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outline

* Pop Ill star formation

* bridging theory and observations

— modeling the SEDs of (unattenuated) stellar
populations

— modeling nebular emission from HIl regions
— modeling dust attenuation and emission
— estimating physical quantities from SED fitting

* challenges and puzzles in the FBY revealed by
JWST




formation of the first stars

cooling rate of primordial gas
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huge thanks to R. Schneider for sharing
slides from her KITP review on this topic



when and where did the first stars form?

at z = 30 in primordial dark matter mini-halos M = M(T,;, = 103 — 10% K) = 10® M,

halo mass
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additional important processes: radiation fields

in the Lyman-Werner UV band (LW, 11.2-13.6 eV) in the X-ray band (0.2 — 2 keV and 1- 10 keV)
photo-dissociate H, and suppress cooling increase free electron fraction, promote H,
Klessen & Glover 23 formation and cooling
7.0
S E & d . T A 5 ’ 4 T i d . . T X s " !
& | 0 Juws =0, 107 e strong LW
107 L b ' Halo 1 4
6.5 ; X Jiwar = 107, 10" AiAJ /Aé
. [ & Juwa = 10°% 10%, 10° / 1
: self-shielding a2
6.0 Py * > i
“ X Halo 31
* ]
5.5 v | m o, =107
Trenti & Stiavelli 2009 Visbal et al. 2014a JXO'H = 1072
® Machacek et al. 2001 Skinner & Wise 2020 Jxoon = 107
¢ Wise & Abel 2007b B Kulkarni et al. 2021 B iy =107 7
5.0 O'Shea & Norman 2008 Schauer et al. 2021 B o0 =107 ]
30 -25 -20 -15 -10 05 0 Park+21 = 1o |
Iog1on1 P S S B
30 25 20 15 10
Jo1 =Jywin units of 102 erg stcm™2 Hz 1 srt Redshift

3021 = Jyo1(Eg = 0.2 keV) units of 102 erg stecm™2 Hz 1 sr?

see also Gnedin 00; Haiman+00; O’Shea & Norman 08; Johnson+13; Regan+20; Venkatesan+01;
Jeon+14; Xu+16; Ricotti+16; Ricotti+21; Correa-Magnus+24



impact of relative streaming velocities on first stars

Vet =0.8£0.5 & /51 =0

108- —— Schauer+21
—— OHS atomic cool. halo
—— Fialkov+13 Equation (18)
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gas density: 6 kpc

gas temperature: 6 kpc

Abel et al. 2001; Bromm et al. 1999; 2002; Yoshida et al. 2003



the initial mass function of Pop Ill stars

logio differential IMF

cummulative IMF
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large variation in the mass range (resolution,
integration time, etc)

approximately Log Flat distribution
- top-heavy wrt present-day IMF

strongest existing constraints from
stellar archaeology in nearby Universe



edge-on

face-on

IMF transition in metal-poor environments

projected gas density at to,q = 10* — 10° yr

o stars <1 Mgy,

& stars > 1 Mg,
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SFRD (Myyear-! Mpc-3)
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Pop Ill formation may continue into the epoch that can be observed with JWST!
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o o -~ Pop Il
can JWST find observational < = E @ Srsem
. o \’/‘Y‘\ . A 4 i y w 3
signatures of Pop Il stars? [ o Y |
proj “;
| /”\E
]
~ \ '
\A,\ oy
ek \\~ - Cent;él
— galaxy
NIRSpec/IFU NIRSpec/MOS
No ML Strong ML — NEEbo oot Ttk
Aw.=0.3.. A— R~100 Nw.=.0.3..
1042 5 ¥ RXJ2129-z8Hell GN-z11 4 ¥
— LAP1 e o
|m + ——————— m Aw=0.10 + ————— IJJuE.Q.l.+
< I e P T - ¥ o mcomEE e mE ST T Y =
TR g Lo pu=01"] BETS mem Trpay La a Qu =01
l__l PR IR ey T nu.=.0.03 RN e nw.=.0.03
Fuon {fs ) g :
nuw.=.0.01 i Nw.=.0.01
NIRSpec/IFU ' NIRSpec/MOS
fu=001 | R 001
65 70 75 80 85 90 95 100 65 70 75 80 85 9.0 95 10.0 105

Venditti et al. 2024



take-away points

Pop Il stars likely start forming in mini-halos with
masses ~few 10°-10° M., at z~25-30

Pop Ill stars likely form in multiples/clusters; the
masses are determined by radiation feedback

the IMF of Pop Ill stars is still uncertain but is
likely ‘top heavy’ relative to the local IMF

Pop Il may continue to occur in rare pockets
(perhaps offset from luminous galaxies) down to
redshifts as low as z~6 — possibly detectable with
JWST?




