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Mechanism

Gas removal
(ejective)

SF efficiency
suppression

Starvation

Environment

Ram-pressure
stripping

LN
‘Strangulation’

Starburst Black hole
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SB winds AGN winds

Jet/wind halo
heating

Wind halo heating

Highly non linear,
local, microscopic

processes

‘Morphological’
(gravitational stability)

Gravitational R. MalO“nO

shock heating
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Kocevski+2015

Galaxy luminosity

Silk+2012




Need numerical models:
SAMs or fully hydro simulations

lookback time (Gyr)
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Need numerical models:
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Figure 14. Schematic diagram of galaxy evolution across the colour-mass plane. The distribution of all z =0 galaxies is shown by the grey contours. while
the dotted lines indicate the bulk evolution of the red and blue populations to z == (.5, both moving downward in (g — r). Eleven coloured lines show the
characteristic evolutionary pathways of individual. central galaxies, from at most =2 to the present day. Although drawn from actual tracks in TNG100-1.
we intend them as y ions of the various trajectories of central galaxies towards = =0 and in particular the ways they can ascend to the red
population (see the text).
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~ systems can recent SF take place, whereas in high-mass EGs the 4
w: A0y initial period of intense activity is followed by quiescence during -
= most of the Hubble time. g
b This is indeed the opposite of what is expected to be observed in 4
g high-mass systems if they are the result of subsequent mergers with '
A 1 likely companion SF randomly occurring all over the Hubble time. "
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|dentifying high-z passive galaxies
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Galaxies come in two flavours... at all epochs
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Selection based on SED fitting, assuming
top-hat SFH (best hypothesis for short
timescales) + probability of SF solutions
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Red and dead CANDELS: massive passive galaxies at the dawn of the

Universe
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Looking for quiescent sources at such early epochs is extremely challenging

sSFR

external

- very short timescales

- might be only temporarily quenched,
although the more massive, the
more likely to be red & dead

Starbursts

internal add. triggers
“If logio(M+/M)~11 galaxies already exist by

6<z<10, these must equally rapidly quench, and
remain quenched, to avoid becoming too massive to
be accommodated by the lower-redshift galaxy
stellar mass function (e.g. McLeod et al. 2021).

This suggests massive quiescent galaxies at least as u cosmological
early as z~6” (Carnall+2023) short-term starvation
suppression
>
1 Gyr cosmic time 4 Gyr
R. Feldmann
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complementary information.

3
-

10

030
PRIMER 780 Zgpw =518
T o2 Po son = 0.09
<
w020
'
€ -
v 015 1 =
-4 3
¥
2 010 ™~ l
° * Ty
1 0 ™
¢
000
os 10 20 40 a0 2 4 3
Asas lum) z
016
Stephan's Guintet 1002 Ty = 469
=014 I Po sow =032
<oz
« 010
E + 5
St \ | 2
% 000 | AW +
X
2004
<002
000
05 10 0 40 80 2 4 L]
Asas tum) z
25
CEERS 10084 Zoner = 4,63
= Posen=0.14
‘70
18 5‘ J |
- ) W i
$10 % .
+ " 9
° \
Zos
0.
os 10 20 40 L1 2 4 L]
Asas Ljam) z
06
PRIMER 303 T = 456
705 Po.son = 0.12
<
04
o3 *l g
‘gnl ..
$ ' ) ™
2 \ 1) .,
S0 %
o
a5 10 70 a0 5o 7 & &
Asas Liam) z
o0
PRIMER 185 Zos = 451
05 Pa.sen = 0.0
: H
w04 ™
£ LN 3
03 »
-4 " 3
B
02 -
2 iy’
S0l " “3
o
05 10 70 a0 50 7 4 &
A lpam) 2

Figure 6. Robust z > 4.5 quiescent candidates. Left column: SEDs. Black

Field

CEERS
Stephan’s Quintet
PRIMER
NEP

J1235
GLASS
Sunrise
SMACS 0723
SGAS 1723
SPT 0418
SPT 2147¢

A robust sample of
~80 candidate
quiescent and
quenching galaxies
at3 <z <5, color
selected

Valentino+2023




e HST
o JWST

z = 4.507

logia( M, /Mz) = 1013704

0,13
011

P(2)

4.2 4.4
logra{Aons / A)

5.0 —14 —12 —10 —8

logp(sSFR/yr™1)

101962

logip( M. /M) = 10,6315
2= 4.391211 ®
3 4 5 6

P(sSFR)

4.2 44
logio(Aabs / A)

4.6

4.8

5.0 —14-12 —10 -8

logo(sSFR/y il )

logip(M, /M) = 11.06

2 =4.197

+O.0T

005 4

0.12
0.12

P{sSFR)

[E

3.6 3.8 1.0 1.2 1.4
logio(Aobs / A)

5.0 —14 —12 —10 —8

logio(sSFR/yr~!)

