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Dust plays a crucial role in galaxy assembly

Dust grains are a site of efficient
Ho formation which leads to star
formation which leads to galaxy
assembly.

redshift

o
—
o
o

with dust

a
9
)
O
©
o
F
&
9
3
O
L
®)
=

0.001

10°

Hirashita & Ferrara (2002)

Dust grains reprocess half of all the UV/
optical light in the Universe which
affects how we observe galaxy
assembly.

) Frequency v [GHz]
10° 10° 10* 10°

- Dole et al., 2006, ARA

10’ 107 10°
Wavelength A [um]

The exact contribution of dust-
obscured star formation to the
cosmic SFR density at z>3
remains unknown.

Q(SFR) (Mgyear~! Mpc3)

6
Redshift z

(adapted from Bouwens+2010)




The lifecycle of dust

e.g., Dwek 1998; Dwek & Cherchneff 2011; Zhukovska et al. 2008; Zhukovska 2014

dust formation

-, | "*7 :
in cool envelope ® \ , S@,}(,t ISM:
stardust & metals ejected dllSt deSW uction

into the interstellar ’/Q [} zeld cosmlc rays) *’
medium (ISM)

/ ‘s dust formation & destruction in

* shock and cool remnant

= (effective yields still uncertain) e e
» molecular clouds
~10 Myr i

~10-1000 Myr?

=1000 Myr

4

star formation

: dust growth &
— astration

H; formation




A dust budget crisis?

ALMA 356GHz

ey ; |
Laporte+2017 Watson+2015
7=8.38 7=/.5
stellar mass ~ 2 x 109 Msol stellar mass ~ 2 x 109 Msol
SFR ~ 20 Msol/yr SFR ~ 9 Msol/yr
dust mass ~ 6 x 106 Msol dust mass ~ 4 x 107 Msol

Often in excess of local Mdust/Mstar relations (e.g., da Cunha+2010)!

How are these huge dust masses being produced so early?

223.5 GHz continuum

10 -5 0 5 10
Venemans+2017

z=7.54
stellar mass ~ unknown (QSO)

SFR ~ 20-300 Msol/yr
dust mass ~ 3 x 108 Msol



A dust budget crisis?

Mancini+2015
:l | . | | | | | | | | | | | | | .

S H E Michalowski+2015 (see also Rowlands+2014)
S ER AGB
N 6 — o Chabrior IV

ERRE - ; < Saoer -
EU 5 :_ _: “® 10 B ? Theoretical yields o
af N - = 2@ '

: 1 < 101k e _
S 4F 4 5 10 gg% : gﬁg
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o TF 1 % 10 -
= - 1 3
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a0 - E 10-2 HFLS3 Himiko IOK-1 ULASJ1120+0641 A1689-zD1
o 4 S _
= F ; 62 64 66 68 70 72 74 76

3 — Redshift
:I | ] ] ] | ] ]
12 14

To explain measured dust masses, we need either high SN yields, or fast ISM growth.

...but, e.g., Ferrara+2016 say this is ‘problematic’ because dust growth at high-z can only occur in cooler dense
MCs but icy mantles do not survive in the diffuse ISM.



Are we measuring dust masses accurately?

L 2=2.0 | .—. |
' 3 T=60 K
. (3=1.8 N =
7\ 1 L T_(4_|_6) I L Ld~1e+13 Lsun
dust X LidustL Jyst |
us S
0.0 : T=30 K .
- - Ld~1e+12 Lsun -
> .
e.g., Hildebrand 1983 (isothermal, optically thin E
dust in thermal equilibrium) >
2
)
-2 1.0 = —
Errors in assumed T and 3 can lead to = i
order of magnitude systematics in total
luminosity and mass! T=20K
Ld~1e+11 Lsun
L, T -> sample peak of the emission 01k _
AL - -
. 100 1000
B -> sample RJ regime frequency / GHz

Need both to break degeneracies!