The composition of a galaxy's ® Stellar Continuum

Spectral Energy Distribution
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Young stars
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two types of SED modeling:
forwards and backwards

forward modeling: predict SED based on
physical properties/conditions from a physics-
based simulation (such as numerical

hydro/SAM) coupled with appropriate
modeling tools

backwards modeling: estimate the underlying
physical properties (e.g. m«, SFR, m,,,) of a
real galaxy by fitting an idealized model to the
observed SED




stellar population synthesis

stellar ages
& metallicities
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SSP models:
primary challenges/uncertainties

')

log (S, /Ly A1 M

e stellar initial mass function

* isochrones/stellar evolution physics e
e stellar atmosphere models

e abundance ratios

* binary/multiple star physics

uncertainties are particularly large for low metallicity massive stars, for which we
have few nearby examples



emission from the ISM

Diffuse
neutral and
ionised
Medium




modeling emission from the ISM
In cosmological simulations
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Hirschmann+2017; 2019; 2022; 2023
see also Wilkins et al. 2020,2022;
Garg et al. 2023

slide adapted from M. Hirschmann
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fairly good agreement with line ratios and
line luminosity functions at low and intermediate

see poster by L. Scharré



simulations with non-equilibrium thermo-chemistry + on the fly radiative transfer

Sgas,H,Hy [Me/kpc?]

line ratios observable with
JWST are very sensitive to
conditions in the ISM and
hence to details of star
formation & feedback

physics implementations
in sims

e.g. [O [lI] A5007 / [O 1] AA3727
C IV AA1550/[C 11I] AA1908
[Ol111]4363/5007

(Katz et al. 2024)

Katz 2022
RAMSES-RTZ > MEGATRON




-dust composition/grain size

distribution

-source-dust geometry on
sub-pc to kpc scales

Young stars:

UV and optical emjssion attenuation p———m
- /y : - Stars only

.

e 1 stars + attenuation  Dust emission

10,000
Wavelength (A)

Dust grains:
IR emission

slide credit: L. Sommovigo




dust attenuation

This work
SMC

Calzetti ='=i=imimim.
CFO0O &

1000 2000 3000
Waveleng

Salim et al. 2018; Salim & Narayanan 2020

-wide spread in attenuation
curves even in local galaxies

-attenuation curve parameters
correlated with each other

-attenuation curve parameters
are correlated with physical
properties of the galaxy

-all three of the above are seen
empirically in observations AND
predicted from dust+radiative
transfer simulations of galaxies




hints of redshift evolution in average attenuation curves

20<z<2.34
234 <2<2.8
28<z<34
34<z2<45
45<z72<6.3
6.3<z<11.5
Calzetti

Markov et al. 2024




beware: dust attenuation of stellar continuum
and nebular emission need NOT be the same...

0.2 04 06 0.8 1.0
T, (Balmer optical depth)

Salim et al. 2018




dust+RT simulations

 most cosmo sims do not explicitly model

the formation and destruction of dust, so a
dust-to-metal ratio is assumed

e solve RT equation along line of sight
* mostly in post-processing (some OTF
RT simulations now coming)




RT codes commonly used for galaxy sims:

powderday
https://github.com/dnarayanan/powderday

Narayanan et al. 2021

RADMC-3D
(Dullemond et al. 2012)

Hyperion (Robitaille 2011)
ART2 (Li et al. 2020)
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dust emission
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SYNTHESIZER

a fast, flexible generalized pipeline for creating synthetic images and spectra (/ RN \V
from hydro simulations or semi-analytic models

