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OBJECTIVE OF THIS WORK: 
THE RISE OF METALS AND DUST IN THE EARLY UNIVERSE

AAS 243 - 2023 - New Orleans - ALMA as a High-z Powerhouse: The Impact of the Wideband Sensitivity Upgrade - dburgarella@lam.fr 2



Stellar evolution

Dust
formation

Dust
destruction

Dust coagulation 
and accretion

Star formation

Star formation

Dust grains 
in ISM

Supernova

Molecular
cloud

The Life 
Cycle of 
Dust Grains 

outside & inside

Galaxies

OUTFLOW

AGB star

GALAXYIGM denis.burgarella@lam.fr, CIDER 24 Feb 2021



1. How to form so much dust in the early universe?
Leśniewska & Michałowski (2019)

Dust formed
in SNe

Dust formed
in AGB



1. How to form so much dust in the early universe?
Leśniewska & Michałowski (2019)

Too late and not efficient enough to produce enough dust

Dust formed
in SNe

Dust formed
in AGB



1. How to form so much dust in the early universe?
Leśniewska & Michałowski (2019)

Too late and not efficient enough to produce enough dust

Might be OK but... without dust destruction 

Dust formed
in SNe

Dust formed
in AGB



But we still are not sure about the dust cycle and how 
much dust is destroyed or rebuilt....

denis.burgarella@lam.fr, CIDER 24 Feb 2021

Artist's concept illustrating Supernova 1987A as the powerful blast wave 
passes through its outer ring and destroys most of its dust, before the dust re-
forms or grows rapidly. SOFIA observations reveal that this dust — which make 
up the building blocks of stars and planets — can re-form or grow immediately 
after the catastrophic damage caused by the supernova’s blast wave.
Credits: NASA/SOFIA/Symbolic Pictures/The Casadonte Group

Matsuura et al. (2019) The wavelength dependent extinction of this dust 
reveals the presence of very large (> 1 µm) grains, 
which are resistant to destructive processes.

Gall et al. (2014)



• Dust absorbs and re-emits light 
from (young) stars

• It gives access to the « obscured » 
star formation

• Dust obscured star formation 
peaks at z = 2-2.5 and has 
dominated the star formation 
back to  z ~ 4

• At z ~ 6-7 it still represents ~25% 
of the total star formation

Hanoi, 12 december 2023

Zavala+21, MORA/ ALMA survey



2023A&A...671A.123B

https://ui.adsabs.harvard.edu/


• Several papers suggest that there is a boost 
of the IRAC bands at z ~ 7 - 8 when H𝛼, and 
[OIII]500.7 nm fall in the mid-IR filters 
(Roberts-Borsani et al. 2016, 2020, de 
Barros et al. 2013, Anders et al. 2003)

• In the far-IR, Smail et al. 2011 estimated  
that 1 % of the bolometric emission of the 
[CII]158 um fine structure line would boost 
the broad band flux densities by ~ 20 - 40 %.
•  Seymour et al. (2012) as well, explain the 

excess in the SPIRE 500 um by the 
contribution of [CII]158 um
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EXCESSES IN THE 
FLUX DENSITIES 

OF 
HIGH-REDSHIFT 

GALAXIES 
IN BROAD BANDS. 
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Excesses in the flux 
densities 
of 
high-redshift 
galaxies 
in broad bands. 

Roberts-Borsani et al. 2016 Smail et al. 2011
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The SPT galaxy sample
Reuter et al. (2020) presented the final spectroscopic redshift analysis 
of a flux-limited (S870µm > 25 mJy) sample of galaxies from the 1.4 mm 
SPT survey. 
In this 2500 square degree survey observed at 1.4mm and 2.0mm, they 
identified 81 strongly lensed, dusty star-forming galaxies (DSFGs) at 
1.9<z<6.9. 
The spectroscopic observations were conducted with ALMA across the 
3-mm spectral window, targeting carbon monoxide line emission. 
The data themselves are from Reuter et al. (2020).
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A colour-colour 
approach for the 
selection of galaxies 
at z  > 4
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1. No emission lines
included in the SEDs

2. Emission lines included
into the SEDs

Reuter et al. (2020) 
presented the 
spectroscopic 
redshift analysis 
of a flux-limited 
(870um > 5 mJy) 
galaxy sample from 
the 1.4 mm South 
Pole Telescope 
(SPT) survey. 

In this 2500 deg2 survey, they 
identified 
81 strongly lensed, dusty star-
forming galaxies (DSFGs) at 
1.9 <z < 6.9.

SPT 0418-47
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A colour-colour 
approach for the 
selection of galaxies 
at z  > 4
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1. No emission lines
included in the SEDs

2. Emission lines included
into the SEDs

Colors of 
models only
show 
density of 
models



A colour-colour 
approach for the 
selection of galaxies 
at z  > 4
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1. No emission lines
included in the SEDs

2. Emission lines included
into the SEDs

z ~4 - 5
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Which line(s) explain(s) this effect?

