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What can pathologically massive galaxies — formed incredibly
quickly after the Big Bang — teach us about fundamental
processes of halo growth, the ISM and galaxy formation?




The original class of pathological galaxies: Quasars
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3C 273 at z=0.15 JO0313—1806 at z=7.6
(Schmidt 1963) (Wang et al. 2021)

Forming a supermassive black hole with Mgy = 10° M, at

z~7 requires a ~1000M seed at z ~ 30 and a factor 100
growth at the Eddington limit!



The most extreme star-forming galaxies and dust reservoirs.

MAMBO-9 at z=5.9 SPTO311 at z=6.9
(Casey et al. 2019, Akins et al. in prep) (Marrone et al. 2018)

Forming a massive, obscured starburst with My, = 10° M, at
z~7 requires a SN-dominated dust formation mechanism that
produces ~ 2 M, of dust ejecta per supernova.

Schneider et al. 2004, Dwek & Cherchneff 2011



UV-bright massive galaxies at z>8 (z>107)

Even assuming that all available baryons in all halos with enough baryons to form
1010 — 1010 M, of stars at z = 10 have indeed been converted into stars by that
point — an unrealistic limit — it is still not possible to produce the stellar mass
density measured by Labbé et al. (2022) in ACDM with a Planck 2020 cosmology.

— Boylan-Kolchin (2022)

n(>M)Mpe™ (fore=1): more stellar mass than

available baryons
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Forming UV-bright galaxies with M, = 101" M, at z~10
with volume density 107> Mpc ™ is not allowable in ACDM.



Forming a supermassive black hole with Mgy = 10° M, at

z~7 requires a ~1000M seed at z ~ 30 and a factor 100
growth at the Eddington limit!

Forming a massive, obscured starburst with My, = 10° M, at
z~7 requires a SN-dominated dust formation mechanism that
produces ~ 2 Mg of dust ejecta per supernova.

Forming UV-bright galaxies with M, = 101" Mg at z~10
with volume density 107> Mpc ™ is not allowable in ACDM.



Models fail to capture extreme, early sources; many of
those models are calibrated against observations of a
narrow subset of observations.
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Fully capture obscured star-forming galaxies and constrain
their luminosity function at z > 3.



~10,000 galaxies 35 galaxies

ALMA map of HUDF from ASPECS
Gonzalez-Lopez et al. (2020)



Why so few dusty galaxies? 35 galaxies
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ALMA map of HUDF from ASPECS
Gonzalez-Loépez et al. (2020)




Dust pretferentially lives in high-mass galaxies.

fahs‘.cu'ad = S FRIR/S FRU‘.’HR
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The volume density of massive galaxies is ~1/100th of “normal” galaxies.

“Pencil-beam” surveys will not see such intrinsically rare galaxies.



Pencil beam surveys doesn’t work for finding
the highest redshift dusty starbursts.
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Mapping Obscuration to Reionization with ALMA: NCPECS 8 GOODSALMA T Surveve
A 2mm blank field g
ALMA Cycle 6 Program (15 hours) + ALMA Cycle 8 Program (37 hours)

2mm, 0.08mJy RMS,155arcmin2 — 2mm, 0.08mJy RMS, 0.2deg?



2mm filters out z < 3 emission — leaves massive
obscured systems at the highest redshifts.
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At higher redshifts, 2mm emission is brighter
for fixed




2mm Hubble imaging K-band  Spitzer IRAC ~ ALMA
detected = aied
sources are

“OIR dark”

.
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MORA-4

...are massive;

all detected by
Spitzer / IRAC in

the near-IR.

