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First Billion Years of Cosmic History

credit: Alvarez / KIPAC Billions of years ago

Neutral
hydrogen Cosmic
and ‘dark ages’

i | At
Recombination First stars First galaxies

e Deep infrared imaging is rapidly pushing back cosmic frontier to z~9-15.

e Knowledge of when and how reionization happened promises insight into the first
generation of stars/galaxies.

e Major science driver behind many current and future facilities (21-cm, [CII]+Lya

intensity mapping, TMT, Roman, JWST, ALMA).



From Cosmic Dawn to Reionization

credit: Iliev et al.

o ].First galaxies form stars in low
mass halos.

2. Massive stars create small HII
regions, beginning reionization.

*3. Groups of small galaxies form

in dense regions, leading to large
bubbles.

*4. Reionization complete once all

bubbles have overlapped.

We are now beginning to directly observe this process!



What do we know about the timeline of reionization?
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e Completed by z~5-6, ~1 billion years after the Big Bang.

e Timescale of reionization regulates the optical depth to electron scattering (t.) faced by

cosmic microwave background (CMB) photons.

e Measurement of t.indicates reionization underway by z~9, 550 million years after the Big Bang.



What do we know about the timeline of reionization?
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e Completed by z~5-6, ~1 billion years after the Big Bang.

e Timescale of reionization regulates the optical depth to electron scattering (t.) faced by

cosmic microwave background (CMB) photons.

e Measurement of t.indicates reionization underway by z~9, 550 million years after the Big Bang.



HST has Excelled in Discovery of Early Galaxies

Bouwens et al. 2021

* Large photometric samples at z~7-8 from HST
WFC3/IR imaging.

*600 galaxies at z~7
250 galaxies at z~8

] *Much smaller samples (~10) at z>9 from HST.
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New Galaxy Samples at z~9-13 from JWST

_mtler Endsley, Stark+2023
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Deep JWST/NIRCam images have delivered the first large samples of z~9-15 galaxies, with a
growing number now spectroscopically confirmed.



New Insight into Dust Obscuration from ALMA

Endsley,Stark+2022d

Bouwens+22
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ALMA beginning to contribute more to our understanding of early galaxies.

e Characterization of obscured star formation in typical UV-selected galaxies.

e Discovery of AGNs and heavily-obscured galaxies.



Census of Galaxies in Reionization Era
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Census of Galaxies in Reionization Era
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'R T A Y R T — * Nevertheless we see a drop off in UV
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Redshift photons at z>6. Motivates question: can
galaxies achieve reionization by z~6 given

what we have learned about census?

Robertson 2022, ARAA
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® Galaxies can easily achieve reionization by

z~6 tfor nominal source assumptions (i.e., ionizing

etficiency of galaxies, lower luminosity bound on star
formation).

¢ In this fiducial picture, bulk of reionization
occurs relatively late at 6<z<09.
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o [f this is correct, a significant fraction (~50%)
of the IGM should be neutral at z~8, with closer
to 80% neutral at z~10.
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o [f this is correct, a significant fraction (~50%)
of the IGM should be neutral at z~8, with closer
to 80% neutral at z~10.

® This needs to be tested, as reionization can
occur ditferently for ditterence source

assumptions (i.e., ionizing efficiency of galaxies, lower
luminosity bound on star formation).
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o [f this is correct, a significant fraction (~50%)
of the IGM should be neutral at z~8, with closer
to 80% neutral at z~10.

® This needs to be tested, as reionization can
occur ditferently for ditterence source

assumptions (i.e., ionizing efficiency of galaxies, lower
luminosity bound on star formation).
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o [f this is correct, a significant fraction (~50%)
of the IGM should be neutral at z~8, with closer
to 80% neutral at z~10.

® This needs to be tested, as reionization can
occur ditferently for ditterence source

assumptions (i.e., ionizing efficiency of galaxies, lower
luminosity bound on star formation).

® And we are learning there may be more UV
photons at z>10 than we previously thought.

¢ How can we probe the IGM ionization state at
z~8-107



Lya Emission Provides a Path Forward
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Star forming galaxies emit Ly« emission line at 1215.67 A

Neutral hydrogen (in galaxy and IGM) scatters Lya, reducing
observed flux in the line.