80,

Redshift
5 G

10

3K

SO0

1 8 12 30
1
VAT
1
)
P
V4 :\
1101962
i
g
AN\
1 2
1
| 42128
1
1
1
! P
il
)
: 8888
1
1
1
A
LEENG
1
! 92564
1
H
"l
/N
1
! 97581
1
H
|
LN
[
! 52175
i
i
PN
1
! 75768
1
1
1
~~J
il
i 36262
|
|
|
~_
> il
T
! 20497
|
1
|
1
i
2.0 1.5 1.0 0.5 0.0

Age of Universe / Gyr

2.0 T T T r T
MecLeod et al. (2021) all galaxies ==
McLeod et al. (2021) quiescent == 4

Schreiber et al. (2018) quiescent @

-3.0 Carnall et al. (2020) quiescent W
Merlin et al. (2019) quiescent A
(=]

This work quiescent

=3

ber density / Mpce™

Nu
|
C

logio(M. /M) > 10.5

6.0 1 2 3 4 5
Redshift

Figure 4. Number density estimates for high-redshift massive quiescent
galaxies. Our estimate at 3 < z < 5 derived from the JWST CEERS data
are 3-5 times higher than pre-/WST estimates, and, at z = 3, approach the
result of McLeod et al. (2021) for the total galaxy population. Stellar masses
derived by other authors have been converted to a Kroupa (2001) IMF where
necessary.
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EGS: 15 sources
SED-fitting selection
3<z<5, M*>1.5e10Mo

12 galaxies matched

4 objects already in EM+19
+ 8 too faint for selection
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A massive quiescent one at at z=4.7, quenched at 6.7

Rest-frame Wavelength / pm
0.4 0.5 0.6 0.7 0.8

Abstract

We report the spectroscopic confirmation of a massive quiescent galaxy,
(GS-9209 at a new redshift record of z = 4.658, just 1.25 Gyr after
the Big Bang, using new deep continuum observations from JWST NIR-
Spec. From our full-spectral-fitting analysis, we find that this galaxy
e i, ngar:! L 13 formed its stellar population over a ~ 200 Myr period, approximately
(A 1 600 — 800 Myr after the Big Bang (zgorm = 7.3 £0.2), before quench-
2.0 22 24 2.6 ing at Zqueneh = 6.7 & 0.3. GS-9209 demonstrates unambiguously that
0.6 AL massive galaxy formation was already well underway within the first bil-
lion years of cosmic history, with this object having reached a stellar
<03 mass of log,,(M./Mg) > 10.3 by =z = 7. This galaxy also clearly
¥ demonstrates that the earliest onset of galaxy quenching was no later

EILE L Co3sM R, than ~ 800 Myr after the Big Bang.

2.0 2.5 3.0 35 1.0 45 5.0
Observed Wavelength / fom

— Fitted model

0.0

Carnall+2023

AGN
EGS

Selected in EM+19
(non robust)

Spectroscopic!



A post-starburst at z=7/.5

Key inferred properties PPXF BAGPIPES BEAGLE PROSPECTOR

; A {(obs.) [um] . log10(Mx/Mp) - 8601 B8NS B
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“Based on colours alone, this quiescent galaxy would have been
identified as ‘star forming’ if using the local and low-redshift colour
selection criteria; indeed, its rest-frame U-V colour of 0.16£0.03mag
places it outside the local quiescent region of the UVJ diagram,
regardless of V-J colour.

Observationally, the very young age of the Universe unavoidably
implies a young stellar population — even if star formation has
stopped. Essentially, all quiescent galaxies in the first billion years of
the Universe must be ‘post-starburst’.
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Therefore, early quiescent galaxies are expected to have blue
broad-band colours, very similar to the colours of star-forming
galaxies, making their photometric identification challenging”
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JADES,
Looser+2023 Spectroscopic!



Dec. (2000)

RA. (2000)

ECTile realization of a Euclid Wide Survey within the 2020 17 Kdeg.? ROl : 15,000+ deg.? over 6 years in 180 patches

Investigates the Dark Universe via [0 cucks Ve Suvey oo of e (R0 17K complnt wth 15K srvey - 8
BAOs and WL e S s i

WIDE: jSOOO sq.deg, VIS ~.2'4.5 (100) EM and MC part of OU-MER:
1.5 b|.II|on galaxies, 600 million spectra Photometry + morphology created by automated pipelines
DEEP: 40 s'q deg, VIS ~ 26.5 (100) (which we developed)
(CANDELS: ~1000 sq arcmin) Periodic public data releases starting 6 months from launch

Launch in a month
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So, what about models?
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3 RESULTS AND DISCUSSION: THE FIRST QUIESCENT
CENTRAL GALAXIES IN TNG300

