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Observational tests of LCDM

Fundamental prediction of LCDM

A Primordial power spectrum of density perturbations

Can test this in two regimes:

+ random phases

Linear regime: cosmic microwave background (z~1000)

large-scale structure (z~3 - 0)

Evolved non-linear regime: dark matter halos A

Aabundance

Astructure
Aclustering

(z~1571 0)

Institute for Computational Cosmology




UICC Planck: CMB temperature anisotropies
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U JJEC L | The cosmic power spectrum: from
SRR e the CMB to the 2dFGRS

z~1000 wavelength k-1 (comoving h-1 Mpc)
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excellent description of
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40 million galaxy
and QSO redshifts




Dynamical dark energy

Dark energy has a negative pressure:

l...-l-lllr.-l'lﬂ'll.ll

Simplest case:
sl il | 5 | FRA )

rewr w=-1 (L) _

Introducing a time-varying equation of state:

=
"

w(a) = wy + we(l — a)

A

Significance of rejection of ACDM:

= DESI4+CMB+Pantheon+: 2.5
= DESI+CMB+

= DESI+CMB+DESYS: 4.2a
DES|I coll aborat i c
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Fundamental prediction of LCDM

A Primordial power spectrum of density perturbations

- _ + random phases
Can test this in two regimes:

Linear regime: cosmic microwave background (z~1000)
large-scale structure (z~3 - 0)

Evolved non-linear regime: dark matter halos A

z~1571 0
Depends v. weakly on L ; Aabundance ( )
Test of CDM! A structure

A CI u Ste r| ng Institute for Computational Cosmology
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Four old problems:

nSolvedo 1 n:
1. AMi ssing sabt®®2Tl]iteso
2. fdo-big-to-f ai | o 2015 | baryon effects
3. iCocespo 1996
4. APl ane of sawel hicbses deb

+ statistics
and a new one;:

5. Galaxies at z > 10 discovered by JWST

Institute for Computational Cosmology
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BCC | JWST galaxies at z= 8 -15
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CEERS Key Paper I:
An Early Look into the First 500 Myr of Galaxy Formation with JWST

STEVEN L. FINKELSTEIN,! MICAELA B. BAGLEY,! HENRY C. FERGUSON,? STEPHEN M. WILKINS,*

JEYHAN S. KARTALTEPE,®> CASEY PAPOVICH,®” L. Y. AARON YUNG,® * PABLO ARRABAL HARO,? PETER BEHROOZI,'®!!

arXiv:2211.05792v2 [astro-ph.GA] 4 Nov 2023

MARK DIcKINSON,? DALE D. KocEvskI,'> ANTON M. KOEKEMOER,'® REBECcA L. LARSON,'™! AURELIEN LE Ba,'®

ALEXA M. MORALES,! PABLO G. PEREZ-GONZALEZ,'® DENIS BURGARELLA,!” ROMEEL DAVE,'®!?

MicHAELA HIRSCHMANN,?%?! RACHEL S. SOMERVILLE,?? STIIN WuYTS,® VOLKER BROMM,! CAITLIN M. CASEY,’
ADRIANO FoNTANA,?* SE1 FuiimoTo,b 2261 JONATHAN P. GARDNER,?” MAURO GIAVALISCO,”® ANDREA GRAZIAN,”

NORMAN A. GrROGIN,?2 NiMisH P. HatHi,2 TAYLOR A. HUTCHISON,* * SAURABH W. JHA 3® SHARDHA JOGEE,!
Lisa J. KEWLEY,?! ALLISON KIRKPATRICK,32 ARIANNA S. Long.!'T JENNIFER M. LoTz,3® LAUurRA PENTERICCL,2