For this sample of SPT 
galaxies, [CII]158 um is

at the origin of the 
outliers
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Which line(s) explain(s) this effect?

For this
sample of SPT 

galaxies, 
[CII]158 um is
at the origin of 

the outliers

[OIII]88 𝛍m[CII]158 𝛍m 
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Effect of  [CII]158 !m
In LABOCA870!m

Effect of  [OIII]88 !m
In LABOCA870!m

Effect of [OI]52 !m & 
[OIII]88 !m in several bands

At log10 (U) = -4.0, the strong 
[CII]157.6 um  line induces an upward 
move of log10 (LABOCA870um / 
PLW500um) that corresponds to the 
clump of high redshift galaxies. 
However, even though the move of 
the [OIII]51.8 um and [OIII]88.3 um 
lines of galaxies with a strong 
emission from HII regions at log10 (U) 
= -2.0 could induce specific colours, 
the effect is less clear as models with 
no lines can also lie here.

The derived distribution in the log10 (U) 
vs. Z diagramme



A New Vision of the Epoch of Reionization, and 
the Ultra-High Redshift Universe at z > 10
• In December 2022, the James Webb Space Telescope 

was launched.
• A few months after, new JWST data started to rain 

down on human astronomers.
• Even though some teams apparently worked too fast 

and “identified” galaxies at z = 15 - 20, more serious 
works measured many photometric and later 
spectroscopic redshifts in the epoch of reionization, 
and even at z > 10.

• In our basked, we have now collected many galaxy 
spectra at all redshifts from various JWST programs 
(JADES, CEERS, GLASS).
AAS 243 - Jan.2024 - New Orleans - ALMA as a High-z Powerhouse: The Impact of the Wideband Sensitivity Upgrade - dburgarella@lam.fr 20



z = 0.82 z = 1.63 z = 2.41 z = 3.12 z = 4.90

z = 5.28 z = 8.19z = 7.48z = 6.05 z = 9.85

z = 10.2 z = 11.0

A New Vision of the Epoch of Reionization, and 
the Ultra-High Redshift Universe at z > 10

• In our basked, we have now collected many galaxy 
spectra at all redshifts from various JWST programs 
(JADES, CEERS, GLASS).
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MPTID-2 @ z = 7.12 MPTID-3 @ z = 8.01 

MPTID-1019 @ z  = 8.68

CEERS line profiles database 
by Vital Fernandez (Chile)
MPTID-3 and MPTID-2355 
have Mstar ~ 1 – 3 x 109 M⦿ 
and MPTID-2 has Mstar  ~ 1.5 
x 108 M⦿ 

Lots of NIRSpec 
information on 
high-z objects

From NIRSpec:
• Hydrogen lines
• Oxygen lines
• Helium line
• Ne lines
From NOEMA:
• Carbon line
• Dust continuum

…we need to 
complement this
information with
millimeter
observations (ALMA… 
and maybe NOEMA)

22



z = 10.2

z = 11.0

A New Vision of the Epoch of Reionization, and 
the Ultra-High Redshift Universe at z > 10

• In our basked, we have now collected many galaxy 
spectra at all redshifts from various JWST programs 
(JADES, CEERS, GLASS)… and even at zspec > 10.

Curtis-Lake et al. 
(2023)

Burgarella et al. 
(2024, in prep.)
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NIRCam 
photometry

NIRSpec 
prism
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Fitting photometric, spectroscopic and equivalent 
widths / line fluxes

• EWs used in addition to photometric data help 
a lot to derive the physical parameters

• Fitting spectroscopic data provides a good 
alternative to measuring EWs or line fluxes
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Fit
M
easured

Fit
Fit

Object z M/M⦿

s000001 11.4 (4.96 ± 3.52) 108

s000003 4.9 (9.96 ± 3.61) 108

s000010 11.0 (1.85 ± 0.66) 109



Fitting photometric, spectroscopic and 
equivalent widths / line fluxes

Stellar masses and 
stellar ages 

are mostly consistent, 
whatever the dataset

Object z M/M⦿

s000001 11.4 (4.96 ± 3.52) 108

s000003 4.9 (9.96 ± 3.61) 108

s000010 11.0 (1.85 ± 0.66) 109
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Fitting photometric, spectroscopic and 
equivalent widths / line fluxes

SFRs and AV show 
significant 

differences when 
spectroscopy is used
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Nebular parameters derived from fitting
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Gas metallicity 
relatively well 
constrained

Stellar metallicity 
not constrained



Fitting photometric, spectroscopic and 
equivalent widths / line fluxes

Object z M/M⦿

s000001 11.4 (4.96 ± 3.52) 108

s000003 4.9 (9.96 ± 3.61) 108

s000010 11.0 (1.85 ± 0.66) 109
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01