The first quiescent galaxies in TNG300 emerge at z ~ 4.2, roughly
1.5 Gyr after the Big Bang. No snapshots in time prior to z = 4.18
contain galaxies that fit our criteria. To ensure a robust selection,
we experimented with a higher sSFR cut of 10~'%yr~!, and our
five selected galaxies were still the only quiescent candidates at z =
4.18 (with no new galaxies fitting these criteria at higher redshifts).
Lowering our mass cut to 101°M, resulted in the emergence of a new
quiescent galaxy at the prior snapshot of z = 4.43, which was found to
be a galaxy from our sample that hadn’t yet reached its star formation
peak. We also checked TNGS50), the highest resolution simulation of
the TNG suite, for galaxies meeting our original criteria, and found
the first match to occur at z = 3.0 (mostly due to a volume effect).

Finally, we limit galaxy
stellar mass M, to log(M, /M) > 10.5. This restricts our search to
subhaloes with stellar masses greater than 1000 times the baryonic
mass resolution of TNG300-1, so that all galaxies are resolved with
roughly 10* star particles.

Hartley+2023
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Hydrodynamical structure formation in Milgromian cosmology
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The first structures begin to form at z, & 4 for the higher resolution
simulations. This result appears to be in tension with high redshift
galaxies observed with the recently launched JWST, which also seem
to be in some tension with ACDM (Haslbauer et al. 2022a). However,
previous analytic estimates of structure formation in MOND indicate
that galaxy scale structures (up to 10" M) should have formed by
z. = 5—10, while cluster-sized structures (10'* M) should have
reached maximum expansion and begun to recollapse at z, = 3
(Sanders 1998). The latter is comparable to the evolution of the
models shown here, but important to note is that the analytic estimates
are calculated for an idealized spherical scenario without sterile
neutrinos and dark energy, representing a rather different framework
that may be in tension with the observed CMB. Simulations that
adequately resolve galaxy mass scales (rather than just reaching this
scale as we do here) are needed to conclusively test the onset of
structure formation in the vHDM framework. We expect a higher
resolution simulation to identify the first galaxies at earlier epochs
than the structures shown here, with star formation in the first
collapsing gas clouds occurring even earlier (see also Wittenburg

25 predicted by MOND
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Comparing observations with models is not trivial

MODELS: OBSERVATIONS:
Redshift Photons
For all Mass
sources Age ﬂ
Metallicit
TITIN i JETEET Y Fluxes
T jl T T T T T 'l ‘ +
e e Errors Only for
i R detected
g0 s\ A\ R CANeELs sources
"fo mi ) —
§' SHARK gi’g"éoswos COUNTS
Z (this work)
S0k 3 SED e Incompleteness
e Assumptions
10_gf§§‘§éiw EDENF | e Algorithmic
............................... Weaver+2022 limitations




Comparing observations with models is not trivial

FORWARD MODELING
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FORECAST: a flexible software to forward model cosmological
hydrodynamical simulations mimicking real observations
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ABSTRACT

Context. Comparing theoretical predictions to real data is crucial to properly formulate galaxy formation theories. However, this is
usually done naively considering the direct output of simulations and quantities inferred from observations, which can lead to severe
inconsistencies.
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Testing FORECAST emulating the CANDELS GOODS-South field

light-cone hetween 0.1 <z< /.0
field of view 200 arcmin®, with pixel scale 0.06 arcsec

ASTRODEEP catalogue from CANDELS GOODS-South
field exploiting lllustrisTNG-100

DOSt-processing:
» instrumental PSF + bkg gaussian noise + shat noise
» RMS map

Final simulate Iight—tonein H160 band PS and noise added in postrocessing]



Testing FORECAST emulating the CANDELS GOODS-South field

ACS B435 WFC3 Y105 WFC3 H160 IRAC CH1

Example of small areas containing a group and single objects, in 4 simulated bands (in p)y;
light-cone with PSF and noise added in post-processing)



JWST mock dataset

WFC3 f160w NIRCam f150w




SED-fitting tests: phatometric redshift
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CONCLUSIONS

Massive, passive galaxies are confirmed at z>4, detected at z~5 and beyond

While photometric selection can be problematic at z>5, JWST spectra provide the
first evidences of the existence of QGs at z~6-7

Euclid will soon provide tons of data

These objects challenge LCDM: models do not produce them

Waiting for MOND-ian predictions!

Models and observations shall be compared properly: forward-modeling (FORECAST)

Question: are there tests of MOND that can be performed with (photometric) data of
high-z (passive) galaxies?

Thanks! emiliano.merlin@inaf.it
astrodeep.eu
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A massive dead galaxy at 7=6.7?