Grid Instruments
SPS models AGN models Photoionisation FilterCollection

- Container for SPS spectra - Container for spectra from: - SPS/AGN grids reprocessed - Defines collection of filter
- N-dimensional grids of - Templates - Same axes. Can include curves from:
spectra. - Component models (e.g. photoionisation specific axes - Top hats
- Standard axes: (metallicity, AGNSED), Disc, BLR, NLR, Torus (e.g. ionisation parameter) - Any filter in the SVO database
age) - User defined filter curves
- Can have arbitrary other
EVES

Observables

- Parametric
SFZH

Galaxy
- Main calculation unit
- Collection of

particles or parametric Gas NGP
models defining a *
“galaxy” - Particles
- Contains components - Parametric CIC

morphology

BlackHoles

- Particles

- Parametric »
emission models

Weighting

Components L
Stars
- Particles

Chris Lovell, Steve Wilkins ++



https://flaresimulations.github.io/synthesizer/

variable:

o stellar IMF

* nebular line emission

e birth cloud obscuration

e circumstellar AGB dust
contribution

e stellar isochrone models

e post main sequence physics

¢ atmosphere models

Galaxy Formation Snapshot

GIZMO (HDF5)

AREPO (HDF5)

with others implementable in SED gen.py

GASOLINE (TIPSY) powderday

common formatI

CHANGA (TIPSY)

ENZO

HDFS5 filter convolved
images and panchromatic
broadband SEDs

e octree, voronoi or AMR geometries possible

o flexibility in dust extinction properties

e constant dust to metals (dtm) ratios, dust to gas
ratios that vary with metallicity, dust masses
from hydrodynamic simulations, and a machine
learning-derived content

e spatially varying extinction laws in prep.

e empirical PAH templates included
e dust sublimation optional w0
e multiple sources include:

e stellar continuum

e Hllregions

 multiple black hole models

Flux (Jy)

Garg et al. 2023

A [um]




take away points

* nebular emission & effects of dust most
commonly modeled in post-processing; some
new simulations coming online with non-
equilibrium thermo-chemistry & OTF radiation
transport; models for dust formation +
destruction

simulations that do not resolve the
multiphase ISM require sub-grid recipes to
model nebular emission & dust




estimating physical

parameters from SEDs




Bayesian approach to SED fitting/physical parameter estimation

PRIORS

star formation history nebular dust

(parametric/non- o dust attenuation o SSP
. emission emission
parametric)

mx, SFR, ts, ... U, Z,, ny, ... Ay, A, Mg, Ty, ... isochrones, binary

l fraction, IMF, ... I

sampler

v

G observed SED

compare

MEDJAN l

16TH-84TH
PERCENTILE

likelihood distribution

parameter value




I Parametric B Non-parametric = [llustris = =***- Ilustris (binned)

parametric vs. 2.0+
non-parametric
SFH
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Mock photometry

[ Posterior SED
Posterior
Av _diffuse

Johnson et al. 2021
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Summary of Parameters, Hyperparameters, and Priors for Our Bagp

ipes SED Fiting

Common Parameters

Parameter

Prior/Value (Min, Max)

Description

<phvot

SPS Model

IMF

Dust-law Parameterization

(M, /M)

I”"r'uu

Parameter

EAZY-py Postenior PDF (430)

G. Bruzual & S. Charlot (2003): BPASS v2.2.1
P. Kroupa (2001); default BPASS IMF

D. Calzetti et al. (2000), S. Salim et al. (2018)
S. Charlot & S. M. Fall (2000)

L

Log-uniform: (10" 7, 10); uniform (0, 6)
Log-normal; “continuity bursty™; delayed-7
Uniform: (5, 12)

Log-uniform: (0.005, 5): uniform (0, 3)
Fixed to Z,

Uniform: (-3, 1)

Prior/Value (Min, Max)

Redshift

Stellar population synthesis model
Stellar IMF

Dust law

V-band attenuation (all stars)
Star formation history
Surviving stellar mass
Stellar metallicity

Gas-phase metallicity

lonization parameter

Description

Delayed-7 SFH

“Continuity Bursty™
Nonparametric SFH

S. Charlot & S. M. Fall (2000)
Dust Law

S. Salim et al. (2018) Dust Law

BPASS SPS Model
Uniform Ay Prior
Uniform Z, Prior

Imax

FWHM

Uniform: (10 Myr, 15 Gyr)
Uniform: (10 Myr, 15 Gyr)
Uniform: (10 Myr, 15 Gyr)
Log-uniform: (10 Myr, £,0i(Zpna)
Six bins (five fitted parameters)