Dust emissivity

d Mixture opacity

] T ] T T T
N
l/ b 10° '/\, _
K — — — 0.64 m? kg™" x (250 pm/1)"7°
VO 2 103k | -
N
E
2 18 / i
Different dust mixtures -> different 3
. . =
emISsIvIties S 10k
'S
g~
o
Local studies: B~2 (with variations) = 0oL
|2 === Draine & Li (2007)
But 3 has not been measured at | T Gallianoetal. (2011, AC)
- - - 107 Jones et al. (2017, THEMIS)
high-redshift so we assume it | | |
doesn’t evolve! 107" 10° 10

Wavelength, A (um)
Galliano+2018



Submillimetre galaxies:
our favourite dust laboratories

Z=Ol1
gl Ap220 2= ;18 B
~ (local ULIRG) Z= 3.0
—2 B — i
_>; :1 mJy Z=19.0 :
g I Z=10.0
Pl i _
- I
9 |
—6
_8 - ]
] 4 | | | | |
107" 10° 10 102 10° 10* 10°

A / um [observed]

~200 arcsec

SCUBA map of the HDFN (Hughes+98)
FWHM ~15”

First discovered with SCUBA at 850pum
(Smail+97, Hughes+98, Barger+98)

Fy(850pm) > 1 mdy

High-z galaxies (z>1) with large infrared
luminosities powered by intense star
formation (>100 Msun/yr)

>90% of the emission from stars is
reprocessed by dust



The ALESS survey
LESS: LABOCA 870pum map of the ECDF-S (Weiss+2009)

mdy /b

—27°40'00"

DEC J2000

_arge, deep and
nomogenous blind
8/70um survey - optimal
SMG sample

I
N
N

O
0
Q
o
)

~28°00'00" rms~1.2 mdy/lbeam

126 SMGs detected
above 3.7sigma

h m s s
333 00 RA J2000 00



The ALMA revolution:

1. Spatial resolution

¢ counterpart identification of SMGs: enabled
ysis of the physi

ana
statl

¢ spatially-resolved studies: sizes, dust and

gas

stically reliable,

cal properties of a

Unbiased sample (AL

distribution, dynamics, and even
morphology!

~0.1 arcsec ~0. 07 arcsec
ALESS 76.1 —

~1.5 arcsec resolution

5

=S9) ,

=

arcsec

-10 [§

~0.05 arcsec

Hodge+2019

e} LESS 1

Hodge+2013



The ALMA revolution:

2. Frequency coverage

3 Bands: orthogonal
parameter space to
break degeneracies!

log (F,[Band9]/F |Band7])

varying dust temperature
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Properties of our SMG targets

69 ALMA pointings centered on the brightest SMGs (total 99 SMGs)

redshift

stellar mass

redshift

- I Proposal targets

' [I ALESS MAIN

0 10
|0g(M*/M®)

11

12

20 1

15 |

10

star formation rate total dust luminosity

20 1
10 {
5 |
o/ | o 1. .
1.0 15 20 25 30 35 40 110 115 120 125 13.0 135
log(SFR/Mayr™) log(Laust/Lo)

(Hodge+2013, Simpson+2014, Swinbank+2014, da Cunha+2015)



Band 4 observations (2mm or 150GHz)

25 1 T T T T T l
i | 7°55'48.0"
- 0=52 pdy/beam
20 - - 7°56'24.0"
i 56'00.0"
‘@ 15 - ] 36.0"
@ i
O - 12.0" |
-] L
O
S i
=z 10 - 48.0
B 24.0" b
5 - — 57'00.0"
N 36.0" k
oL .1 . . . 12.0" £
0 S 10 15 RA (J2000) RA (J2000)

S/N [Band 4]

We are able measure a 2mm flux for 70 sources (29 are undetected).



Which sources are detected?

4 R RS A A T ] 40:
O; (a) ALESS main sample | :
- S/N[Bond4]%3 . - -
30 E > 30 ¢
0 : > — :
QO - O — QO -
X B X X N
O 20¢ O O 20¢
O . O O .
= : 2 " = :
z - pzd pzd -
10 ¢ - 10 ¢
o . e ol .
0 1 2 3 4 D o / 0 % 4 6 3 10 12 3 9 10 11 12 13
4 S,[870um]/mdy log(M./Mg)

* Brightest and most massive 870-um sources are preferentially detected
¢ No bias of detection rate with redshift

» 2mm bright means high stellar masses (as also noted for Band 6 observations, e.g. Dunlop+16, Bouwens+16)



The 870pm/2mm colours - redshift evolution?

* No strong evolution of the colours
with redshift

* Implies evolution of dust properties
with redshift

* More statistics needed!

| T |
N WD O
oloNoNe




The 870pm/2mm colours - redshift evolution?

SO T T R R :
T (- Taust=20 K -
T Tgust=40 K (=20 -
40 N /[: A /I\ $__ B St=30 K ﬁ=1.5 _:
* No strong evolution of the colours \ fl Taust=20 K f=1.0 -
with redshift s
(
* Implies evolution of dust properties
with redshift

* More statistics needed!