10

Nakajima et al. (2023arXiv230112825N)

Object z M/M⦿ Z

s000001 11.4 (4.96 ± 3.52) 108 0.011 ± 0.004 
(continuum + 1 line)

s000010 11.0 (1.85 ± 0.66) 109 0.007 ± 0.005
(continuum + 1 line)

Mass-Metallicity Relation at z ~ 11
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Why the early Universe needs performance in 
the sub/mm range?
This is related to several hot topics, like:
• The rise of metals and dust in the early Universe
• The first star formation events in the Universe
More specifically, we want:
Objective 1: to detect the continuum emission of galaxies to 
characterize the dust grains, and first of all the dust mass Mdust

Objective 2: to detect the rest-frame far-IR fine-structure lines 
to characterize the interstellar medium and confirm redshifts
Objective 3: not to make mistakes and correctly identify    
contaminants / interlopers in high redshift candidate      
samples
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Why the early Universe needs performance in 
the sub/mm range?
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STAR FORMATION / STELLAR MASS ≡ sSFR
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How to estimate MDUST

K𝜈 is the dust mass absorption coefficient
https://ned.ipac.caltech.edu/level5/Sept15/Casey/Casey2.html

Derived 
from the fit

Model-dependant
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ALPINE Sample:
Burgarella et al. (2022A&A...664A..73B)
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We need to push:
1. On the x-axis to higher 

sSFR objects
2. On the y-axis to lower 

Mstar/Mdust objects



This is related to several hot topics, like:
• The rise of metals and dust in the early Universe
• The first star formation events in the Universe
More specifically, we want:
Objective 1: to detect the continuum emission of galaxies to 
characterize the dust grains, and first of all the dust mass Mdust

Objective 2: to detect the rest-frame far-IR fine-structure lines 
to characterize the interstellar medium and confirm redshifts
Objective 3: not to make mistakes and correctly identify    
contaminants / interlopers in high redshift candidate      
samples

Why the early Universe needs performance in 
the sub/mm range?
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Redshifts
For instance, in Fujimoto, 
Finkelstein, Burgarella et 
al. (2023ApJ...955..130F): 
“two of the most unique, 
highest-z candidates are CEERS-
93316 (Donnan et al. 2023) and 
S5-z17-1 (Harikane et al. 2023). 
These candidates exhibit a clear 
“dropout” color signature and 
blue continuum slopes in NIRCam 
filters, interpreted as the 
redshifted Lyα break at z~17.“
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Redshifts
For instance, in Fujimoto, 
Finkelstein, Burgarella et 
al. (2023ApJ...955..130F): 
“the natural and tapered maps 
achieved an FWHM size of the 
synthesized beam of 0.77’’×0.46’’ 
with 1σ sensitivities for the 
continuum of 45.0 μJy and the 
line in a 60 km s−1 width channel 
of 770 μJy beam−1.“
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This is related to several hot topics, like:
• The rise of metals and dust in the early Universe
• The first star formation events in the Universe
More specifically, we want:
Objective 1: to detect the continuum emission of galaxies to 
characterize the dust grains, and first of all the dust mass Mdust

Objective 2: to detect the rest-frame far-IR fine-structure lines 
to characterize the interstellar medium and confirm redshifts
Objective 3: not to make mistakes and correctly identify    
contaminants / interlopers in high redshift candidate      
samples

Why the early Universe needs performance in 
the sub/mm range?
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DSFG-1: a dusty
starburst
masquerading as 
an ultra-high 
redshift galaxy in 
JWST CEERS 
observations
(Zavala et al. 2023)
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Credit: Jorge Zavala

The counterpart that Gillman+23 associated to DSFG-1, (based on colors and predicted millimeter fluxes for all the 
galaxies in the field) missed the good counterpart.
Besides, including (sub-)mm fluxes in the SED fittings is crucial to derive the properties of this kind of galaxies (remember 
Romain Meyer’s talk on Wednesday).

Beamsize: ~15’’ Beamsize: ~2’’

F115W
F277W
F444W

On-going NOEMA program 
in CEERS field
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CEERS-DSFG-1

CIGALE NIR-only Fit zphot=13.5
EAZY NIR-only Fit zphot=5.5

CIGALE Joint Fit zphot=5.1
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DSFG-1: photo-z determination

• NIRcam-only (no SCUBA2 & NOEMA) very uncertain, predominence of low-z 
(3 < z < 5) & a weak probability at high z (z ~ 13)

• Joint-fit (full dataset) gives a narrow PDF-z at z = 5.1 (+/-0.6)

50
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DSFG-1 (NIRCam F277W = 26.2 ABmag)
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Meyer et al. (2023) 
identified several

similar objects

54
AAS 243 - Jan.2024 - New Orleans - ALMA as a High-z Powerhouse: The Impact of the Wideband Sensitivity Upgrade - dburgarella@lam.fr



CEERS-93316
z ~ 16 (Donnan+23)

A less probable z~5 redshift: either a 
quiescent galaxy or a dusty star forming 
galaxy with strong emission lines.