Student'stt v=2, 0= 1.0
Clipped normal: g =07, o
(0.3, 25)

clipped normal: p

(1, 3)

Chipped normal: =0, o
(0.3, 0.3)

Uniform (0, 5)

Age of Universe at peak SFR

FWHM of SFH

c-folding timescale

Time since SF began

First bin 0-10 Myr. SF begins at z = 20,

others distributed equally in logo lookback time
Ratio of log,oSFR in adjacent bins, coupled by o
Power-law slope of attenuation curve (A x A~ ")
For D. Calzetti et al. (2000) n = 0.7

Av, = 10 Mye/Av ratio between young and old stars

Deviation from D. Calzetti et al. (2000) slope

Strength of 2175 A bump
No additional components
No additional components
No additional components

Notes. Parameters and priors for other iterations can be assumed to be the same as given for the “fiducial™ bagpipes run unless otherwise specified. The top section of

the table lists parameters that are common to all of our Bagpipes models, whereas the lower section gives the model-specific parameters for each of our chosen

conhigurations,

Harvey et al. 2024




Marker Color
Uniform Ay Prior
Salim+18 Dust Law
Charlot & Fall+00 Dust Law
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how robust are results to
different priors/different
modeling assumptions? 5 g
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validation method 2: apply SED fitting method to SED’s from simulations where ‘truth’” known
—>stellar masses can be off by ~1 dex

SED Fit M«

Dirichlet

Uncertainty = 1.31
| Bias =1.24

Dirichlet

Uncertainty = 0.82
Bias = 2.24

Standard Continuity

Uncertainty = 1.28
| Bias = 1.28

Standard Continuity

Uncertainty = 0.89
Bias = 2.30

Tacchella et al. (2022)

Uncertainty = 1.26
| Bias =1.34

Tacchella et al. (2022)

Uncertainty = 0.85
Bias = 2.25

Rising SFH

Uncertainty = 0.18
1 Bias = 0.36

Rising SFH

Uncertainty = 0.90 >
Bias = 0.39 A

107 - .
i Uncertainty = 0.55 1

108g

107 -

Suess et al. (2022) PSB
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Suess et al. (2022) PSB
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Narayanan et al. 2024




summary: estimating physical
parameters from SEDs

stellar mass uncertainties may be up to 1 dex at high-z

results dependent on SFH priors, choice of parametric
vs. non. para SFH

uncertainties/degeneracies associated with modeling
of dust & nebular emission are not well quantified

dust mass estimates sensitive to assumed temperature

bottom line: not only are these parameter estimates
potentially highly uncertain, we do not even know how
large the systematic uncertainties are!




What have we learned about galaxy

formation in the first billion years from
JWST: insights and puzzles




JWST puzzle #1:
evolution of the number density of bright galaxies to z~14
is much shallower than expected
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proposed solutions to
early galaxy problems

e 1) eject dust, top heavy IMF, AGN contribution
to UV, bursty — make galaxies brighter

* 2) higher star formation efficiency/weaker
feedback — make more stars

e.g. Ferrara+2023; Shen+2023; Yung+2024; Trinca+2023; Dekel+2023; Li+2024




AGN contribution, IMF evolution?

B Stars Only - Bouwens+2023 Zz~12-13
B Stars + AGN - Harikane+2023 - photo I
[ Composite IMF Harikane+2023 - spectro
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Shen et al. 2023

UV LFs
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—  With dust
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predicted SF burstyness in FIRE has a non-trivial effect

on the bright end of t
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Smooth
PSD Model A
—— PSD Model B
>  Finkelstein et al. (2015)
Bouwens et al. (2017)
mock data

bursty star formation also has an impact on clustering

Smooth
PSD Model A
—— PSD Model B
5+ Harikane et al. (2022)
Dalmasso et al. (2024)
mock data
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Sun et al. 2024




