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Introducing myself

» STFC (UK-based funding agency) Webb fellow - doing science with JWST, supporting
the community in using the telescope, and taking the public along for the incredible
journey.

* Pl of NIRSpec side of the JADES Survey (since June) - largest survey with JWST in first
two years of operations.

* Currently lead developer of BEAGLE and BEAGLE-AGN and complete SED fitting geek!

* Things | love (random order!) - Statistics, galaxies, my family, gardening, reading,
travelling, talking to the public about JWST, working with students, the early Universe



Talk outline

Galaxy evolution - broad brush-strokes and some pre-JWST results
Inferring galaxy properties of distant galaxies Pre-JWST

Now - NIRCam, the power of medium bands, MIRI, spectroscopy
Introduction to SED fitting

Early galaxy evolution should be easy with JWST now, right?

Summary



Galaxy evolution & some results pre-JWST



Galaxy evolution
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Galaxy evolution

What might we expect to be evolving?

e Build up in numbers of galaxies over time
e (Galaxies likely getting more massive
e Building up more metals in the ISM
e Depletion in gas reservoirs
e Prevalence of AGN
o ...?
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Galaxy evolution

How do we study galaxy evolution?

 Often, we look at some properties of the galaxy population (e.g. brightness, mass, amount
of metals), sometimes multiple at once (e.g. mass-metallicity, mass-sfr relations) and trace
the evolution over cosmic time.

 We then compare to galaxy simulations, or if we can link our galaxy populations to their
underlying dark matter halo properties
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Cosmic star formation rate density
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Galaxy evolution

What might we expect to be evolving?
e Build up In numbers of galaxies over time

Luminosity functions:
‘Count’ numbers of galaxies
of given brightness

within survey volume
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Pre-JWST, some

THE ASTROPHYSICAL JOURNAL, 855:105 (12pp), 2018 March 10
© 2018. The American Astronomical Society. All rights reserved.
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The z = 9-10 galaxy population in the Hubble Frontier Fields and
CLASH surveys: the z = 9 luminosity function and further evidence
for a smooth decline in ultraviolet luminosity density at z > 8
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These show the cosmic star formation rate density at early times, but WARNING, x-axis is flipped



Cosmic star formation

>
§ lubble could see to within ~400 Million years of the Bi{Bang
g A but JWST can see further
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Impossible.to

extend this work

to high redshifts
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Inferring galaxy properties of distant galaxies Pre-JWST



Studying the high-redshift Universe
pre-JWST - Timeline

1996 - Steidel et al. give spectroscopic confirmation of objects 3<z<3.5 selected using the Lyman-break Technique
(Steidel & Hamilton 1992, 1993, Steidel, Pettini & Hamilton I, Il and 1ll 1995)

» 2002 - Beginning of the GOODS (Great Observatories Origins Deep Survey) with Hubble imaging across two fields
that become known as GOODS-South and GOODS-North - in the North there was the Hubble Deep Field North
and in the south was deep Chandra (X-ray) imaging.

 Sept 2003- Jan 2004 - Data for the Hubble Ultra-deep Field (HUDF) taken -this plus GOODS provide fruitful
datasets to probe up to z~7

e 2009 - Hubble upgraded with more sensitive IR-camera WFC3 - another boon for the high-redshift community and
high competition to identify high-redshift candidates. HUDF09 campaign.- Now pushing up to z~11-12!

e 2012 - UDF12 campaign (Ellis+13) adds hundreds more hours to HUDF

* Progress since .... Spitzer giving rest-frame optical imaging - ALMA helping with spectroscopic confirmations -
some ground based surveys covering wider areas up to z~10-11 (e.g. COSMOS, Hyper Suprime-CAM).

Credit: NASA



Inferring galaxy properties Pre-JWST

First we have to
find them.....
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Inferring galaxy properties Pre-JWST
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Inferring galaxy properties Pre-JWST

Intensity of light
|

800 T 1200 1400 1600 >
Colour (wavelength) of light/A Andrew Pontzen



Inferring galaxy properties Pre-JWST

Huge samples at z>3.5 selected from
the rest-frame UV via Lyman break

F606W F775W F140W F160W
/ MV

e

Credit - XDF team



Inferring galaxy properties Pre-JWST

These were the spectra that got me excited pre-JWST!