Not detected with NOEMA 

z ~ 5 overdensity in the field
(Naidu et al. 23, Zavala+ et al. 23)
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EW Hb OIII 496 OIII 500.8 Ha

Data 9.1 [2.8] 23.7 [8.1] 70 [29] 63.5 [26.9]

bayes 10.3 [1.9] 21.2 [4.3] 65.9 [13.2] 60.9[11.3]

DSFG-1 and CEERS 93316 are main-sequence galaxies at z ~ 5

From CIGALE’s fit

DSFG1

CEERS 93316

Av=1.8 [0.4] mag
logU=-1.3 [0.5]

Zgas= 0.003 [0.002]
SFR=13 [5] Msun yr-1

Mstar = 16 [6] 108 Msun

LIR= 1011 Lsun
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See also McKinney+23, Perez-Gonzalez+22, Naidu+22

F277W F356W
F410M

F444WW

SED fitting of the full dataset (NIRCam photometry and NIRspec EW)
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z~4-5 dusty sources with strong emission lines confirmed
as intruders in the quest of ultra hi-z galaxies 

See also McKinney+23, Perez-Gonzalez+22, Naidu+22

AV ~1.8 mag, red continuum

●

F277W F356W
F410M

F444WW
●●

SED fitting of the full dataset (NIRCam photometry and NIRspec EW)
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The End
Thank You
Merci
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v PRIMA is a cryogenic space telescope project.
v PRIMA is developed by an international team led by  

JPL and GSFC.
v LAM is presently leading the PRIMAger effort.

PRobe far-Infrared Mission for Astrophysics (PRIMA) 

https://prima.ipac.caltech.eduAAS 243 - 2023 - New Orleans - ALMA as a High-z Powerhouse: The Impact of the Wideband Sensitivity Upgrade - dburgarella@lam.fr 63



PRIMA is a 1.8m telescope, cooled to 4.5K, 
placed in L2 orbit. PRIMA is composed of 
two instruments. 

v FIRESS (Far-InfraRed Enhanced 
Survey Spectrometer) carried by JPL 
and will be a medium (R=130) and high 
(R=2000) resolution spectrometer 
observing the wavelength range from 25 
to 235 um. French laboratories are not 
involved in this instrument.

vThe principle of the NASA call integrating 
the possibility of non-US contributions, 
CNES negotiated with JPL a major role 
for France via the supply of a 
“PRIMAger” IR camera. PRIMAger is 
a unique instrument equipped with 
Microwave Kinetic Inductance Detectors 
(MKIDS) developed by SRON. https://prima.ipac.caltech.eduAAS 243 - 2023 - New Orleans - ALMA as a High-z Powerhouse: The Impact of the Wideband Sensitivity Upgrade - dburgarella@lam.fr 64



PRIMA is a 1.8m telescope, cooled to 4.5K, placed in L2 orbit, with two instruments. 

v  FIRESS (Far-InfraRed Enhanced Survey Spectrometer) carried by JPL and 
will be a medium (R=130) and high (R=2000) resolution spectrometer observing 
the wavelength range from 25 to 235 um. French laboratories are not involved in 
this instrument.

vPRIMAger is a unique instrument equipped with Microwave Kinetic 
Inductance Detectors (MKIDS) developed by SRON with LAM & CEA                 
(and hopefully members of the science teams elsewhere: Strasbourg and Paris)
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10

Nakajima et al. (2023arXiv230112825N)

Object z M/M⦿ Z

s000001 11.4 (4.96 ± 3.52) 108 0.011 ± 0.004 
(continuum + 1 line)

s000010 11.0 (1.85 ± 0.66) 109 0.007 ± 0.005
(continuum + 1 line)

Mass-Metallicity Relation at z ~ 11
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IRAM NOEMA

Hodge JA, da Cunha E. 2020 
High-redshift star formation in the ALMA array era. 
R. Soc. Open Sci. 7: 200556.

Fa
ct

or
 o

f ~
2

Factor of ~10

The NOEMA interferometer is 
located on the Plateau de Bure 
at 2550m altitude in the 
French Alps.
NOEMA  antennas can provide 
0.2 ’’ at 1.3 mm / 230 GHz
Since 1990, NOEMA is open to 
the world-wide scientific 
community, and issues twice a 
year a call for observing 
proposals:
▶ 85% time for partner countries
▶ 15% observing time for open sky
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DSFG-1: a dusty 
starburst 
masquerading as 
an ultra-high 
redshift galaxy in 
JWST CEERS 
observations
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