Simulation Comparison
6.5<z=<75

This work RSN
(Fiducial, EPOCHS v1) A\ 3

<50% complete
Without correction
= Max likelihood
= Median posterior

Simulation Comparison
75<z=<85

95<z=<115

11.5<z=<13.5

10 11
Galaxy Stellar Mass (logip M./My)

hint that some/most physics-based models are
under-producing stellar masses of most
massive galaxies at z>6, but uncertainties are

v. large

Harvey et al. 2024
see also Weibel+24
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predictions from pre-launch "Santa Cruz’ SAMs implemented in NO DUST
new high-z optimized GUREFT N-body simulation suite

galactic winds switched off
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rss, Yung et al.; +in prep [bright end limited by volume of our biggest N-body box...]
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Morishita et al. 2024

log surface density [M,,,, pc”]

surface density of gas

assume
Faisk = fr Ruir

fus = 0.1 f, M,

10 15
redshift
rss in prep




galaxy sizes at z=11: semi-analytic model

observations: g<z<13

Robertson+23;
Finkelstein+23;
Casey+23

1 NIRCAM pixel z=g
z=13

rss, Yung et al. in prep




NEW density modulated “cloud/cluster” SF model

(10 + ch/zcrlt) L ancaster+21 .
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| Thompson & .
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star formation efficiency
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in units of free fall time

| TK16
| Lancaster+21

Menon+24 |

tdISS/ ttﬁO

cloud lifetime

3
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cloud surface density (M, pc?) cloud surface density (M, pc?)

cloud surface density cloud surface density
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solid gray lines: empirical fit to cloud SEFR _
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NO DUST

cluster based model with density modulated SFE:

good agreement with observations to z~14 with 50% of SF in ‘clusters’
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more early star formation: better agreement with
stellar mass function estimates?

10—5;_—-cloudfd1 =
2 cloudgk ]
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m——w Q’ Observed

fraction of SF in ‘super star clusters’ ~50%
consistent with lensed objects @ z~6-10

Lenstool-A
F200W . Glafic
’ Lenstool-B

F115W + F150W + F200W

Mowla et al. 2024 ‘Firefly sparkle’ Adamo et al. 2024 ‘cosmic gems’




puzzle #2: Where is the dust?

extremely blue UV slopes at z>10 leave little (if any)

room for dust reddening

evidence for lower and lower A, at z>10

N
o
o

5 %
o o
Apparent magnitude, mag

r27.5

0
v —— Jaacks+17 <Buv, popii>

«Q @ This work, Bsep, corr
q} —11 # Tacchella+22 Bsgp
8— @  Topping+22 Ba.
a WV Cullen+23 Bp
— {  Austin+23 Bp
© —2 LR
=
U .
s
n -3
> ¢
D - |
g -4 Y This Work :
© i Median p = 0.04
L § 10=(—0.08,0.16)
) —5 20=(-0.19,0.28)
0
V) Median p — value = 0.62
o 10=(0.30,0.88)

6 20=(0.09,0.98)

6 8 10 12 14 16
Redshift, z

Morales et al. 2024

)
L

|
S

UV continuum slope (3
Lo

fr/ ergs/cm?/A

(]

o
()

x10~2!

| | CEERS-DDT-64 (2prism = 10.9173.0¢)

/ — _9 9n+0.25
Bopec = —2.3010.%

— _ 9 pat04T7
Mphot = —2.6370_74

¥ ]“—‘ZII

)\obs / pm

tellar+nebular limit

10 12
Redshift (z)

14 16

Cullen et al. 2024




but significant dust reservoirs in place
by 750 Myr after Big Bang (z™~7)

Popping+17,z=5 REBELS, constant SFH
5% REBELS, non-par SFH
ALPINE, Pozzi+21
ALPINE (This work)

Vijayan+19,z=5
Triani+20,z=5
—— Dayal+22,z=5

9.5 1

120 Stacked SEDs results

B ‘ 9.0

ﬂg{"“é‘i‘t?ﬁ

0 2 4
redshift

9.5 10.0 10.5
log (M./Mg)

Sommovigo et al. 2022; see also Dayal et al. 2023
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proposed solutions

* lower A, for a given my,: dust
composition/grain size distribution was different
at high-z, leading to less efficient attenuation
(Narayanan et al. 2024)

SNae dust yields are lower than we thought,
and/or dust is destroyed by SNae shocks more
efficiently than is generally assumed (R.
Schneider et al. )

dust is ejected by radiation pressure above a
critical sSFR (Ferrara et al. 2022; 2023, 2024)