WFC3/IR Grism Observation Setup
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analysis, later updated to 10.957 from emission
line detections in Jiang+21

T
'EL.j__F
3;%»

. ey ..“,.‘l ,
R e ,
s i e
= '.' - |.-> = -
(Ll - o, l o
[ L .-Il-
-0.4
0. 1

1.650 1.655 1.660 1.665 1.670 1.675
Observed Wavelength (um)

~~
|
o
: (¢))]
o
g
Q
oV0)
—
Q
©
|
(e
™
N
[-I:*\

I
-
N

F, (10" ergcm™2s'A™)

1.055 1.060 1.065 1.070
Observed Wavelength (um)

Stark+16 - highest redshift (z=7.73) detection of
emission line other than Hydrogen in a normal

star forming galaxy betore ALMA
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very challenging.



Distances predominantly inferred from photometry using the Lyman break.
Called photometric redshifts



Inferring galaxy properties Pre-JWST

Ground-based

WFC3 z=8 IRAC
| 3.6 um
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Inferring galaxy properties Pre-JWST

Ground-based
K-band °

WFC3 z=8 IRAC IRAC
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Inferring galaxy properties Pre-JWST

But it isn't only stars that emit light in the
rest-frame optical! - BIG PROBLEM
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masses etc. with SED fitting.



could estimate stellar masses etc. with SED fitting.

Number of objects/
Stellar mass bin/

Co-moving
MpcA3
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Thanks to rest-optical coverage with Spitzer (often only 2 filters!), people
could estimate stellar masses etc. with SED fitting.

e Qur Work Smit+14

log(N (1 + 2)%%°) Steinhardt+14
EAGLE Whitaker+14

llustris-TNG Lee+15
FLARES ' Salmon+15
Speagle+14 Kurczynski+16

Schreiber+15 Marmol-Queralto+16

Tomczak+16 ¢ Santini+17
Leslie+20 Pearson+18

Leja+21 Thorne+21
Stark+13

Redshift

Sandles+ 2022MNRAS.515.29515

Specific SFR = SFR/stellar mass - higher star formation rate than past
Integrated star formation rate to higher redshifts, potentially higher gas
fractions (more fuel) -> higher SFR



photometric performance, point source, SNR=10 in 10%s

Huge difference In
sensitivity between
Hubble and Spitzer
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Hubble Space-Teléscope | Hubble+Spitzer ’

And Spitzer had very low spatial resolution -> we only really had rest-optical
iInformation for the brighter galaxies at high redshift.



Now, thanks to JWST!

Huge improvement in
sensitivity compared to
first 2 Spitzer filters, and
MIRI extends to longer
wavelengths.
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Spitzer NQW, thanks to JWST!
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Now, thanks to JWST!

JADES-GS+53.03076-27.90533 --- ID 4055 NIRCam Filters
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thanks to JWST!

Now

NIRCam Filters
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Analysing this rich dataset

Emission line fluxes and ratios, can infer:
 SFRs (~10Myr timescales)
 Dust attenuation
* Likely ionising source
 ISM metallicities, densities, chemical abundances (see Danielle’s talk)

But if we go down the SED modelling route, we can potentially infer all the
above (depending on model complexity - a major caveat) as well as:
o Stellar masses

 SFRs over longer timescales - useful for assessing stochasticity of star formation and
physical processes at play with galaxy evolution on different timescales.



Introduction to SED fitting
Comparing models to data to infer physical properties

Chevallard+2016

orospecfor

BAGPIPES

Johnson+2021
Carnall+2018

Boguien+2019 AKA...



SED fitting | - the models

Isochrones Stellar Spectra

Salpeter
Milky Way
bottom-light

0.1 1.0 100 1000 4.5 4.0
M My log T

|
SF and ChemEvol\‘ SSPs

0.10 1.00 10 100
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100.00 1000.00

Conroy+ 2013ARA&A..51..393C




SED fitting | - the models
Nebular emission




SED fitting | - the models
Nebular emission

Stromgrem Sph‘ere 2
'HII region = ionised hydrogen

T 10000K " e

With large grids of
physical
parameters



SED fitting | - the models
Nebular emission

StromgremSph‘ere - o . oAl |

HII reglon—lomsed hydrogen s . ' .
s 10000K Bl T Vo

image by F. Ringwald



SED fitting | - the models
Nebular emission

Stromgrem Sphere = o
HII reglon = jonised hydrogen g
T 10000K

e g Gutk|n+ 2016I\/INRAS 462 17b | . |
"~ Byler+ 201 7ApJ .840...44B - image by F. Ringwald



SED fitting | - the models
Star formation histories

Iog SFR y/yr Iog SFR y/yr Iog SFR y/yr Iog(sSFR y/yr Iog SFR y/yr

stellar age [Gyr stellar age [Gyr] stellar age [Gyr] stelIar age [Gyr stellar age [Gyr]

true SFH
reconstructed SFH

Prospector ‘non-parametric’
Leja+ 2019Apd...876....3L

t [lookback time; Gyr]

Or stochastic prior e.g.