ABSTRACT

We present an investigation into the first 500 Myr of galaxy evolution from the Cosmic Evolution
Early Release Science (CEERS) survey. CEERS, one of 13 JWST ERS programs, targets galaxy
formation z ~ 0.5 to z > 10 using several imaging and spectroscopic modes. We make use of the first
epoch of CEERS NIRCam imaging, spanning 35.5 sq. arcmin, to search for candidate galaxies at z > 9.
Following a detailed data reduction process implementing several custom steps to produce high-quality
reduced images, we perform multi-band photometry across seven NIRCam broad and medium-band
(and six Hubble broadband) filters focusing on robust colors and accurate total fluxes. We measure
photometric redshifts and devise a robust set of selection criteria to identify a sample of 26 galaxy
candidates at z ~ 9-16. These objects are compact with a median half-light radius of ~0.5 kpec.
We present an early estimate of the z ~ 11 rest-frame ultraviolet (UV) luminosity function, finding
that the number density of galaxies at Myy ~ —20 appears to evolve very little from z ~ 9 to z ~
11. We also find that the abundance (surface density [arcmin—2]) of our candidates exceeds nearly all
theoretical predictions. We explore potential implications, including that at z > 10 star formation may

[ Institute for Computational Cosmology
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The Complete CEERS Early Universe Galaxy Sample:
A Surprisingly Slow Evolution of the Space Density of Bright Galaxies at z ~ 8.5-14.5

STEVEN L. FINKELSTEIN,! GENE C. K. LEUNG,2 MICAELA B. BAGLEY,! MARK DICKINSON,® HENRY C. FERGUSON,*
CASEY PapovicH,>® HoLLis B. AKINS,” PABLO ARRABAL HARO,® ROMEEL DAVE,®? AvisHal DEKEL,®
JEYHAN S. KARTALTEPE,!! DALE D. KocEvskI,'? ANTON M. KOEKEMOER,'® NOR PIRZKAL,'* RACHEL S. SOMERVILLE,'®
L. Y. AARON YUNG,'®'®* RicarRDO O. AMORIN,'"'® BREN E. BACKHAUS,' PETER BEHR00ZI,2*?! LAURA BISIGELLO,?%%
VOLKER BROMM,! CAITLIN M. CASEY,! OscAR A. CHAVEZ ORTIZ,! YINGJIE CHENG,2* KATHERINE CHWOROWSKY, ! T
NIKKO J. CLERL>® M. C. COOPER,? KELCEY DAVIS,'® ALEXANDER DE LA VEGA,% DaviD ELBAZ,2” MAXIMILIEN FRANCO,!
ADRIANO FONTANA,%® SELI FuiitMoT0,2 3% MAURO G1avALISCO,2* NORMAN A. GROGIN,* BENNE W. HOLWERDA,*!
MARC HUERTAS-COMPANY,3%3%3% MicHAELA HIRSCHMANN,*® KARTHEIK G. IYER,*® SHARDHA JOGEE,! INTAE Jung,*”
REBECCA L. LARSON,*®3 Ray A. Lucas,’® BAHRAM MOBASHER,?® ALEXA M. MORALES,* CAROLINE V. MORLEY,*?
SAGNICK MUKHERJEE,*® PABLO G. PEREZ-GONZALEZ,** SWARA RAVINDRANATH,*>*¢ Gruria RODIGHIERO,*" %8
MELANIE J. ROWLAND,*® SANDRO TACCHELLA,*®5! ANTHONY J. TAYLOR,! JONATHAN R. TRUMP,'® AND
STEPHEN M. WILKINS®% 53

ABSTRACT

We present a sample of 88 candidate z ~ 8.5-14.5 galaxies selected from the completed NIRCam
imaging from the Cosmic Evolution Early Release Science (CEERS) survey. These data cover ~90
arcmin? (10 NIRCam pointings) in six broad-band and one medium-band imaging filter. With this
sample we confirm at higher confidence early JWST conclusions that bright galaxies in this epoch are
more abundant than predicted by most theoretical models. We construct the rest-frame ultraviolet

[ Institute for Computational Cosmology
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A population of red candidate massive galaxies ~600 Myr after the Big
Bang