Santa Cruz SAM incorporating density dependent cloudscale SFE+

dust ejected when
sSFR above critical
value (Ferrara+23)
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puzzle #3: emission line EW & line ratios:
SF burstyness, abundances, abundance

ratios, electron densities




quantifying bursty SF

(a) Constant SFH Fit to Photometry Two-component SFH Fit to Photometry (b)
L] I L] I III I I L] I L] I III I I L] I L] L] IIIIIII L] L] IIIIIII L] L] T rrrnn
25 B EW[OIII]+Hﬁ = ISOtZg A B EW[OIII]+Hﬁ = 20t;g A
40 L ntT70 10 F CSFH phot only
EWyg = 540730 A EWpg =607 A
o | 00 T 0 TcSFH phot only
=] My = '18'7:)'() My, = ‘18'5:)'} .
a - _ 5 72-0.()3 . - +0.07 . Blnned SFH
g{) 27 <= 212001 L 2=35.59"5>3 Sk phot+spec -
< 2 =523 2.=242 o o fbe oo (ISEXCERGEE
2 Xbest ] Zest "u@: E
m o
< © C|) s 6fF _
2r ,y A2744-20041 | i A274420941 |
=3
Z=003700 2, | Z=0.11100 Z: ZE — ]
log(M.. /M) = 8.5192 log(M, /M) = 8.370]
M| 1 l L 1 1 Gk l L 1 77N
6 1 | 1 LA L BN 1 1 1 kS
31 : + : . 21 / 1. .
R (1) s - — ."’"""""i"lir' T‘-'""'-"" CTTTTTTTT AN T '"_"':'T'L"i""ll"rf,‘:"- I \
3} £ J d  e—— .._l.—._...—.—.\.—.-:,:‘
-6 1 | I | 1 1 1 | 1 | I | | | 1 | 0 e ad Jil — ﬁh R
0.3 05 07 1 2 3 503 05 07 1 2 3 5 1 10 100 1000
Observed Wavelength [pm] Lookback Time [Myr]

Endsley et al. 2024




quantifying bursty SF

evidence for diverse/bursty SFH at z~6 = exciting to push to higher z!

~ SFR(10 Myr)/SFR(100 Myr)

log(Lua/Luv)

@ GOODS Binned 84 percentile

A2744 1 Binned Median

Upper Limits Binned 16" percentile

O [ With NIRSpec/prism data T --- Equilibriumat 0.1 Z, andlog U = —2.5
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Endsley et al. 2024




some (but not all) z>6 galaxies have high N/O, very
different from local Hll regions but similar to globular
clusters

globular
z~6-8 galaxies cluster stars

7.0 7.5 8.0
Topping et al. 2024 12 +log(O/H)

Local HIT Regions Senchyna + 23(gas)
NGC 6752 Stars Senchyna + 23(tot)
Cameron + 23 RX(CJ2248 — ID
Halo Stars A1703 — zd6

supermassive stars?
bursty star formation?
(Kobayashi & Ferrara 2024)

O GHZ2
IQI Navarro — Carrera + 24
IO Isobe + 23




‘classic’ Santa Cruz SAM  TNG with Hirschmann+

with Hirschmann emission line models
EL models

predicted
emission line
properties
guite sensitive
to sub-grid
modeling
assumptions

FLARES with
synthesizer
emission line
models (Wilkins+)
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e Endsley et al. (2022)
Matthee et al. (2022)

some models seem to struggle a bit to match extremely
high equivalent widths at z>6

- but predictions very sensitive to assumptions that go
into nebular emission modeling

EWo([OIIl] + HBYA
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cautionary note: commonly used line ratios used as metallicity indicators may
evolve strongly with redshift/ISM conditions
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summary/take-away points

* JWST puzzle #1: more than expected UV-
bright (massive?) galaxies at z>10

— top heavy IMF, bursty star formation, more
efficient SF/weaker feedback

 JWST puzzle #2: where is the dust?

— evolving attenuation law/grain size distribution,
lower dust yields, dust ejection

* JWST puzzle #3: emission lines

— SF burstyness, chemical abundances & abundance
ratios




e what new simulations need to be done to
make progress towards solving these puzzles?

e what new observations need to be done to

make progress towards solving these puzzles?




extra slides