MORA-5
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Casey et al. (2021)



ALMA Cycle 6 DDT for redshift confirmation
8 hours (!I) needed

z=5.85, CO(6-5) and H20O(2411-20>) , MAM BO_9
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MAMBO-9: the most distant unlensed* DSFG at z=5.85
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MAMBO-9: the most distant unlensed* DSFG at z=5.85

: ®
Vot Mercaive MAMBO-9 is too massive Dust continuum map at] |

to have begn discovered in L rest-frame 150um, |

Thi - - : : % Lo

d!}ﬁ%ﬁ? usjhg classic mass - + detailed kinematics | Holiis Akins, UT

of Cll + JWST M, | gradstudent
p ”. |
o

Akins et al., in prep

Casey et al. (2019) Sinclaire Manning, UT—
UMass Hubble Fellow

Manning et al. (2022)

Implies a significant population of massive systems (M, ;, ~ 10'*°M,) with volume
density 10™ Mpc— whose baryons are dominated (>95%) by molecular gas.



bl Refining constraints on the
T T A First firm constraints on the obscured
‘kg obscured SFRD at z>4 :

star-formation rate density at 4 < z < 7.
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ALMA Cycle 6 Program (15 hours) + ALMA Cycle 8 Program (37 hours)
2mm, 0.08mJy RMS,155arcmin2 — 2mm, 0.08mJy RMS, 0.2deg?
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Mapping Obscuration to Reionization with ALMA:
A 2mm blank field

ALMA Cycle 6 Program (15 hours) + ALMA Cycle 8 Program (37 hours)
2mm, 0.08mJy RMS,155arcmin2 — 2mm, 0.08mJy RMS, 0.2deg?



JWST NIRCam Coverage in COSMOS

Arianna Long, Olivia Cooper,
Hubble Fellow UT grad student,
NSF Fellow

MORA is being
extended by a factor
of 4x as we speak!

ALMA Cycle 6 Program (15 hours) + ALMA Cycle 8 Program (37 hours)
2mm, 0.08mJy RMS,155arcmin2 — 2mm, 0.08mJy RMS, 0.2deg?
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The largest JWST deep tield (0.54deg?) in four
NIRCam filters + 1 MIRI filter (covering 0.2deg?).

COSMOS

WEB

Pls: Caitlin Casey &
Jeyhan Kartaltepe

+50 co-I's as part of the Casey et al. in prep
COSMOS collaboration.



The largest JWST deep tield (0.54deg?) in four
NIRCam filters + 1 MIRI filter (covering 0.2deg?).

ands shallower than -26.5 [AB]
eeper than ~-24 [AB)

m
3
(a8
w
(v N
W 4
(D

than —-"G 5 [AB]

l Y

o HI[ I ]IHII lll_ll')[ II\IITIITH ]H(ITI)

> =

—

COSMOS

z~9 LBC (M, ,=-20.4)
~11 LBG (M,,=-20.2)

z~13 LBG (M,,=-20.1)

z=4 Passive Galaxy

N
o
=
o
Flux Density [nJy]

AB Magnitude & Depth
3

N
@

TTTTTTT IBRRRA ll]lllll TII[III IIlIIII‘IlI

> +DAS 1"‘(
COS ?’OS\/ nJ*‘?Tu u\ tion

Pls: Caitlin Casey & o -

. 6 . 1.0 2.0 4.0 6.0 8.0
‘J eyh an Ka rta |te pe Observed Wavelength [um]

+50 co-I's as part of the
COSMOS collaboration.

Casey et al. in prep




: K . g '
HUDF g R NI D (A | }
’ . . - ; . .
: A , g
v .\ : /
* \ d oy
‘ -
. v -
b K | 4
. : y
» A " - ' ’
B
4 _ -
*

A simulation of COSMOS-Web \ .
~ RGB in F115W/F150W/E277W at depths of ouf program .-~ -

= ; \ .