If IGM is partially neutral, it will attenuate Ly« in star forming
galaxies.
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Lya Fraction Test with Star Forming Galaxies

0.6 e e e _
Fraction of star forming 05E :
galaxies with Lya emission oal ¢ yovemission - :

T less common  :

above a fixed equivalent PN
S :

width threshold: ¢

02F ? :
:
Xiya ()= Niya pofStarks2010.2000

5 6 / 8 9
Ntot Redshift



Lyman-alpha Emission at z~6: A Baseline Measurement

Endsley, Stark+2()21b
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® Large EW Lya emission seen in ~50% of low luminosity z~6 galaxies.



Lyman-alpha Emission at z~6: A Baseline Measurement

Cosmic Time (Gyr)
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e Large EW Lya emission seen in ~50% of low luminosity z~6 galaxies.
*Why? Less dust and patchier neutral gas at z~6.



Searching for z>7 Lya Emission: 2009-2022

eLarge observational effort to characterize
Lya emission line EWSs in continuum-selected
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Lya emission is Weak in 7<z<9 Star Forming Galaxies

Schenker, Stark+2014
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Strong Lya emission (EW>25A) is
extremely rare in most z~7-8
galaxies, in contrast to what we saw
at z~6.



JWST Provides a New Window on Lya emission

< Tang, Stark+2023
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e JWST /NIRspec is game-changer for Lya, recently producing first detections at z>7.

e NIRSpec also provides rest-optical lines (i.e. H-beta), which allow us to predict intrinsic
Lya luminosity.

e This gives escape fraction of Ly« for individual galaxies at z>7.



JWST Provides a New Window on Lya emission

This work Green Peas
CEERS 2~ 7-9 2 0.3 LzLCS
z ~ 2 EELGs
3.0
| Results suggest that Lya escape
fraction drops rapidly in typical
L0 galaxies at z>6.5.
% 0.3 - Something is attenuating Lya in
S reionization-era galaxies.
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Reionization Provides an Explanation

Bolan+2022 | |
Gyr since Big Bang
1 0.8 0.6

IGM neutral fraction, Xy

Redshift, z

QSO damping wings
Lya EW evolution

Lya LF evolution

LAE clustering

Dark fraction
This Work

Lya attenuation easily explained by
scattering from HI in IGM.

Need Xm1~0.5 at z~7 and Xi1~0.8 at z~8.
Broadly consistent with expectations for
late reionization model.

We are starting to see compelling
evidence that IGM is still significantly

neutral at z~7, 770 Myr after the Big
Bang!



Lya emission in Massive z~7 Galaxies

Endsley, Stark+2021b
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oIn the last few years, attention has shifted to wide-area datasets, which allow Ly«

fraction test to be extended to massive galaxies (M*>10° M., ).
e We have conducted a large Lya survey of (7 deg?) with MMT / Binospec.

e Lyman alpha detections are surprisingly common at z~7!



Normalized Probability

Lya emission in Massive z~7 Galaxies

Endsley, Stark+2021b

*Distribution of z~7 Lya line
strengths in our survey is
identical to that at z~6.

* Lya emission does not disappear
in massive z~7 galaxies.




Extension to Higher Redshifts with Keck

Stark+2017

Stark+2017

Zitrin+2015
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e Handful of similar Lya detections in massive galaxies at z~7-9 with Keck (Oesch+2015,

Zitrin+2015, Roberts Borsani+2016, Stark+2017)



Extension to Higher Redshifts with JWST

Bunker+2023
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e NIRSpec detection of Lya in bright, massive galaxy at z~11 (GNz11; Oesch+16) in
JADES survey (Bunker+2023, Tacchella+2023).

e Lya transmission 430 Myr after Big Bang!



Lya Transmission in the Reionization Era

credit: Iliev et al.

Puzzling results! How can we see Lyman alpha so readily in some galaxies at z~7 to z~11 when
IGM is significantly neutral?

Why do we see Lyman alpha in massive galaxies while it is so strongly attenuated in most
lower mass galaxies?



Lya Transmission in the Reionization Era

: B

lonized Hydrogen .

Atomic Hydrogen

credit: Rennan Barkana

HI

As Lya photons travel outward from galaxy,
they are cosmologically redshifted.

The more Lya is able to redshift before

reaching HI, the greater the transmission
through the IGM.

Galaxies in large bubbles = more Lya
transmission through IGM.

We expect Ly emitters to provide signposts
of ionized regions of the universe.