.-- %
Zform ~ 14
SFRburst ~130 Msol/yr » .
- ' A7 i z=B8.71
Y Age=0.500 Cyr

e P log(M[M,))=10.6

30 - \'/ \/ EBV=0.00
V SFR[Mg/yr]=0.00
- No detectable flux in Herschel ' ‘so00  10¢ ;
- Catalogued in many surveys (e.g. Finkelstein+2015; A(A)

Bouwens+2015; Harikane+2016) as a z~ 6 — 7 mildly star forming or quiescent galaxy
- Classified as a z=1.73 source in 3D-HST by means of EAzY photo-z estimate

- Might be a cold brown dwarf?

> Too faint for spectroscopic analysis with current facilities; / band continuum

might be visible with MOSAIC (S/N=5 in 4~5 hrs - MOSAIC white paper)

xt=1.20

2-0.20 2,
Age=0.500 Cyr
log(M[Mg])=10.6
EBV=0.00
SFR[Mg/yr]=0.00

5x10¢ 105




Spectroscopic confirmations at z 3-4

2020
Karl Glazebrook, Corentin Schreibqf, Ivo Labbé?, Themiya Nanayakkara', The Massive Ancient Galaxies at z > 3 NEar-infrared (MAGAZ3NE) Survey:
Glenn G. Kacprzak™ Pascal A. Oesch”, Casey Papovich™, Confirmation of Extremely Rapid Star Formation and Quenching Timescales for

Lee R Spitler®*®, Caroline M. S. Straatman”, Kim-Vy H. Tran*, Tiantian Yuan® Massive Galaxies in the Early Universe”

retical models Her €, We repor t the spectr OSCOPiC confirmation Ben Forrest' @, Z. Cemile Marsan” @, Marianna Annunziatella®*, Gillian Wilson' @, Adam Muzzin®>®, Danilo Marchesini®
s < . 5 1 il 6 : e i 8
of one of these galaxles at redshift z=3.717 with a stellar mass of M. C. Cooper‘ , Jeffrey C. C}. Chgn " IaflgMcConthle s ?er(i% Gomez’ @, Erin Il(lado Fong' ©, F:rance]szco La Barbera
11 " . Daniel Lange-Vagle”, Julie Nantais” @, Mario Nonino , Paolo Saracco , Mauro Stefanon , and
1.7x10"" My whose absorption line spectrum shows no current Remco F. J. van der Burg"®
star-formation and which has a derived age of nearly half the age

of the Universe at this redshift. The observations demonstrates = UMG Eotios Tsna log(My phot /M) log (M spec/M.

COS-DR3-202019 3.101008 313267 Do 15200 11677 0k
a XMM-VID3-2293 307311 3:31327 3000 1156100 11. 57'88;
XMM-VID1-2075 3481008 34520100014 11497092 11.52+0%
. XMM-VID3-1120 3401012 3.4919+09018 1144120 ITATIE
| e J: 2 S COS-DR3-160748 335708 3. 2524+°°°°8 1 47*882 1146991
e af ] COS-DR3-201999 3.1410% 3.1313 00013 11.40* 3% 11407003
S by COS-DR3-179370 3.14272 336732500 113290 H.A700
§ 2 v - , COS-DR3-195616 3.09°9% 3,255 100082 113100 11. 21'38;
o JF Specium (208 bimed) 3 COS-DR3-208070  3.441006  34912+0%Il 11.27+092 11.26708
o | T felluric correction XMM-VID3-2457  3.51%08]  3.4892738%32 1fanen 11264982
O Lo COS-DR3-84674 3.061008 3.0094 70501 11264002 1125300
=0 observid1 wavelength (irzn) 23 COS-DR1-113684 3472008 3.830970.0030 11.20700¢ 11.207093
COS-DR3-131925 32000 3,13931 0000 1117309 i 12'8(‘,3
Originally published in 2017 COS-DR3-226441 3271006 3244610014 11.341002 11.0279%
Included in EM+19 XMM-VID1-2399  3.68701,  3.579870000 11.1870:0 1102703

See also Schreiber+2018 “Jekyll & Hyde” COS-DR3-111740 A% o 2.7988739013 1113400 L 10.9870:00 )




Analysis of spectroscopic data available at the time r - -

supported the passive nature of candidates 1000k  Popescu+10
Herschel and ALMA confirmations m MOE
Santini+2019.2021 W i
1.0¢
REY
FJTr T T T T T TI: /T 1T stgllor_ %ISK
Indlwdlual gaia)aes - 0.1 1.0 10.0 100.0 1000.0
1 Confirmed ag pasghe i A [um]
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|Og (SteIIar Mass / M@) IOg (Stellar Mass / M@) Figure 1. Stacked continuum images in Band 3, 6 and 7, of 2, 20 and 9 sources, respectively, from left to right.
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