.. prepared using Deep Realistic Extragalactic Model (DREaM)

; with realistic JWST PSF. Credit to Nicele Drakos; Bruno
Villasenor, Brant Robertson and Ryan Hausen. -’

’ e o PR R S g
/. ’ . - L4 '
“ . www.nicoledrakos.com/dream :
. r . ~ € g
- / .
g s )
by K .
,‘, ‘
: » » e " ‘
, B .’ - L
- ' ’ '.I/.
..\



1 '.;

COSMOS Web W|II |mage 1()6 gaIaX|es down to
[AB] ~ 27 5 28 3 V\nth NIRCam over 0. 54 deg

, . »

-

i L~ 32 OOO galaxnes WI|| be detected in: '
HUDF o 0. 2deg w|th MIRI -at. 7 7/,fm LA

P
0 .
-~ - » A
. W

=

EoN R Why SO blg? -
Relonlzatlon‘ detect ~ 5000 gaIaX|es from 6. < 7 < 11 at the

brlght end of” t'he Ium|n03|ty functlon and measure patchlness -

2 Qmescent GalaXIGS' find hundreds of massive qwescent %

gaIaX|es at 4 < ¥ < 6 to place constralnts on formatlon of flrst massive

: systems ,.W_. i _',-.

3 Stellar—Mass-to Halo Mass. use. weak Iensmg to

constrajn the SMHR observatlonally toz ~ 2.5, anchorlng cosmologlcal

COSMOS | , e e

5|mu|at|ons | . A :
,

® i ' b | )
5 va > o
» L - - .. L < .
" » , »
- '
. g - 3 a - - > L A . - . . ' o
. “, y » - '
. . \ y > * . .
. 1 . . = .
- 5 . . . C .
. - ] . . . v
. ’ -~ ’ ‘
a - ke ‘ . % ’



lonized |IGM 7"
Py 7 S 0
Neutral IGM JWSTERS:Z

Highly clustered %
massive galaxies #&X

T DEYEREL:
24 currently exist!



Enough data to spur a flurry of papers!
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Lessons from JWST data: z<10 is possibly considered ‘low’ redshift.

F115W

530 TS :
‘-‘: w7 “ L 'y
oy L i-“",’ A

™
'. ot l)‘ﬁ.{
" o‘o'_‘!s
» .:("‘ ‘-.-

F2T7TW F256WW F410M Fa44\W
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These two cbjects already place novel constraints
on galaxy evolution in the cosmic dawn epoch.
e 93316 x=16.6+01 They indicate that the discovery of GNz11 was
not simply a matter of good fortune, but that
there is likely a population of UV luminous sources
with very high star-formation efficiencies capable
of compiling > 10°M;, al z > 10. [Fig. 3, §5.2]

— PBAGPIPES hest fit

164 166 168
BdsiiG — Naidu et al. (2022)

I

stars. Across our suryey volume of = 10° Mp-:'} froml15 <z <17
— - — — — — we find that our object falls close to, but does not significantly exceed
10000 L5000 20000 25000 30000 ooy 15000 the A—CDM limit calculated by Behroozi & Silk (2018),

Wavelenegth / A
B — Donnan et al. (2022)
Donnan et al. (2022)



Lessons from JWST data: z<10 is possibly considered ‘low’ redshift.
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e 93316 2 = 165401 Relatively straightforward
—— DBAGPIPES hest fit discoveries: sufficiently
bright to be found in
- COSMOS-Web (1) in

Redshift
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Donnan et al. (2022)



Lessons from JWST data: an unexpected, high volume density of z>10 galaxies.
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Lessons from JWST data: a cautionary note about ultra-high-redshift galaxies.

Nominally fit to z~17-18!

However, the source has STRONG
dust emission...

with a dust mass of ~10® M. A system
with such high dust mass found ~230 Myr after the Big

Bang would surely be extraordinary, likely implausibly
so (e.g., Dwek et al. 2014).

z ~ 18 is unlikely!
Adding the dust emission drops
the redshift solution to z ~ 5.

10
Redshift

Zavala et al. (2022)



Lessons from JWST data: a cautionary note about ultra-high-redshift galaxies.
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The most confident z ~ 17 candidate in the
literature, from Donnan et al. (2022)

Strong rest-frame optical emission
lines + moderate attenuation at

Z ~ 5 can conspire to create a
perceived strong break at z ~ 17!



Lessons from JWST data: a cautionary note about ultra-high-redshift galaxies.
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Can ALMA efficiently follow-up the highest-z JWST candidates?

