

Before 2013: Only two [ClI] detections at z>6
(Maiolino+2005, Venemans+2012;
See review by Carilli & Walter 2013)

Now: More than 90 [CII] detections at z>6

(see e.g., Andika+2019; Bafiados 2015, 2019, 2024, Decarli+ 2018-2022,
Eilers+2020, Venemas+2020, Yang+2021, Khusanova+2022,
lzumi+ 2018-2021, Pensabene+ 2021)




Quasar host galaxies — a diverse population

Flux Density Mean velocity
(km s™)
E e B Morphology
-30 0 30 60 90 -100 0 100

Dispersion Dominated

* 1/3 dispersion dominated
* 1/3 rotating disk
» 1/3 disturbed, merger/companion

General properties

e [CIlI] Sizes: 1 -5 kpc (average ~2kpc)

P007+04

P036+03

* Mpysr =0.5—5x10% Mgy Fig. 9
Fan, Banados, Simcoe 2023
Adapted from Neeleman+2021

P167-13




Galaxy/Black Hole co-evolution

/. Disturbed morphology
O Undisturbed morphology

10}

Current measurements
~10 times above local
M-sigma relation

log SMBH mass [M]
(0] (o]

~

Local galaxies

9 10 11 12

log galaxy mass [Ms] Fig. 10
Fan, Banados, Simcoe 2023
Adapted from Neeleman+2021



Pushing ALMA resolution to the limits

Continuum flux density (u)y beam™1)

Zz=6.6 Quasar host

400 pc resolution

Integrated [CII] flux (Jy km s~ beam™?)

0.20

0.08

(%)
o
=
> 200
21 ﬂ 100 ﬂ
. 150
04 L .
0 - 100
2 =50 T A 50
C i -100/[2] D
_l2 é -2 (I) 2 °
X (kpc)
Venemans+19

Eduardo Banados

A Dec [arcsec]

A Dec [arcsec]

o
>

o
[N)

o
=)

|
©
[N}

|
©
>

140 pc resolution

o |
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see also Walter+22, Meyer+23
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Outline

Discovery and demographics

SMBH = ~pc scales

Galaxy / Close envs. =2 ~kpc scales

Environments /IGM = ~“Mpc scales

10" 4

mass (M.

Black hole

,_.
S
=

=
=}
T

Redshift
30 20 15 10 9 8 7
z > 5.9 quasars e
Direct Collapse
Black Hole
0.2 0.4 0.6 0.8

Age of Universe (Gyr) 5
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Overdensities around high-z quasars?

2=6.2 z=0

Costa+ 2014 Illustris simulation

Observations (before JWST) are still inconclusive ...



Overdensities around high-z quasars?

*same* field

*same* field

Overdensity

Zheng+ 2006
Bosman+ 2019
Overzier+2022

Utsumi+ 2010

Stiavelli+ 2005
Kim+ 2009
Morselli+ 2014
Balmaverde+ 2017
Decarli+ 2019
Mignoli+ 2020

No overdensity

Willott+ 2005

Kim+ 2009

Banados+ 2013

Husband+ 2013

Simpson+ 2013

Mazzucchelli, Banados+ 2017
Goto+ 2017

Ota+ 2017




Before JWST: Two confirmed Mpc overdensities

Eduardo Banados

J0836+0054 at z=5.8

HST/ACS F775W,F850LP

1 pMpc

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

o
5 :
@
o kg
g e g ey
% . s ' .9
® s
2 PON - @20654
e N ; s N 8
\ 2 - v
o o ®- .
" 18262
e .

Fig. 11

Fan, Banados, Simcoe 2023
Adapted from Overzier+2022
and Mignoli+2020



A recent interesting result

Search for LAE over 3 deg?

-30°00' [ centred on a z=6.9 quasar

30'F

<5 Mpc - Nothing
>10 Mpc — Overdensity!

DEC

-31°00'

Argue previous experiments had

FOV too small
30'

Lambert+24 (incl EB)



Outline

Discovery and demographics

SMBH = ~pc scales

Galaxy / Close envs. =2 ~kpc scales

Environments /IGM = ~Mpc scales

10" 4

mass (M.

Black hole
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=
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Redshift
30 20 15 10 9 8 7
z > 5.9 quasars e
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Black Hole
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Mapping reionization with quasars

1.0
Ly Forest :
i yaF OTZZOZeff Lya + 3 Dark Pixels

= +

= o8t an ®  McGreer+2015

S ¥ Yangt+2020a .

= ® Jint2022
8 ¥ Bosman+2021

506

= Quasar Damping Wings

g 04l Greig+2017 ¢ Wang+2020
o ¢  Bafiados+2018 ¢ Yang+2020b
§ ool ®  Davies+2018 ®  Greig+2022
s ' & Greigt+2019

=

£ 107 Reionization History
> 031 Dark Gaps 0 Planck 2018 (FlexKnot Model)
= 4 ° Lya+ 3 [ | Robertson et al., 2015
O 10 g . .I. (Zhu+2022) Finkelstein et al., 2019

o — : - - 70 Naidu et al., 2020
5.0 55 6.0 6.5 7.0 75

Redshift z

 Ends at z™~5.3
* Rapid transition at z>6

* Largely neutral at z~7.5

Fig. 16
Fan, Banados, Simcoe 2023
Adapted from Jin+2022




Quasar damping wings ...

THE ASTROPHYSICAL JOURNAL, 501:15-22, 1998 July 1
© 1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.

REIONIZATION OF THE INTERGALACTIC MEDIUM AND THE DAMPING WING OF THE
GUNN-PETERSON TROUGH

JorDI MIRALDA-EscUDE!