How is Lya Visible in Massive Galaxies out to z~117

Tang, Stark+2023b
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How is Lya Visible in Massive Galaxies out to z~117

Tang, Stark+2023b
e Transmission of Lya facilitated by location ot
: _ bubble size : .. ]
o5l R=10pMpc galaxy in ionized bubble.
= | n EWLya,att = 25 A -
2| FIEWat /EWin = 0.32
> 0.6 : S ]
2 intrinsic : .
£ i Two possible scenarios:
= 04
S _ (1) Massive galaxies tend to trace overdense
abtenuated - regions that have carved out large ionized
N bubbles (>1 physical Mpc) .

vvvvvvvvvvvvvvvvvvv

bubble size
R =0.1 pMpc

EWnew=4A 1 (2) Massive galaxies have carved out their own

EWatt/EWine = 0.22 |
- small ionized bubbles (~0.1 physical Mpc) .
Redshifted

line profile 1;{}tr1n81c

Transmission may be further assisted by
outflows in galaxy — these redshift line

profile (see left).




Progress from JWST /NIRSpec Spectra of Lya Emitters

Bunker+2023 (see also Tacchella+2023)

L0 | Tang, Stark+2023
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At z~8-11 we see that Lya has large velocity shifts (>500 km/s) from systemic redshifts, as
may be expected for small bubble picture.



Progress from JWST /NIRSpec Spectra of Lya Emitters

Cameron+2023
Senchyna, Plat, Stark+2023 . i
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In the z~11 galaxy, we see Lya is associated with a compact star forming complex (~108 Mg in 200
pc) with extremely dense (>105 cm-3) clouds of ionized gas that are metal poor (~0.1 Ze) yet highly-

enriched in nitrogen (super solar) — very peculiar abundance pattern with unknown origin!
**see Pascale+2023 for a z~3 analog of this z=11 galaxy.



Progress from JWST /NIRSpec Spectra of Lya Emitters

Bunker+2023
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Tang, Stark+2023
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We are also finding that Lya emitters have extreme emission line spectra (CIV, He II),
indicating harder radiation fields than seen in typical sources.

This suggests the Lya emitters not only have enhanced transmission but also enhanced
production -- likely contributing to line visibility in small bubbles.



Next Step: Identitying and Mapping lonized Bubbles

credit: Iliev et al.

FaintGalaxies

BrightGalaxies

e We are finally assembling Lya samples at z~7-11 that allow us to identify and map bubbles.
 This is next major phase in reionization studies (21cm, [CII] intensity mapping, Roman, Lya).
e Promises insight into early (z>9-15) star formation, providing test of recent JWST results.

* Bubble sizes also sensitive to mass-scale of dominant ionizing sources.



Lya emission bubble searches are just getting started

Endsley, Stark+2021b, 2022ab

Tonized

Bubble

R e TR iy.‘
AN

oA

e We have conducted Lya survey across 7 deg? at z~7.

e Given what we know about IGM, there should be large bubbles in place!
e How do we find these bubbles?



Lya emission bubble searches are just getting started

Endsley, Stark+2021b, 2022ab
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e We have conducted Lya survey across 7 deg? at z~7.

e Given what we know about IGM, there should be large bubbles in place!
e We search for regions in our survey that satisfy three criteria

*Overdensity of galaxies
eStrong Lya emission (excess relative to average)
eLya profiles indicative of ionized sightlines (low velocity offsets).



Can we find z~7 ionized bubbles in our survey area?

Endsle‘yL Stark+2021b
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Ultra-Deep
Stripes

Endsley & Stark 2022a

4.8 physical Mpc

3.5 physical Mpc

e Some sightlines show signatures of
bubbles at z~7.

*5-10x overdensity on 10-15 arcmin scale

eEnhanced Lya transmission (90% success rate)

*Line profiles indicative of ionized IGM.



Can we find z~7 ionized bubbles in our survey area?
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O ] 7, =638
<+

Non-detection

ll,\'u =0.70 | Zl.}‘u =6.74

3.5 physical Mpc

4.8 physical Mpc

e Some sightlines show signatures of
bubbles at z~7.

*5-10x overdensity on 10-15 arcmin scale

eEnhanced Lya transmission (90% success rate)

*[ine profiles indicative of ionized IGM.

e Other overdensities do not!

e Stronger overdensity on 3-5 arcmin scale

e Surrounding radio AGN (Endsley, Stark+22c).

*Very low Lya success rate.
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Endsley Stark+2021b
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3.5 physical Mpc

4.8 physical Mpc

e Some sightlines show signatures of
bubbles at z~7.