Ivo Labbé!, Pieter van Dokkum?, Erica Nelson®, Rachel Bezanson®*, Katherine A. Suess
Joel Leja’? Gabriel Brammer'?, Katherine Whitaker!%!!, Elijah Mathews’#°, Mauro
Stefanon'!?, Bingjie Wang’%*

5.6

Galaxies with stellar masses as high as ~ 10! solar masses have been identified~ out to

redshifts z ~ 6, approximately one billion years after the Big Bang. It has been difficult to
find massive galaxies at even earlier times, as the Balmer break region, which is needed
for accurate mass estimates, is redshifted to wavelengths beyond 2.5 pm. Here we make
use of the 1-5 pm coverage of the JWST early release observations to search for
intrinsically red galaxies in the first = 750 million years of cosmic history. In the survey
area, we find six candidate massive galaxies (stellar mass > 10° solar masses) at 7.4 < z <
9.1, 500-700 Myr after the Big Bang, including one galaxy with a possible stellar mass of
~10'! solar masses. If verified with spectroscopy, the stellar mass density in massive
galaxies would be much higher than anticipated from previous studies based on rest-
frame ultraviolet-selected samples.

issue 1s that these stellar mass densities are difficult to realize in a standard LCDM
cosmology, as pointed out by several recent studies.*!**> Our fiducial mass densities push
against the limit set by the number of available baryons in the most massive dark matter
halos.
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THE IMPOSSIBLY EARLY GALAXY PROBLEM

CHARLES. L. STEINHARDT "2, PETER CAPAK"?, DAN MASTERS'?, JosH S. SPEAGLE*?*
Draft version June 12, 2018

ABSTRACT

The current hierarchical merging paradigm and ACDM predict that the z ~ 4 — 8 universe should
be a time in which the most massive galaxies are transitioning from their initial halo assembly to
the later baryonic evolution seen in star-forming galaxies and quasars. However, no evidence of this
transition has been found in many high redshift galaxy surveys including CFHTLS, CANDELS and
SPLASH, the first studies to probe the high-mass end at these redshifts. Indeed, if halo mass to stellar
mass ratios estimated at lower-redshift continue to z ~ 6 — 8, CANDELS and SPLASH report several
orders of magnitude more M ~ 101213}/ o halos than are possible to have formed by those redshifts,
implying these massive galaxies formed impossibly early. We consider various systematics in the
stellar synthesis models used to estimate physical parameters and possible galaxy formation scenarios
in an effort to reconcile observation with theory. Although known uncertainties can greatly reduce
the disparity between recent observations and cold dark matter merger simulations, even taking the
most conservative view of the observations, there remains considerable tension with current theory.

Subject neadings: galaxies: evolution

arXiv:1506.01377v2 [astro-ph.GA] 8 Apr 2016
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Whatd o t hese aut hor s m e
t heoreti cal model s oetc? i mer

A Existing hydro simulations
(e.g. TNG50)

The simulations used do not have enough
resolution and/or volume (or the right physics)!

[ Institute for Computational Cosmology ]
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Hydro simulations?

A Abundance of brightest ones: n ~ 3 x10" /Mpc?

A Need cube side-length, L > 500 Mpc
(to get a few tens)

A Mass of faintest: M ~ a few x 106 M,
A Need mg, < 10°M,

Not currently feasible (by a factor of 10-1000)!

[ Institute for Computational Cosmology
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What do we really expect in LCDM?

[ Institute for Computational Cosmology




W i@@ [ Cosmological model ]

2=1000 (W,,, W, h); dark matter

!

Primordial fluctuations
d fir (M, t)

Dark matter halos Well understood
(N-body simulations)

Gas processes

(cooling, star formation, feedback)




The den3|ty profile of cold dark
| matter halos '

T ™
NFW ﬁts

— Moo ~ 10" M, | -
[YARPSETIEIVIRE | —independent of halo mass &
— M200 ~ 1013M@.
Mago ~ 10"*M,, {18

M200 ~ 1015M@. E

IIII]I 1 IIIIIII|

L gl ETETIEE
102 10! 109

r/rs -]

Y

L Shape of halo profiles

il - Cosmological parameters

DenS|ty p cusdyd
n.o cored ne

{8 .'fl'tte.d by simple formula:

0., (/r)1+rir)

(Navarro Frenk & White ®7)

- More massive halos and
“halos that form earlier have
higher densities (bigger d)
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The VVV project
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Cosmological model
(W,,, W, h); dark matter

!