Gaussian process/dense basis Tacchellas 2022A0J...027 . 170T
lyer+ 2019Apd...879..110l eIe



SED fitting | - the models
AGN

logE (keV, rest-frame)
i | ~2 -3
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= Curti+24 (JADES SF,3 <z < 10)

Curti+23 (6355 HII)
Trump+23 (6355 HII)
Schaerer+22 (6355 HII)
Ubler+23 (GS_ 3073, z~ 5.55)
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BEAGLE-AGN NLR modelling
Silcock+ arXiv.2410.18193

Vidal-Garcia, Plat, ECL+ e.g. full SED X-CIGALE
2024MNRAS.527.7217V Yang+ 2020MNRAS.491..740Y
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SED fitting Il - Inference, or inferring galaxy properties

Compare models to data quantitatively:
Minimising the chi2 is one method

N 2
2 fobs,z’ o fmodel,i
=2
. U;
=l

Where:

* fobsi = the observed photometric flux (or magnitude) at the ¢-th data point
* fmodeli = the model-predicted flux (or magnitude) at the same point
e 0; = the uncertainty (error bar) on the observed point 2

e N = number of photometric data points



SED fitting Il - Inference, or inferring galaxy properties

Compare models to data quantitatively:

Or you can construct a likelihood to maximise. If you believe the errors on the data to be Gaussian
distributed, you can construct a Gaussian likelihood

N
1 obs,2 — moei2
L 2exp( (fobs,i — f dl,))

Where:

o fobsi: Observed photometric flux (or magnitude) at band %
e fmodel i: model-predicted flux (or magnitude) at band ¢
e 0;: uncertainty on the observed flux at band 2

e /N: number of photometric bands or data points



SED fitting Il - Inference, or inferring galaxy properties

Compare models to data quantitatively:

Or you can construct a likelihood to maximise. If you believe the errors on the data to be Gaussian
distributed, you can construct a Gaussian likelihood

N [ 2
1 f obs,i — f model,? 2

Where:

o fobsi: Observed photometric flux (or magnitude) at band %
e fmodel i: model-predicted flux (or magnitude) at band ¢
e 0;: uncertainty on the observed flux at band 2

e /N: number of photometric bands or data points



SED fitting Il - Inference, or inferring galaxy properties

With Bayesian statistics, you use the likelihood and the Bayes theorem:

Posterior Likelihood x Prior

P(data | model) P(model)
P(data)

P(model | data) =

Evidence



Galaxy evolution should be easy with JWST now, right?
(Results skewed towards those from JADES)



Pushing stellar mass functions to high redshifts with rest-optical NIRCam coverage

7.0 0.0 110 2.0

log(M, /M)

Weibel+ 2024MNRAS.533.1808W



M*-SFR, these things should be easy now with NIRCam data, right?

A 10+0.09
Tint = 0.487 47

Shivaei+ (2015) | 2<zs0 Sensitivity limit
Speagle+ (2014) i Equilibrium range
Topping+ (2021)

-—— Popesso+ (2023)

l4<2<7
(This work)

log10(Mx/ Mg)

log1 (M * / Mg )

Clark+ 2024Apd...977..133C
(See also Rinaldi+ 24)



Generally lower metallicities

0.0F —O- JADES [this work] <>~ (M,,2) bins
-gp—~ CEERS [Nakajima+23] —%— GN-z11 [Bunker+23]
- M, bins —$3~ EROs [Curti+23]

Shallower slope in mass-
metallicity relation at low stellar
masses with slope well
reproduced by momentum-
driven winds from supernovae.

I . o« e o
500600 1000 Decreasing metallicities to higher

Redshift
redshifts

m— SDSS [z~0.08] (Curti+20) me |\WST/GLASS [z~3] (Li+22)
MOSDEF [z~2.3] (Sanders+21) = [\WST full sample [z~3-10] (this work)
w—e  MOSDEF [z~3.3] (Sanders+21)

Curti+24a



At first glimpse a diverse population of galaxies,
Indicative of stochastic star formation

— EELG z>5.7
EELG z<5.7

—— Non-EELG z>5.7

- Non-EELG z<5.7

gH

T
~<
1
o

3000
rest-frame wavelength (A4)

From extreme equivalent width emission lines
e.g. Boyett+ 2024MNRAS.535.17968B

See also:
Strait+ 2023ApJ...949L..23S,

Looser+ 2025A&A...697A..88L
+++

M\ [x107 77 ergecm=—2s71]

To napping galaxies

L 0ooser

2024Natur.629...53L



Many of the relationships we study have stellar mass as a baseline, but...