*5-10x overdensity on 10-15 arcmin scale

eEnhanced Lya transmission (90% success rate)

*[ine profiles indicative of ionized IGM.

e Other overdensities do not!

e Stronger overdensity on 3-5 arcmin scale

e Surrounding radio AGN (Endsley, Stark+22c).
*Very low Lya success rate.
*Not yet clear why some
overdensities are better at reionizing
their surroundings.



Bubbles should be smaller at z~9

credit: Iliev et al.

* We expect vast majority of z~9 bubbles to be smaller than 1 physical Mpc given
expected HI fraction in IGM.

o[f we see larger bubbles at z~9, it may suggest more UV photons at z>10 than was
thought previously, as has recently been suggested by JWST.



JWST is now extending bubble constraints to z~9

Whitler et al. 2023¢, Tang et al. 2023a
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Whitler et al. 2023¢, Tang et al. 2023a
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e Two z~8.7 Lya emitters have been
identified with separation of ~5 physical
Mpc — signature of large bubble?

* NIRCam reveals strong 5x
overdensity of galaxies in this field—

as would be required to carve out a large
bubble.

e May be first indications that bubbles are
larger at z~9 than we expected.
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| | | 1 ' ' | ' v ' |
! # Bouwens+21,z~8-09
3F % A ‘ _ 1
, EGS 2910 44164 m Finkelstein+22,z~85-11
A Leonova+22,z~8-9
< ® This work
2 * o - -
%
o °
—_ ® ® ®
o
%- 1 — w : -
® [
o) \ S g
g ’ °
o OF z °® _
re) EGSY8p7 o ® o
— o L
o
— °, o
> ® P o
<] -1 ® ® -
i ®
-2 |
®
—3 | A . R | 3 3 3 | 2 2 2 | 2 1 2 | ] ) : | ) —
2 1 0 -1 -2 -3

AX [projected pMpc]

Zitrin+2015, Roberts Borsani+2016, Larson+2022, Leonova+2022

e Two z~8.7 Lya emitters have been
identified with separation of ~5 physical
Mpc — signature of large bubble?

e NIRCam reveals strong 5x
overdensity of galaxies in this field—

as would be required to carve out a large
bubble.

e May be first indications that bubbles are
larger at z~9 than we expected.

*Deep Lya spectroscopy targeting
galaxies in overdensity will soon clarity
full extent of the ionized region.



Star Formation History and Growth of Early Galaxies

¢ o * e . e We have seen that large bubbles likely exist at z~7.
c ° ] e To compute whether the galaxies within them could
¢ . e have created these bubbles, we need to know their
A T e . . star formation timescales.
: Atomic Hydrogen oIf ages of stellar populations in z>6 galaxies are
. uniformly large, it would facilitate possibility ot
. o . significant past ionizing photons for bubble growth.

* What do we know about the stellar population ages
of reionization era galaxies?

credit: Rennan Barkana



Prior to JWST: Stellar Population Ages tfrom HST+5pitzer

HST/F160W
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HST probed rest-UV, providing a measure of recently-formed O/B stars.

Spitzer probed rest-optical, revealing whether stellar population ages are old
enough to have built up a substantial number of A stars.

Sensitivity / resolution of Spitzer clearly limiting for most z>6 galaxies!



JWST is a game-changer for star formation histories
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HST probed rest-UV, providing a measure of recently-formed O/B stars.

Spitzer probed rest-optical, revealing whether stellar population ages are old
enough to have built up a substantial number of A stars.

Sensitivity / resolution of Spitzer clearly limiting for most z>6 galaxies!

In contrast, NIRCam detects rest-UV to optical light with ease for z>6 galaxies.



How can we distinguish old and young stellar populations?



How can we distinguish old and young stellar populations?

Old stellar population (CSFH t~300 Myr)

~|Age = 300 Myr
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Observed Wavelength |um

e Balmer break: rest-optical brighter than rest-UV
owing to dominant A star population.



How can we distinguish old and young stellar populations?

Old stellar population (CSFH t~300 Myr) Young stellar population (CSFH t~1-30 Myr)
Age = 300 Myr oF Age = 30 Myr
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e Balmer break: rest-optical brighter than rest-UV * No Balmer break, rest-UV as strong as optical.

ing to domi t A st lation.
owing to dominant A star population o [OIII] and Ho EW are large, leading to large

flux excesses in NIRCam filters they sit in.
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NIRCam SEDs of z~6.5-8 Galaxies in CEERS

Endsley, Stark+2022d
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e Range of SED shapes present, with young and old stellar populations seen in early galaxies.
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e We characterized NIRCam SEDs of 118 z~6.5-8 galaxies in CEERS ERS imaging.