Both galaxies approved for generous
ALMA DDT Projects to try to confirm

them spectroscopically via [Olll] 88um.

The highest-z spec confirmation at z=9.1
from [OIlll]: Hashimoto et al. (2018)




Can ALMA efficiently follow-up the highest-z JWST candidates?

Spectroscopic Redshift
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RA (J2000) ALMA spectrum of GLz13; Bakx et al. (2022)




Can ALMA efficiently follow-up the highest-z JWST candidates?

Stay tuned for the ALMA results on GLz11 from
Yoon et al., in prep.

Moral of the story: z>10 is much harder than z ~ 9!

But! So far these detections bode well for JWST surveys with thousands of
galaxies out to z ~ 9, hundreds out to z ~ 11, and a few dozen at z > 12...
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Measuring where reionization happened requires follow-up Lya spectroscopy
of a breadth of galaxies across the UVLF in different environments.

The Webb Epoch of Reionization Lyman-a Survey (WERLS)

Pls: Caitlin Casey & Jeyhan Kartaltepe

Comoving Mpc A Cosmological Simulation
10 5 0 -5-10 at z=7 on the same scale

29 night Keck Key Strategic Mission
Support Program (2022-2024) with

MQOSFIRE and LRIS

Targeting hundreds of EoR candidates in JWST Deep Fields.
Lya — maps ionized bubbles
JWST imaging — maps galaxy density field

4 2 0 -2 -4
Arcmin in RA

Preliminary findings from 2022A data

Arianna Long (UCI—= UT), Stephanie Stawinski (UCI), Olivia Cooper (UT)



Measuring where reionization happened requires follow-up Lya spectroscopy
of a breadth of galaxies across the UVLF in different environments.
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A slew of exciting new z>7 discoveries, doubling the number
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Piecing together the history of reionization cannot be

done with one tracer alone: HI 21cm signal detection
experiments like HERA, PAPER, & SKA complimentary.
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Greig & Mesinger (2016)
'Gold Sample' constraints

HERA + Planck priors
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COSMOS

WEB

It's not just about high-redshift galaxies (!)



It's not just about high-redshift galaxies (!)
Low Metallicity Brown Dwarfs

We'll find ~1000 MLTY-dwarfs to distances of ~2kpc, allowing
precise measurements of the scale height of the Milky Way for

low-mass objects.

Galactic halo

Thick disk
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Casey et al, in prep



It's not just about high-redshift galaxies (!)

Searching for z>10 Pair-Instability Supernovae
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Whalen et al. (2013)

Full-circle: PISNe could be the origins of the first dust
reservoirs producing ~ 2 Mg of dust ejecta per supernova!

150arcmin? overlap

COSMOS-Web + PRIMER
— Schneider et al. (2004) Exposure Map
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Mapping By Webb Epoch of

Obscuration to B Reionization Lyar
Reionization Survey

with ALMA =1 COSMOS

WEB

51 hour Cycle 6+8 Program |8 218 hour Cycle 1 JWST Program % ' 2night Keck KSMS Program

What can pathologically massive galaxies — formed incredibly
quickly after the Big Bang — teach us about fundamental
processes of halo growth, the ISM and galaxy formation?




Thank you! Feel free to reach out via email: cncasey@utexas.edu

Mapping
Obscuration to
Reionization

with ALMA

51 hour Cycle 6+8 Program

Already found examples of
obscured galaxies whose

baryonic masses at z ~ 6 test
the limits of dust formation
mechanisms & ACDM.

MORA 2mm ALMA Survey will
continue to push bounds in

finding extreme, dusty galaxies
in the EoR.

218 hour Cycle 1 JWST Program

JWST has already
changed our mindset
and redshift horizon

(now z ~ 187?)...

A legacy program
poised for unique
discoveries at the
highest redshifts.

WERLS

Webb Epoch of
Reionization Ly

Survey

2night Keck KSMS Program

The ultimate EoR
observational
experiment: mapping
reionization bubbles.

Mapping back to galaxy
density maps will constrain
sources of reionization on

large scales.