Primordial fluctuations
d fir (M, t)

Dark matter halos Well understood
(N-body simulations)

A 4

\ 4

[ Semi-analytics ] [ Hydro simulations]

_’[ Formation and evolution of galaxies l'




HICC Evolution of baryons

niversity of Durham

Basic differential rate equations of Durham SA model (GALFORM):
Mass conservation

T = (- Ry R led fracti
: : = recycled fraction
Mhot — _Mcool + 6¢ y
y AT (1 _ y = star formation rate
oid_ = Moo= =R + f) Conservation of metals
A = (T =R)Zcoia? /b = SN feedback parameter
Mi, = —MewoZnot + (pe+ 8Zo)  p =metal yield
'z ' . .
Méoya = Meool Lot e = fraction of metals ejected
+ (p(l—e)— (148 =R]Zcora)¥, White & Frenk 91,
Kauffmann et al 93
SFR & mass ejection iy Cole etal 00
JE-l"rjr-:“:nr_m-lnr:l Cold Gas\ = /Hot Gas
SFR v = — () ¥ _ |
Tx (Tdisk; vdisk:]' - TTTS= T 7 ot
SN ﬂ’fcjcct — ;S(Vdisk:]' @-’? | N ey
feedback _ L
—_ f + cool
AGN BH — BHJ/burst

feedback C eSMEH



Ejul(:(; Free parameters in SA models

niversity of Durham

_ White & Frenk 91; Kauffmann etal 93; Coleetal. 00

SFR & mass ejection SFR timescale
¥y
Mora Te X Tdyn,disk Vdisk

To (T disk, Viisk )

SFR P =

SN feedback efficiency

SN ﬂ;’-{c'ec — | is o
feedback J t BVt wL B = (Vdisk/ﬂct) ot
AGN MBH — f HJ/ + cool —
f BH burst cle AGN feedback efficiency
eedback SMBEH f es
BH, “SMBH

Basic SA model has 6 free parameters (plus IMF):
SFR: ty a«; SN feedback: a.;, Vit ; AGN feedback: fgy, €susn

A gives mass in stars, gas and metals at all times

To turn I nto observabl es, need

Institute for Computational Cosmology
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The galaxy luminosity function

University of Durham

Philosophy (since 1994) A fix model parameters
by matching subset of z=0 basic data
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@ICC Evolution of the luminosity fn.
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Dust emission and absorption

MCs:
young stars w D]SK
+ dense 18M b
fin}
L
o
o
o
.-"'----F--_ - -\---‘-"\.\,
J% =N
@ %\% AII --------- __@ ; ®® & q&equatﬂrlal
Nl = ',)% S iane
B ETA
= \
diffuse I1SM BULGE
+ free stars

Absorption and emission by dus

A Dust in diffuse medium and
molecular clouds

A Phys. dust grain model +PAHs

A Radiative transfer of starlight
through clumpy dust medium

A Heating of dust grains A dust
temp. distribution

A Grains with distri. of size/T A
IR/submm emission

Granato, Lacey, Silva, Baugh,
Bressan, Cole & Frenk 6 0 O
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Two crucial components of GALFORM

1. Atop-heavy IMF in starbursts (only)

2. A detailed dust obscuration model

[ Institute for Computational Cosmology
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A galaxy formation primer

In which halos do galaxy form?

1. Before reionization, Critical mass to form stars in a halo of

stars can only form if 10.07 mass M,q, today
atomic H cooling is ™ o
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stars in halos with:

T, > Tigy = 2x10% K

See also Efstathiou 6 8 Phoul& We i nber
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