AB Magnitude

NIRCam SEDs of z~6.5-8 Galaxies in CEERS

Endsley, Stark+2022d
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e We characterized NIRCam SEDs of 118 z~6.5-8 galaxies in CEERS ERS imaging.

e Range of SED shapes present, with young and old stellar populations seen in early galaxies.

e But the majority show the signature of large EW [OIII], a sign of young stellar populations.



But the majority show very young stellar populations

Endsley, Stark+ 2022d

o [OII]+HB EW distribution has median (780A)
— CEERSz~6.5-8 — almost never seen at z~2-3.
COSMOS z~6.6—-6.9

2 z~6.5-8 ,
= *Suggests very young stellar populations (~1-20
§ Myr of constant star formation) are dominating
é the entire SED at z~6.5-8.
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But the majority show very young stellar populations

Endsley, Stark+ 2022d

o [OII]+HB EW distribution has median (780A)
— CEERSz~6.5-8 — almost never seen at z~2-3.
COSMOS z~6.6—-6.9

2 z~6.5-8 ,
= *Suggests very young stellar populations (~1-20
§ Myr of constant star formation) are dominating
é the entire SED at z~6.5-8.
3 z~2
N . .
= e How do we explalon such young ages being so
s common when universe is 700-900 Myr old?
o
Z

T
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[OIII]+HB EW [A]



How do we explain such young stellar populations?

Sparre et al. 2017
[ " I N

Simulated star formation histories ‘Very y;)lung'csiEDSf are eXPeCted 11n galiXIGS thfat
51 - are 1n the n.n st of a recent upturn or burst o
star formation.

Extremely Large
[OIII]

- 4| ) eEvolution in SEDs suggests shift toward very
I;... EW phase bursty star formation as we move from z~2 to
Lo, 3L l z~7, with some indications that bursts are more
E prominent at low masses (Endsley+22d).

P

e This has significant implications for how
galaxies are able to achieve reionization!

gl ol 4 I ‘ *

§ SLalh i s a--JL.-mvm.-mm
0 1.5 1.0 0.5 0.0

Lookback time [Gyr]




Reionization with Bursty Star Formation

lonized Hydrogen .

Atomic Hydrogen

credit: Rennan Barkana

e How do galaxies build large bubbles if their star
formation timescales are only a few Myt?

*Related question: were z~6.5-8 galaxies really not
forming stars a few hundred Myr earlier at z>107?

e This motivates investigation of whether there could
be significant star formation before the burst that we
have missed.
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Can we fit Old Stellar Populations in Bursty Galaxies?

Topping, Stark+2022, Whitler, Stark+2023b

_ I B . — | r r | |
- Zspec = 6.8473
22+~ log(M+ /My) = 8.68
L age = 2.9 Myr
L Ty = 0.002
24
26 P
28 _ ! ‘i | @ Observed _
_ J\ ® Model |
L1 L L | | | 1 1
0.6 1 2 3 4 5 6

Observed wavelength [um]

e Consider REBELS-39, a large [OIll]+H-beta EW galaxy at z~7 with ALMA dust
continuum and [CII] measurements (Bouwens+22, Topping+22).



AB magnitude

Can we fit Old Stellar Populations in Bursty Galaxies?

redshift
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e Consider REBELS-39, a large [OIll]+H-beta EW galaxy at z~7 with ALMA dust
continuum and [CII] measurements (Bouwens+22, Topping+22).

e Reproducing the [OIIl]+H-beta EW requires very young stellar populations formed in
a recent burst. Mass formed during the burst is very small (log M*/M . ~ 8.68).



Can we fit Old Stellar Populations in Bursty Galaxies?

AB magnitude

redshift
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e But the SED of REBELS-39 can be fit equally well with an older stellar component — can
increase the derived stellar mass (and age) by an order of magnitude (log M* /M. ~ 9.89).



The Outshining Problem in the Reionization Era

Stars from burst  This is the classic outshining problem (i.e., Leja+2018).
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The Outshining Problem in the Reionization Era

Stars from burst  This is the classic outshining problem (i.e., Leja+2018).
™
) ¢ e Our view in the UV and optical is dominated by the burst of star
* formation.
e We may be missing the light from the dominant older population —
thereby dramatically underestimating total ages and masses (and

faint old component integrated contribution to bubble growth).