Individual fits of the cold dust SED

S 0.14F
a 0.12¢ S
: : . o 0.10F 100.0f
Bayesian method: important to avoid & 0.08} ;
o 0.06¢f B
degeneracy between B and Tqust S 004 10-0
. L e 000 A L. ° - ES :
(Caﬂ cause to fall in local X2 mlnlma) 15 20 25 30 35 40 45 50 E 1 0L
Tamt / K S
[as shown by, e.g., Shetty+2009, o :
~ 14 & 0.5¢ 01k
Kelly+2012 work on local compact 3 13 > 04 I a
3 © 0.3¢ |
dust cores] 512 S 02 L
2 11 & 0.1 |
T 10k i goob . Tih
15 20 25 30 35 40 45 50 10 11 12 15 14
Taust / K l0g (Lgust/Lo)
> 9.5¢ 3 95F S 03]
2 9.0 2 9.0F e @ - O
£85; $85; : n 0.3
2 8.0¢ 2 8.0 ' c 0.2}
S 75 S 75 S 0.1¢
- 70 . .. . .1 = 70l . B ] goob . fth i
15 20 25 30 35 40 45 50 10 11 12 15 14 /7.0 7.5 8.0 8.5 9.0 9.5
Taust / K log (Lgust/Lo) log (Mgust/Mo)
3.0 _ : I 3.0 -: .
2.5} : 2.5} :
@ 2.0F.. @ @ 2.0f...........\ .
1.5 | . 1.5} :
10l ] 1.0t . . \ - 1.0t . . . . .
15 20 25 30 35 40 45 50 10 11 12 13 14 /7.0 7.5 8.0 8.5 9.0 9.5

Tdust / K

109 (Lgyst/Lo)

Herschel/SPIRE
(still waiting for Band 9)

ALESSOOB;V////

marginalized PDF

log (Mgyst/Mo)

1000 100

Vps/ GHZ

0.20
0.15}
0.10}
0.05}
0.00! .

1.0 15 20 25 30
B




marginalized PDF
109 (Lgust/Lo)

log (Mgust/Mo)

0.04 S I
0.03 &
0.02 } E
0.01
oooOfE . .

15 20 25 30 35 40 45 5
Tdust / K

Tdust / K

9.5 k&
9.0 S
8.5
8.0
7.5 :
700 :

15 20 25 30 35 40 45 50

Tdust / K

3.0
2.5
2.0
1.5
1.0k

15 20 25 30 35 40 45 50
Tdust / K

marginalized PDF

log (Mgust/Mo)

0.12
0.10¢
0.08 ¢
0.06
0.04 ¢

0.02 ¢
0.00

|

10

11 12 13
l0g (Lgyst/Lo)

14

11 12 13
l0g (Lgust/Lo)

11 12 13
109 (Lgyst/Lo)

14

marginalized PDF

0.4¢
0.3}

0.2}

0.1
0.0¢

ALESSOO1.1

100.0E" " 7
- 72=4.68

10.05—

1.0¢

F,/mJy

0.1 ¢

/7.0 7.5 8.0 8.5 9.0 9.5

3.0
2.5}
2.0}
1.5}
1.01

log (Mgust/Mo)

marginalized PDF

/7.0 7.5 8.0 8.5 9.0 9.5

log (Mgust/Mo)

Vops/ GHZ

two bands are not
good enough!

0.10[
0.08 |

0.06 |
0.04 |
0.02
0.00 |

1.0 1.5 20 25 30

B



Stacked likelihood distributions

30 sources with existing Herschel/SPIRE measurements; whole sample later with Band 9 data
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Dust in z~3 SMGs: not so different from local galaxies

A0 T [rr oo [rrrrr o [rrrrrrrrt
- * Milky Way -
i * M31 m Clements+2018 [Local ULIRGs].-
) * | MC ® Chapin+2009 [z~2.7 SMGs] _
i * SMC A Dunne&Eales?200% [IRAS BGS] _
75 v Kato+2018 [z=3|1 LAB18] _
L o o ® This work [ALESS|SMGs] _
i AURAD! ] B~2 is an ok
- - assumption for SMGs at
@ 2.0 il 11 18 ~ cosmic noon!
i ¢ - (heeded to be checked)
1.9 * —
- * ® -
- o-0—= -
1.0 1INy | IDWIR (N I N
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What does it mean?

