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One of the James Webb Space Telescope’s first pictures of the distant universe
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OUTLINE OF THE TALK

«  Why do we study the high-z Universe?
State-of-the-art before JWST
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Open question time
When did the first galaxies form? >
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UNKNOWN IN THE EARLIEST EPOCHS

Star Formation Rate Density
(Msun/yr/Mpc?)
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Fundamental for reionization, BH seeds, first stars, chemical evolution, etc
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Most distant spectroscopically
confirmed galaxy
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WHY AN IR TELESCOPE?

ga'ax_y Spggtrum Simulation goes back in time from 1.8 Gyr to 360 Myr
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WHY AN IR TELESCOPE?
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WHY AN IR TELESCOPE?

Estimate of physical
properties (e.g. stellar
mass) at high z

Low-mass galaxy

flux AF, (arbitrary scale)
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OUTLINE OF THE TALK

« Overview of JWST:
the ideal telescope for observing the earliest galaxies
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O e 0.85 meters

° Hubble | _
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6.6 meters |

~6x and ~40x more

collecting power than
HST and Spitzer




The Two Sides of the Webb Telescope

Hot side Cold side
185° Fahrenheit -388° Fahrenheit
(85° Celsius) (-233° Celsius)

- . .
Solar panel — Science instruments:

S annici Detectors & filters
ons_

antenna —

Mirrors
Computer

Steering:
Reaction wheels & jets
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HUGE LEAP IN SENSITIVITY
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THE IDEAL INSTRUMENT FOR DISTANT GALAXIES

detect distant galaxies (z>12)
measure physical properties (z>7)

Bouwens+23a
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OUTLINE OF THE TALK

« JWST major results




EART!
Taunch 42

e Separates

Id Deploys
000 km

Distance: ~ 677,000 ki
~ 8 days

Next 6 months:

journey, deployment
and commissioning

14 July 2022:
the first data were

made public




including data from the GLASS

program (US/IT collaboration,
Pl Tommaso Treu)

- -
Adriano Fontana, Diego Paris, Marco
Castellano, Emiliano Merlin, Paola Santini
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ERS GLASS JWST (PI T. Treu) NIRCam 1st epoch
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HIGH-Z GALAXIES IN GLASS-JWST

Abell 2744 GLASS
JWST/NIRCam
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NASA Press Release, 17 Nov 2022 Castellano, Fontana, Treu, PS+22




ST Incomplete collection

A ,‘-" (3 months after data release)




THE HIGH REDSHIFT FRONTIER (AFTER ~3 MONTHS)

but severe
discrepancies
among different
works (~10-20%
overlap)!
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#1: TOO MANY EARLY/BRIGHT GALAXIES
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see also Castellano+23, Mauerhofer+23, Harikane+23, Bouwens+23a,b, Adams+23, Donnan+23, MclLeod+23,
Chemerynska+23 subm., ...



#1: TOO MANY EARLY/BRIGHT GALAXIES
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VERY RAPID GALAXY FORMATION ?

Weak evolution from z~16 to z~10
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Are all these candidates truly
high-z?
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EXCELLENT SPECTRA AT THE HIGH REDSHIFT FRONTIER
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EXCELLENT SPECTRA AT THE HIGH

REDSHIFT FRONTIER

Curtis-Lake+23

see also Robertson+23
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EXCELLEN#ZPEARRA QHEMNIE AL G REDEMENT FRONTIER
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BAD NEWS...

The best z~16
candidate so far...
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. AND GOOD NEWS!

< >

Spectroscopic z:

* This work O Tang+23 ]
©Q  Arrabal Haro + 23 { Kocevski + 23
A  Fujimoto + 23

%
’ Photometric z: ]
Bouwens + 22

Donnan + 23
Endsley + 22
Finkelstein + 23*
Harikane + 23
Labbé + 23 i
Whitler + 23

Pérez — Gonzalez + 22

Q0000000

8 10 12 14 16
ZSPGC Arrabal Haro, ... PS+23b
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#1: TOO MANY EARLY/BRIGHT GALAXIES 7?7

Seems to be confirmed by spectroscopy
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JWST: IMPROVEMENT IN THE STELLAR MASS ESTIMATES

PS+23

Stellar mass accuracies improved by ~10x (at least)

JWST

82 HST +
*" Spitzer

HFF A2744 par
GOODS-S 43b

» COSMOS _
Y GLASS color sel.

@ GLASS 7, sel. 4
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o 10

Redshift

11 12

and better control of systematics

see also Papovich, ... PS+23
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#3: A VARIETY OF PHYSICAL CONDITIONS AT HIGH-Z
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PS+23

Wide range in Mass / Luminosity:

* heterogeneous high-z galaxy
population (not reproduced by
models)

Wide diversity also found in the
ISM conditions

(Schaerer+22, Sanders+23,
Cameron+23, Curti+23, Tang+23,
D'Eugenio+23, Nakajima+23, ...)



#3: A VARIETY OF PHYSICAL CONDITIONS AT HIGH-Z

PS+ (in prep.)
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confirmed with a much more —20
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Redshift

log M/L / (Mg erg~! s Hz)

Wide range in Mass / Luminosity:

* heterogeneous high-z galaxy
population (not reproduced by

models)

* high M/L = evolved stellar
populations (galaxy formation
faster than thought?)



#3: A VARIETY OF PHYSICAL CONDITIONS AT HIGH-Z

Merlin, PS+in prep.

PS+ (in prep.)
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Redshift ...including
passive galaxies at

very early epochs!