Stochastic SFHs mean our stellar

masses are very dependent on The addition of MIRI constraints
prior/model assumed can help!

a=-040+0.02;b5=793+0.02

+ F560W.

. tl
-

F775W dropouts 5
BEAGLE Constant SFH
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log(Agecsru/yr)
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Aobs [um] Aobs [umM]

Williams+ 2024Apd...968...34W

FO90W dropouts
BEAGLE Constant SFH

Endsley+ 2024MNRAS.533.1111E
log(M, | M)
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Many of the relationships we study have stellar mass as a baseline, but...

Stochastic SFHs mean our stellar

masses are very dependent on The addition of MIRI constraints
prior/model assumed can help!

a=—0481+0.02;bh=8.39+0.02

+ F560W.

. tl
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F775W dropouts
Prospector Continuity SFH
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Williams+ 2024Apd...968...34W

FO90W dropouts
Prospector Continuity SFH

Endsley+ 2024MNRAS.533.1111E
log(M, | M)
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Highest redshift objects have us puzzied

Redshift
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UV luminosity [10'? Lo yv]

O This work

Age of the Universe [Myr]

Some of the most distant galaxies identified (current record z=14.44) are incredibly luminous, and also
show diversity in emission line properties



Highest redshift objects have us puzzled
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Some of the most distant galaxies identified (current record z=14.44) are incredibly luminous, and also
show diversity in emission line properties




Highest redshift objects have us puzzied

 JADES confirming a result from the first months of JWST operations, less
evolution in number densities of bright galaxies at the highest redshifts than
was expected pre-JWST (i.e. more luminous galaxies than we were expecting)

=  Stacked P(2)
2 Completeness

10 11
Redshift

© CEERS z~9.5-12

B DPL z=9-12

Schechter z=9-12
Naidu+22 (z~10-13)
Donnan+22 (z~10.5)
Bouwens+22 (z~10.5)
z~8.5-10 Deep HST
z~8.5-10 HST Parallel
z~8.5-10 Ground-based

—21 -20 -19 —-18 —-17
Absolute UV Magnitude

JADES z~12 ® Finkelstein+23 z~14

JADES z~12, step-wise 4 Donnan+23 z~13
JADES z~14, step-wise Harikane+23a z~12

Perez-Gonzalez+23 z~12 Harikane+23b z.~12
Willott+23 z~12 ® Adams+232z~12.5
MclLeod+23 z~13

-21 -20 -19 -18 -17

M [Absolute UV Magnitude]

See also: Adams+23, Harikane+23a,b,24, Donnan+23,24 + many others Robertson+24

Finkelstein+22



CAPERS: This Work [] Hsiao+24 O Napolitano+25
Carniani+24 A GNzl1l O Fujimoto+24
A\ Castellano+24 @ Arrabal Haro+23
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One of the (humerous) suggestions to explain UV luminous population at high-z
Is that they must be In bursting phase.
Kokorev+29, arXiv.2504.12504



Can we learn about early stellar populations
from chemical abundance patterns? GS-z12

D’Eugenio+23
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This was not one of the super-luminous galaxies, but a deep spectrum showed very strong
carbon emission lines



Can we learn about early stellar populations
from chemical abundance patterns? GS-z12

Local: 7=2-4
MW stars A Ci23 A AC22 @® GS-z12

7= DLA and LLS: V J23 @ (GS-z121
O I24 C17 @ St23 BEAGLE:

$3 Pox 186 Sa23 g Ca23 @ GS-z12

0.0

These C /O estimates
directly from emission
line fluxes/ratios

12 + log (O/H) |dex|

Popll K20

Popll LC18
Poplll V23

Nicholls et al. (2017)
& WW95

Popll TO7

D’Eugenio+23

JWST: This work:

This estimate from
SED-fitting with
BEAGLE while
varying C/O



A most surprising spectrum

o

1§ 2 3 4 5
Wavelength (micron)

GN-z11 has very strong Nitrogen and Carbon lines in the UV and was the most
luminous high-redshift galaxy identified with Hubble

Bunker+23



A most surprising spectrum

* Evidence for the highest redshift black hole?

A small and vigorous black hole in the early

Universe

. . D 2* - 9 .
Roberto Maiolino*?*", Jan Scholtz?, Joris

T 2 4 . . ./ ' ) . 2
Witstok', Stefano Carniani?, Francesco D’Eugenio’?, Anna
de Graaff°, Hannah Ubler!%?, Sandro Tacchella’?, Emma
Curtis-Lake®, Santiago Arribas’, Andrew Bunker®, Stéphane
Charlot?, Jacopo Chevallard®, Mirko Curti'’, Tobias J.
Looser'?, Michael V. Maseda!!, Tim Rawle!?, Bruno
Rodriguez Del Pino’, Chris J. Willott'*, Eiichi
Egami', Daniel Eisenstein'®, Kevin Hainline'®, Brant
Robertson'®, Christina C. Williams!?, Christopher N. A.