Koehler+2015 investigate how dust
grain evolutionary processes (such as
accretion and coagulation) change
the optical properties of dust grains
from the diffuse ISM to denser regions
(nH > 1500 cm-3).

Dust is already pretty evolved in z~3
SMGs”?
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Dust evolution with metallicity

SMGs are massive and chemically
evolved (~solar metallicities), so perhaps
not surprising that they have lots of dust
and that dust is perhaps similar to that In
Milky-Way type galaxies.

Next step: probe lower mass/metallicity
regime: lower luminosity and/or higher
redshift.

Dust-to-gas mass ratio, M, /M,
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Summary

* ALMA can constrain dust temperatures and emissivity indexes, bringing individual dust mass uncertainties
down 10 <0.2 dex

*B~2 for z~3 SMGs: no obvious evolution of the dust properties at least for massive (likely solar metallicity)
sources

WHAT’s NEXT?

*‘normal’ main sequence galaxies at z~1-3 (~10-100x fainter than SMGs): ongoing ALMA programme to follow-
up of CO-bright sources from ASPECS Large Programme (Pl: Walter)

* push to really high redshift: before there was time to make lots of metals, and for significant AGB star
contribution: REBELS sources at z>7 (Pl: Bouwens) [also needed to check dust luminosities]

* emissivity per unit dust mass: need independent method for dust mass (gas masses”? Ay + radiative transfer?)

* JWST will be needed to measure stellar masses & chemical enrichment at high redshifts



Coming soon!
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selection effects?
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Accuracy of our fitting method: 3 bands

L 270 1 PSS L WL [ ]

o TS - N -

130 0 50 100 150 200 : -

_ i A y 50 - 3

"5 i 1 B _

a I ] — - ]

] C _

5, 1251 - & ¢ :

— 7 1 3 40 E

® L . —_ B _

1 i | ¢ B 7

RN IS 5

\_If 12'0 B N |_-3 30 :_ _:

O'] I~ m - _

ke i . N 1

- ol . ; . : : o; I -

115 ~0.4 -0.2 0.0 0.2 0.4 _ 20 ~15-10-5 0 5 10 15 —

) out—in i - out—in .

| | | | | | | | | | | | | | | IR D I I T S N A R T R N N N N T S T N N AN N T R N N N N B

11.5 12.0 12.5 13.0 20 30 40 50 6(
log(l—dust/l—@)[inPUt] Taust/ K [input]

3.0 11 S ‘.'"’E

g ‘.'-’ g

10 -

2-9 5

5 90 E

" ') u ]

D — - .

= > - .

Q. 3 - .

2 /F E

- S

) S B 60 od i Ll -

-1.0 -0.5 0.0 05 1.0 . : ~0.2-0.10.0 0.1 0.2 1

out—in _ - 4 out—in -

1.0 s . e 5. . e o o i i ]

1.0 1.5 2.0 2.9 3.0 5 6 7/ 8 9 10 11

B [input] 10g(Mgust/Mo) [input]



Accuracy of our fitting method: only Band 7 and Band 4
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could we have just measured the RJ slope and called it a day? No. RJ approximation does not apply.

']’O B ']’O I I I ‘ I I I ‘ I I I I I I I I I i 65’—‘
=25 i . 20
] ~ (b) Including CMB .

0.8 | | 55
= - -2.0 ~ 2
g : % i
S, : = N : =
v 0.6 i o 2 ] o 45
~ —1.5 = ~ A >
c f I - f I N
= ] 2 = ] 2 3
™~ ] @ N 7 Q. -
L, 0.4 l I ®, | I 35
5 . D = . 4
© 7 O 7
< | < ]

0.2 — _0.5 _ 25

0.0 | | | | 7O O | 15

0 2 4 6 8 10
Z Z

Figure 17. Deviation from the Rayleigh Jeans approximation as a function of redshift and temperature. The y-axis shows the difference between
the ratio of Band 7 to Band 4 flux densities computed using the RJ approximation (eq. B2), and the true ratio computed using the modified black
body fluxes (eq. 1), 1.e., Alog(S,[870um]/S,[2mm]) = log(S,[870um]/S ,[2mm])g; — log(S,[870um]/S,[2mm])ygg. This translates linearly
to a difference AB between the inferred RJ emissivity index Bgr; and the true emissivity index (right-hand y-axes).