University of Pennsylvania, Department of Physics and Astronomy, David Rittenhouse Laboratory, 209 South 33d Street,
Philadelphia, PA 19104;jordi@llull.physics.upenn.edu
Received 1997 August 27 ; accepted 1998 February 6

ABSTRACT

Observations of high-redshift quasars show that the intergalactic medium (IGM) must have been
reionized at some redshift z > 5. If a source of radiation could be observed at the rest-frame Lyax wave-
length, at a sufficiently high redshift where some of the IGM in the line of sight was not yet reionized,
the Gunn-Peterson trough should be present. Longward of the Lya wavelength, a damping wing should
be observed, caused by the neutral IGM whose absorption profile can be predicted. Measuring the shape
of this damping wing would provide irrefutable evidence of the observation of the IGM before reioniza-
tion and a determination of the density of the neutral IGM. This measurement might be hindered by the
possible presence of a dense absorption svstem associated with the source.

Eduardo Banados



Quasar damping wings ...

Sensitive to neutral IGM: f,,>0.1

Example with a QSO at z=7.5

Observed wavelength (A)

9500 10000 10500 11000
2QS0 — 7.5

ﬁé
=}
>
=
E
g
=

1118 1176 1235 1204

Rest — frame wavelength (A)

Miralda-Escude 1998



Quasar damping wings ...

Sensitive to neutral IGM: f,,>0.1

IGM
o Observed wavelength (A)
ionized 10250 10300 10350 10400 10450

ZQS0 = 7.5

[r(arbitrary units)

1206 1212 1218 1224 1229
Rest — frame wavelength (A)

Miralda-Escude 1998




Quasar damping wings ...

Sensitive to neutral IGM: f,,>0.1

IGM
- Observed wavelength (A)
10% Neutral 10250 10300 10350 10400 10450

IGM

50% Neutral

fr(arbitrary units)

IGM

c’
100% Neutral

IGM

1206 1212 1218 1224 1229
. Rest — frame wavelength (A
+ DLA Miralda-Escude 1998




Did | find an IGM damping wing at z=6.47?7?

z=6.4 (15% of cosmic time)

Observed Wavelen%th (A)
308900. o .9090. o ‘9190. o 290. B .9390. |
251
%]
15
10]
™
0 'M"h'l "'h,lh“u,lMNJ ,,,,,,,,,,,,,,,,,,,,,

1200 1210 1220 1230 1240 1250

Rest — frame wavelength (A)
Bafiados+ 2019b

Eduardo Banados



Proximate DLA at z=6.4

z=6.4 (15% of cosmic time)
Observed Wavelen%th (A)

8900 9000 9100 200 9300

P
251
20 =
15-
IGM S
lonized 10'}
+ DLA 5]
04 ﬁ"ll aowessey o
1200 1210 1220 1230 1240 1250
Rest — frame wavelength (A)
Bafiados+ 2019b

*PDLAs are rare: <1% of quasars at z=3

Eduardo Banados



Proximate DLA at z=6.4

Banados+ 2019b

Eduardo Banados

No indications of Pop Il yields yet (cosmic age: 850 Myr)

Normalized Flux

—300 —200 —100

0.5}
0.0}
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100 200 300 -300 —200 —100 O

O 1335 gy

1260

Relative velocity (km/s)

—-300 =200 —100 O 100 200 300 —-300 —200 —100 O
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100200300
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1110
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L L ] 0.0
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See also

D’Odorico+18 for a similar result on
a z=6.0 quasar

Sodini+24 for “a sample”



IGM damping wings at z>7

Eduardo Banados <ebanados@c.. & Tue, Mar 14,2017, :153AM Y%y (&) €
to Fabian, Xiaohui, Venemans «

This is the combined spectrum from both nights, and probably our final FIRE spectrum for the
paper. It shows a clear damping wing and | can't identify metals at a similar redshift.




IGM damping wings at z>7

Eduardo Banados

fa

Observed wavelength (pm)

1.02 1.04 1.06
i I I I 1 1 1 I 1 1
12 7 1 Banados+ 2018a
_ e | —
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- I
6 | |
- |
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Rest - frame wavelength (A)
See also

IGM

50% Neutral N

Greig, Mesinger & Bafiados 2019
Davies, Hennawi, Banados+ 2019
Durovéikova+2020, Reiman+2020



We need more quasars at z>7

All z>7 quasars show IGM damping wing signatures™

1.0
Lya Forest 7 Lya + 3 Dark Pixels

= ¥ Fant+2006

g 08f ®  McGreer+2015

o B Yang20200 g L
ks; ©  Bosman+2021

g 06 _ _

= Quasar Damping Wings

g 04l Greig+2017 ¢ Wang+2020
oy ¢  Bafiados+2018 ¢ Yang+2020b
§ oal ®  Davies+2018 ®  Greig+2022
s ' & Greig+2019

=

= 102 Reionization History
Z 100 Dark Gaps ~ mn Planck 2018 (FlexKnot Model)
= Y ° Lya+ 03 [ | Robertson et al., 2015
(,2 107 g .I. (Zhu+2022) Finkelstein et al., 2019

L
10° L ' - - "1 Naidu et al., 2020
5.0 55 6.0 6.5 7.0 7.5

Redshift z

Fig. 16
Fan, Banados, Simcoe 2023

*All that have a good S/N spectrum and are not Broad Absorption line quasars Adapted from Jin+2022



Future is bright

* Discovery and demographics

* SMBH = ~pc scales

* Galaxy / Close envs. =2 ~kpc scales

* Environments /IGM = ~Mpc scales

Eduardo Banados
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