The Outshining Problem in the Reionization Era

Stars from burst

Nx*
*

|

faint old component

 This is the classic outshining problem (i.e., Leja+2018).

e Our view in the UV and optical is dominated by the burst of star
formation.

e We may be missing the light from the dominant older population —
thereby dramatically underestimating total ages and masses (and
integrated contribution to bubble growth).

e One approach: move to longer wavelengths with MIRI where older
component may come into view.

e Another approach: we may expect to resolve out the faint old
component at longer wavelengths with JWST (old stars) or ALMA

(ISM).



The Way Forward: Spatially Resolving Bursty Star Formation

Endsley, Stark+2022e Chen, Stark+2023a
SOSE-8 1260501 77 72 =520 QOSZ-0338 153350 m=a. 1 2] FOSZ-03 153285 {2=6.51] SCS1-DI T II00 | 2= 0] TOpping, Stark+22a

-p
-
-

1
td

l ~,
-
| o——
-
~

[CI1] FWHM [km /s]

2001

bursty galaxies

10 100 1000
soF'Regrny / Gyl‘_ L

Blue = [CII], red = dust

e ALMA and JWST are now providing maps of old/young stars and ISM reservoirs in bursts at z>6.



The Way Forward: Spatially Resolving Bursty Star Formation

Endsley, Stark+2022e Chen, Stark+2023a
Topping, Stark+22a
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e ALMA and JWST are now providing maps of old/young stars and ISM reservoirs in bursts at z>6.

e Results suggest that young bursts sit in galaxies with very large ISM reservoirs, significant dust

uminosities, and very large gravitational potentials: all consistent with galaxies being much more
massive than previously thought (Topping+22).

| eading to significant revisions in stellar masses and star formation timescales for bubble growth.




summary

e New era of Lya spectroscopy with JWST and wide-field ground-based spectrographs.

Lya detections now extending out to z~9-11, opening study of early stages of
reionization.

e[ arge ionized bubble candidates are now being identified across wide fields, allowing
the process of reionization to be directly studied on a local level.

e Potential signature of large ionized bubble at z~9, which would be unexpected given
large neutral fraction thought to be in place at that redshift. If confirmed, may point to
more early star formation at z>9 than previously thought.

e Reionization-era galaxies appear to have bursty star formation histories, leading to very
young stellar population ages.

e These bursts reflect a distinct shift compared to star formation histories at z~2, with
significant implications for how galaxies achieve reionization.

e New ALMA+JWST studies are needed to assess whether the burst outshines a dominant
older stellar component, which would increase inferred mass+age by up to 10x.



Massive Galaxies now appearing in JWST Datasets
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* Once old component accounted for, some galaxies potentially look very massive at z>7.

* New class of very compact (<150 pc) high mass galaxies with ~101© Mg in JWST imaging.

e|ndicative of significant past star formation at z~10-15, with potential AGN signatures.



Surprise with JWST/NIRCam Imaging: Weak Emission Lines
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The majority of NIRCam SEDs at z~6-8
have indications of strong emission
lines.
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Surprise with JWST/NIRCam Imaging: Weak Emission Lines
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Endsley, Stark, et al. 2022d
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The majority of NIRCam SEDs at z~6-8
have indications of strong emission
lines.

We have found a large fraction (~20%)
of z~6-8 galaxies appear (i) young and
(ii) have no indications of flux excesses
associated with emission lines.

[OlllI] must be weak!



Surprise with JWST/NIRCam Imaging: Weak Emission Lines

Endsley, Stark, et al. 2022d
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Our fiducial models make [Oll]
weak by going to extremely low gas-
phase metallicities (~1% solar
metallicity).

Signature of extremely low
metallicities in dwarf galaxies?



Surprise with JWST/NIRCam Imaging: Weak Emission Lines

Direct star light There are two other explanations
with LyC which could be contributing.

1. lonizing photon escape without being
absorbed, diminishing emission lines —
would suggest very effective ionizing

agents!

Star light and
nebular emission,
but no LyC



Surprise with JWST/NIRCam Imaging: Weak Emission Lines

There are two other explanations

O 0 which could be contributing.
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Surprise with JWST/NIRCam Imaging: Weak Emission Lines

Endsley, Stark, et al. 2022d
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Fach interpretation can fit the observed SED well with very different physics.

As these young, weak line sources represent 20% of the population at z~6-8, it is
critical that we get to the bottom of this — spectroscopy can help distinguish!



