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Summary

Dust in massive (log(M/Mo) ~ 9.5) galaxies

at z = 4-8 follow a Calzetti dust attenuation
law, similar to local starburst galaxies
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" Redshift

REBELS-29-2
Z,, = 6.6813

REBELS-29
Z,, = 6.6847

Flux density (mJy)

246.0 246.5 247.0 247.5 248.0 248.5
Frequency (GHz)

"HST-dark’ sources found with [CII];
Fudamoto+21 (REBELS collaboration)
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Rest-frame UV Measurements
Infrared/(Sub)Millimeter Measurements
-

Infrared No Constraints T

Incomplete on Infrared 'V
t

‘dust poor” |

REDSHIFT

Cosmic star-formation rate density
predictions from Casey+18

Typically rest-UV selected
samples, SFR derived from UV

Missing star-formation and full
objects e.g. 'HST-dark’ sources

Hence underestimate the
cosmic SFR density

Also dust is degenerate with
age and Z in SED fitting



Rest-UV Rest-FIR

Rest wavelength (um)
1 10

i ALMA
— MAGPHYS — Hubble and Spitzer
— Mmodified blackbody

z~/
z=4 Relation
— 2=7 Best Fit

W This Work
@ Wilkins et al. 2011
0 Bouwens et al. 2012

® Finkelstein et al. 2012
@ Dunlop et al. 20135

100

Observed Wavelength (pum)

Colour-magnitude relation from Bouwens+14
indicating that brighter sources are potentially Direct detection of the emission from cold dust (150

dustier (60% of effect from dust: Finlator+11) micron) using mm observations (e.g. Watson+15).
LIR from assuming an SED.



IR excess, 10g,,(Lir/Lyy)
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Watson+15z=7.5 O This work (T4, = 40K)

m Koprowski+18 z=4.8 ® This work (ID65666)

Barisic+17 z = 5-6 @ This work (stack)
== Bouwens+16 z = 4-10

-1.5 -1.0 -0.5
rest-frame UV slope, 3

From measured UV slope can
correct for dust obscured SF.

First samples at z ~ 5 showed a
deficit compared to local

starburst relation (Capak+15,
Barisic+17)

Other early detections showed

an excess (e.g. A1689-zD1:
Watson+15)

Confusing picture at high
redshift with small samples.



Probing dust at high-z with IRX scaling relations

> "Easy" to be above the relation
Dust screen (geometry) but hard to get
with holes _ below (age + steeper

attenuation). Figure from:

Popping+17, also e.g. Narayanan+18,
Samir & Narayanan+20, Liang+21

> SMC attenuation curve is not as
steep as the SMC extinction
law once geometry is taken
into account, do we expect to

see SMC extinction relation?
e.g. Cullen+17, talk by Aswin

0
UV slope 3
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The power of ground-based data

REBELS sample selection (Bouwens+22)
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REBELS sample selection (Bouwens+22)
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B14-65666

—04 -0.2 0.0 0.2 0.4-

ID304416

B Original photometry
O Individual components
® Sum of components

1.25 150 1.75 2.00
—-0.4 -0.2 0.0 0.2 0.4 A/um

Colour gradients revealed by deconfusing
VISTA data with HST (RB+22)
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-23.5 <My, <-22.0
-22.0< My, <-21.5

2000 3000 4000
Rest Wavelength/A

-23.5< Myy < -22.5
-22.5< Myy < -21.5

2000 3000 4000
Rest Wavelength/A

5000 6000

z=6.9-7.7

5000

Stacked the YJHKs[3.6][4.5]

photometry to make average rest-
frame UV + optical SED of bright

REBELS LBGs.

Stacked in bins of Muv and z.

Physical parameters derived using
Bagpipes.
Stacked stellar mass: log(M) ~ 9.5



— Cullen+22 — Cullen+22
=== Bouwens+14 Bouwens+14
O Individual ' Individual

@® stack
N

Bouwens+14

I
O
Ul

I
=
o

Bouwens+14

I
=
9

I
[
93

I
N
o

I
N
o

I
N
Ul

I
N
Ul

Q
Q
o
O
n
>
>
()
&
©
| -
Y
)
n
Q
a'd

Rest-frame UV slope (B)
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~22 —21 —20 ~19 | ~22 —21 —20 ~19
Absolute UV magnitude (Myy/mag) Absolute UV magnitude (Myy/magq)

The REBELS galaxies are offset below the colour-magnitude relation.
Selection effect? Likely no, because the sources are high S/N in images.

Bursty SFH/scatter in the stellar mass <-> Muv relation?
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e Individual detections B 69<z<7.7
Non-detections ® 6.5<2z<6.9

Dust detections in 18 (Inami+22)

Stack and derived Lir assuming
Td= 46K (Sommovigo+22)

Small dynamic range probed,
however results consistent with
Calzetti-attenuation (with FIR
SED assumptions!)
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See objects above with likely
effect of geometry (REBELS-25,
ULIRG: Hygate+23) -30 -25 20 -15  -10

rest-frame UV slope, 3




e Individual detections B 69<z<7.7
Non-detections ® 6.5<2z<6.9

Dust detections in 18 (Inami+22)

Stack and derived Lir assuming
Td= 46K (Sommovigo+22)

Small dynamic range probed,
however results consistent with
Calzetti-attenuation (with FIR
SED assumptions!)
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UVISTA-Y-003

See objects above with likely
effect of geometry (REBELS-25, oK
ULIRG: Hygate+23) -20 -15  -10  -05

t-frame UV slope, [3




Compare to others that assume
similar dust SED (Td ~ 40-50K)

Scatter above and below, but
results are remarkably in
agreement with Calzettiatz = 7.