. 'Rt IEIIE 2 T 819 (o
Willmer'*, William M. Baker'?, Kristan Boyett'™!? Christa
~ y . . 2
DeCoursey’®, Andrew C. Fabian®’, Jakob M. 3
Helton!'t, Zhiyuan Ji'*, Gareth C. Jones®, Nimisha ]
Wavelength (micron)

Kumari?!, Nicolas Laporte’?, Erica Nelson??, Michele
Bunker+23a arXiv:2302.07256

>/A)

F; (x107%Y erg/s/cm

7 . 2 T cre o 14 1
Perna’, Lester Sandles'?, Irene Shivaei'® and Fengwu Sun'®

Maiolino+24, Nature

Although see Senchyna+23 and Cameron+23
for Wolf-Rayet star interpretation



A most surprising spectrum

* Evidence for the highest redshift black hole?
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Alvarez-Mérquez+25

MIRI spectrum doesn’'t show a broad component in H-alpha



Unusual abundances revealed

Wavelength (micron)

GNz11 - very strong Nitrogen lines/
high Nitrogen abundance
(see Cameron+23) though may be
only from central region if illuminated
by ~10E6 M_o black hole
(Maiolino+23). Abundances can be
produced by Wolf-Rayet stars or
tailored star formation history
(Kobayashi, Ferrara 23)

Bunker+23
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z~9.43 galaxy case study by Curti+24b

Lower C/O, high N/O
Presence of [Ne V] -> can’t rule out AGN

See also GHZ2, Castellano+24

[O 111]AN4959,5007




Unusual abundances revealed

0.5

Reference sample
MW stars BOND GHR
z ~ 0 galaxies /HII z ~ 2 galaxies
CHAOS HII + DLAs
BOND BCD
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Ji+24 [GS — 3073 ; z~5.5]
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Unusual abundances revealed
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Unusual abundances revealed?

e Nicholls+17 L | - TestICF
B ® This Work - 5 "< Test n=106°
L ) N\
high-z
Mrk996

75 80 85 9 70 75 80 85
12 + log (O/H) 12 + log (O/H)

However, taking account of the higher densities experienced by gas emitting high ionisation lines

in the rest-UV, maybe the abundances aren’t unusual?



== SF + AGN

B SF + AGN (68% level)
SF + AGN (95% level)

Restframe Wavelength (um)
LD 2.0 2.5

0.5%_21 0.16 0.17

(o)}

SF only

B SFonly (68% level)
SF only (95% level)

()

ClI1]JAA1907,1909

S

|
|
|
|
s -3-_)
- - j‘l_‘
| %

CIVAA1548,1551]| OIII]A/\1661,1666
T ) T

|
|
i
|
3 |
l?l:
!
|
|
|
|
|
|
|
|

w

Flux (erg/s/cm?/A)

GS-z11-1 also shows strong Carbon
lines, hints of Hell. Fitting with
BEAGLE with and without AGN
NLR models indicate likely super-
solar C/O abundance. This has also
been tested for higher electron
densities.
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Consistent with Popll star yields?

Models:

Nicholls et al. (2017)
Popll TO7

Popll LC18

& WW95

0.2

Popll K20
Poplll V23
GS-z11-1:
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High-z galaxies:

UHZ2 - Castellano+24
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Summary

How do we study galaxy evolution?

 Often, we look at some properties of the galaxy population (e.g. brightness, mass, amount of
metals), sometimes multiple at once (e.g. mass-metallicity, mass-sfr relations) and trace the
evolution over cosmic time.

 We then compare to galaxy simulations, or if we can link our galaxy populations to their
underlying dark matter halo properties.

 JWST bringing dense SED sampling with deep imaging over many filters as well as
spectroscopy should bring immediate gains

BUT... We are being challenged by the data currently -

e Stochastic SFHs make some basic physical property estimates challenging, e.g. stellar mass

 Basic observed properties are not reproduced by simulations e.g. most luminous galaxies at the
highest redshifts.

 We are rushing to make sure that models/calibrations used to infer properties from emission
lines are suited to the conditions at high redshifts, e.g. are we seeing unusual chemical
abundances indicative of early stellar population yields, or are we seeing very dense ISM
conditions?