#4: PASSIVE GALAXIES IN THE FIRST GYR
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see also Valentino+23, Strait+23,
Carnall+23a, Nanayakkara+24
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#4: PASSIVE GALAXIES IN THE FIRST GYR

Passive galaxy at z~4.7 (1.25 Gyr after the Big Bang), quenched ~600-800 Myr after the Big Bang
by AGN feedback
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#5: A LOT OF AGN, WITH RAPIDLY GROWING SMBH

local

relations Maiolino+23b (subm.)

o0

8 9 10 11 12
Iog Mstar [M © ]
First discovery of low-luminosity AGN at high-z

Black holes grow faster than their host galaxies at high-z

> @ + & o m» ©

High redshift

JADES Maiolino+23,4<z<11
Harikane+23,4<z<7
Kocevski+23,z~5

Ubler+23, z=5.5
Ding+22,z~6.4
Bogdan/Goulding+23, z= 10.1
lzumi+19, z~ 6.5

see also Kocevski+23,
Harikane+24, Ubler+23,
Pacucci+23, Matthee+24,
Scholtz+23 subm.,
Labbé+23b subm., ...
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#5: A LOT OF AGN, WITH RAPIDLY GROWING SMBH
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#6: VERY MASSIVE GALAXIES IN THE FIRST GYR
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GALAXY MORPHOLOGY & STRUCTURE

Hubble's Galaxy Classification Scheme

Sb

Sc
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GALAXY MORPHOLOGY & STRUCTURE AT HIGH-Z

z=3-4 z2=4

72~T (typiv~7350Myr) 72~8 (tyniv~630Myr
... T U y ! ]
morphologies
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#7: A LOT OF DISKS
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THE FIRST STARS (PoP III)

Formed from pristine gas = less opacity, less cooling, less fragmentation =

much bigger 100-1000 M,

Signature: hard radiation field (= Hell line) + negligible metallicity
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Nakajima & Maiolino 22



EVIDENCE OF FIRST STARS (PoP 111)?

Tantalizing detection of mixed Poplll+Popll emitter at z~8
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OUTLINE OF THE TALK

* Interpretations, challenges, open questions and future
perspectives



TWO KEY TENSIONS

age of the Universe [Myr]  Finkelstein+23
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EXCESS OF EARLY BRIGHT GALAXIES

(Inayoshi+22, Harikane+23, Qin+23, Dekel+23, Mason+23,
Renzini+23, Finkelstein+23, Yung+23, ...)

(Ferrara+23a,b, Ziparo+23, Fiore+23, Cullen+23, Topping+23, ...)

, possibly —related (Haslbauer+22, Harikane+23a, Yajima+23,
Finkelstein+23, Yung+23, Cameron+23b, Trinca+24, ...)

to UV radiation (e.g., Kocevski+23, Maiolino+23subm., Labbé+23,
D'Silva+23., ...)

(Mason+23, Mirocha&Furlanetto+23, Shen+23, Strait+23, Looser+23subm.,
Looser+24 ...) in SF histories, dust attenuation variations, halo assembly; but see

Pallottini&Ferrara23

(Padmanabhan&Loeb23, Melia23,...)

.... or more likely a combination of these



TWO KEY TENSIONS

Stellar masses are too large
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Stellar mass [log Mx/M ]
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NEED “NEW PHYSICS”?

Labbé+23
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Adapted from
Menci, Castellano, PS+22

see also Boylan-Kolchin23,
Lovell+23 for similar analyses

see also Lin+23, Gong+23,
Parashari&lLaha23

Inconsistency (1.50) with ACDM: measured galaxy masses are too large compared to the total

mass budget of baryons within sufficiently massive DM halos



OBSERVATIONAL CAVEATS !

Templates are calibrated in the local Universe (e.g. IMF)

Impact of strong nebular emission (extremely young

stellar populations, Poplll stars, AGN)

Unidentified AGN contribution
see also Labbé+23b (subm.)

Endsley+23 = »|

see also Arrabal Haro+23a

Steinhardt+22 %

(see also Haslbauer+22) &
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FUTURE

SPECTROSCOPY



Surface Density at > z (arcmin)

TAKE-HOME MESSAGES

« JWST operates better than expected

* Only tentative evidence for the first stars (and
galaxies) so far, but a lot of unexpected results

In the first Gyr:

too many early/bright galaxies,

confidence level for exclusion
0.90 0.92 0.95 0.99 1.00

rapidly chemically enriched,

coming in a variety of physical conditions,

including passive galaxies already in place,
a lot of AGN, with rapidly growing SMBH,
galaxies that have already assembled a lot of mass,

T re and a lot of disks

Redshift
= VERY RAPID GALAXY FORMATION AT HIGH Z?
 Potentially impacting our understanding of

galaxy formation

* > keep collecting spectroscopy



“The history of
astronomy is a history
of receding horizons.”

Edwin Hubble
The Realm of the Nebulae, 1936




Surface Density at > z (arcmin)

TAKE-HOME MESSAGES

« JWST operates better than expected

* Only tentative evidence for the first stars (and
galaxies) so far, but a lot of unexpected results

In the first Gyr:

too many early/bright galaxies,

confidence level for exclusion
0.90 0.92 0.95 0.99 1.00

rapidly chemically enriched,

coming in a variety of physical conditions,

including passive galaxies already in place,
a lot of AGN, with rapidly growing SMBH,
galaxies that have already assembled a lot of mass,

T re and a lot of disks

Redshift
= VERY RAPID GALAXY FORMATION AT HIGH Z?
 Potentially impacting our understanding of

galaxy formation

THANK YOU FOR YOUR
ATTENTION

* > keep collecting spectroscopy