Caveat: SMC and Calzetti curves
converge for blue sources.
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@ Thiswork (6.5<z<6.9) ® Witstok+22

B Thiswork (6.9<z<7.7) B Al689-zD1 (Bakx+21)
O Bowler+22 Schouws+22

* COS-87259 (Endsley+23)

—-2.5 —-2.0 —-1.5 —-1.0
rest-frame UV slope, [3




-¢- ALMA detections

-¢- ALMA stacks

— (Ca]zettl




z~4.5 - Meurer+99
z~5.5 Overzier+12 (Total)

Beta Stack, z~4.5 - == Reddy+18 (SMC, Bo= — 2.62)
Beta Stack, z~5.5 —= SMC
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ALMA as a redshift (and dust) machine

ALPINE

Redshift range = 4.4-5.9

118 spe

ctroscopica

ly confirmed

massive

GOODS-S wit

galaxies in COSMOS/

(Pl: Le Fevre)

n FWHM ~ 0.9-1.6"

Redshift range = 6.5-9.5
49 (including Pilots) UV-bright

Lyman-

oreak galax

XXMM/

ST with FW

(Pl: Bouwens)

les in COSMQOS/

AM ~ 1.2 x 1.5"

37% dust detected ot > 3.3.

i‘sigma [Inami+22]
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ALMA as a redshift (and dust) machine

ALPINE

Redshift range = 4.4-5.9

118 s.pectroscoopi.ca ly confirmed ALPINE(re-anaIysis
massive galaxies in COSMOS/ |
COODSS with FWHM ~0.9-1.6 |Both analysed with same FIR

(Pl: Le Fevre)

Redshift range = 6.5-9.5

49 (including Pilots) UV-bright Stacked in bins of UV
oreak galaxi

Lyman-

XXMM/

ST with FW

(Pl: Bouwens)

SED assumptions (Td = 46K)

ALPINE photometry updated
to COSMOS2020

es in COSMOS/ | magnitude and stellar mass

AM ~ 1.2 x 1.5"




Fudamoto+20 (z = 4.5) [ ALPINE (z = 5.5)
- Fudamoto+20 (z = 5.5) @ REBELS (z =6.7)
Schouws+22 ® REBELS (z = 7.2)
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rest-frame UV slope, [3




mmmm This work, z~2, Low Metallicity
mmmm This work, z~2, High Metallicity
- = 7~2 (Reddy+2015)
local starburst (Calzetti+2000)
SMC (Gordon+2003)
== Milky Way (Cardelli+1989)
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Koprowski+18 ALPINE (z = 4.5)
Fudamoto+20 0 ALPINE (z = 5.5)
Alvarez-Marquez+19 ® REBELS (z=6.7)
Bowler+23 ® REBELS (z=7.2)
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1.0

1000

i

2000

Observed wavelength A ps (UM)

2.0 Za2 380 3.5

Spectrum
—— Running median
Power-law fit:

Buv = — 1752315

Drude profile fit:
I Az mae=0.50120mag
Amax = 2241148 A

4000 5000
Rest-frame wavelength Agmit (A)

2000

PL: x4 =75.0
PL+Drude:

x°=1.8




First results on the star-dust morphology

7001 at z = 7.06 (RB+22)

> At higher resolution, complex geometry. Dust continuum (ALMA)  FUV, 4, ~ 17004 (HST)
Rest-frame UV anti-correlated with location of
rest-FIR, colour gradients (RB+22, Sugahara+23).

— 12004 (Y) = 27004 .(K:)

> Peak of the star-formation can be invisible in
the rest-frame UV, dust obscured SF is Dust
Important even atz = /.

AR =1.43 +=0.35

NIRSpec IFU [OlII] 5008 A ALMA dust continuum
-30:22:54.0 % » AT . ' =

REBELS-25 (ULIRG) Z = 7.30, oo
Schouws+21, Hygate+22 o5, o 00

-24°05’35.0”
850 um continuum / HST

== 555
UVISTA-Y-003
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Dec (ICRS)

56.0p ¢

3
56.5 Fha
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Declination (ICRS)

N - - .:~¢.- v‘ :
a1
= - .: LJ: '-\9 r = - - | il |
24.9 0:14:24.825.0 24.9 0:14:24.8
RA (ICRS) RA (ICRS)

4h16MQ9.44s 09.42s .408 4h16mM09.44s 09.42s 09.408

O B K RIOJA over density at z = 7.88 (Hashimoto+23)

MACS0416 Y1:z=8.31(Tamura+23)



Dust in massive (log(M/Mg) ~ 9.5) galaxies at z = 4-8 follow a
Calzetti dust attenuation law, similar to local starburst galaxies

SFRD [uMg/yr/kpc?] log(SMD [uMo/kpc?])

EW,([ONI]+HB) [A]

6.0 65 7.0 7.5 8.0 8.5 0.1 1.0
log,, My [Mg] Observed wavelength [mm]

Multi-band observations to constrain the FIR

Early resolved measurements from photometry
SED (e.g. Sugahara+23, Witstok+22)

from JWST (Giménez-Arteaga+23).



