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Dust plays a crucial role in galaxy assembly

Hirashita & Ferrara (2002)
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Figure 1. Time evolution of (a) the molecular fraction and (b) the star for-
mation rate for a galaxy with zvir = 10 and Mvir = 109 M⊙ corresponding
to the 2.5σ density fluctuation. The evolution in the first 10 circular times is
shown. The solid line is for the case where we consider dust (and therefore
H2 formation on grains), and the dotted line is for the case of no dust produc-
tion (Mdust = 0). The vertical dashed line marks the four circular time-scales,
where the typical quantities are defined in the text and in Table 3. On the top
axis, we show the corresponding redshifts.

as significantly as the other two luminosities because of dust ex-
tinction. The FIR luminosity becomes comparable to the UV lumi-
nosity soon after the active star formation phase starts. Therefore,
even in the early stages of star formation, dust absorbs a significant
fraction of stellar light and reprocesses it to the FIR range. This is
because of the dense and compact nature of high-redshift galaxies
[rvir ∝ (1 + z)−1 with a fixed Mvir]. Therefore, even at early cosmic
epochs (z > 5) simultaneous observations of FIR emission from dust
and of the UV/NIR stellar light is crucial to trace the total radiative
energy from galaxies.

3.2 Dependence on (Mvir, zvir)

Table 3 clarifies the dependence of various quantities on Mvir and
zvir. We define the typical star formation rate for each object,

Figure 2. Time evolution of the masses of dust, oxygen (in gas phase) and
carbon (in gas phase) in the same galaxy as Fig. 1 (solid, dotted and dashed
lines, respectively). The dot-dashed line represents the case in which dust
destruction is neglected. The vertical dashed line shows the four circular
time-scales.

Figure 3. Time evolution of the ultraviolet luminosity (solid line), the far-
infrared luminosity (dotted line) and the maximum line luminosity of O I

146µm (Lmax
O146) (dot-dashed line) for the same galaxy as in Fig. 1. The

vertical dashed line shows the four circular time-scales.

ψ̄(Mvir, zvir), as ψ(4tcir). This is because after four circular times
objects have consumed ∼5 per cent of the gas. Since it is empir-
ically known that the star formation efficiency during an episode
of star formation activity is !10 per cent (e.g. Inoue, Hirashita &
Kamaya 2000; Barkana 2002), the definition yields a good working
value. Moreover, the value at t = 4tcir gives a good average for the
star formation rates over the Hubble time-scale at zvir within a factor
of ∼2. In Table 3, we show the typical star formation rate as a func-
tion of zvir and Mvir. In Table 3 we also show other quantities, all of
which are estimated at t = 4tcir (i.e. the quantities with the overbars
indicate the typical quantities estimated at t = 4tcir).
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no dust

with dust

Dust grains are a site of efficient 
H2 formation which leads to star 
formation which leads to galaxy 
assembly.

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

(adapted from Bouwens+2010)
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Figure 12
(a) Representation of the evolution of the cosmic star-formation rate density [adapted from the compilation by Bouwens et al. (2010)].
(b) The evolution of the cosmic cool gas mass density (M. T. Sargent and colleagues, in preparation), including predictions from
semianalytical cosmological models (Obreschkow et al. 2009a,b; Lagos et al. 2011) as well as the models by M. T. Sargent and colleagues
(in preparation). The latter shows the evolution inferred from the integration of the indirectly inferred molecular gas mass functions
underlying the CO luminosity distributions of Figure 11. Also included are some admittedly extremely rough limits based on what is
known about known galaxy populations at z > 1. These points illustrate the potential impact of molecular deep-field (blind) surveys.

to the cosmic gas density), with comoving stellar mass density of ρstars = 5.9 × 107 M⊙ Mpc−3.
Likewise for BX/BM/LBG at z ∼ 2.5, they find ρstars = 2.8 × 107 M⊙ Mpc−3, and at z ∼ 3.3,
ρstars = 1.2 × 107 M⊙ Mpc−3.

Assuming unity ratio with the gas mass, we can then establish lower limits to the cosmic gas mass
density at the respective epochs, plotted in Figure 12. We also include the z = 0 measurement
of Kereš, Yun & Young (2003). Interestingly, the sBzK limit is already pushing the cosmic density
into the modeled regime based on, e.g., the SFHU and star-formation laws.

We emphasize that this analysis is mainly illustrative, with very substantial uncertainties. First,
we assume the unity gas–to–stellar mass ratios hold for galaxies well below the masses of those
currently observed in CO. In particular, the galaxies in the Daddi et al. (2010a) and Tacconi
et al. (2010) samples were typically at the high-mass end of the CSG distribution, although
having MS galaxy properties otherwise (e.g., sSFR, gas consumption timescales). Interestingly,
the larger sample studied by Tacconi et al. (2013) shows a trend for increasing gas fraction with
decreasing stellar mass, which would increase the cosmic gas densities in Figure 12. Second, we
adopt a standard GMC value of α, when in fact this value could increase dramatically with, e.g.,
decreasing metallicity, such that the GMC value radically underestimates the total gas mass (e.g.,
Genzel et al. 2012). And third, we currently cannot rule out a population of lower-mass, gas-rich
galaxies that do not appear in any optical survey. The sidebar, Molecular Deep Fields, discusses
the potential for deep and large bandwidth observations to trace out the dense gas history of the
Universe.

6. CONCLUDING REMARKS
Over the past decade, observations of the cool ISM in distant galaxies via molecular line and atomic
FSL emission has gone from a curious look into a few extreme, rare objects to a mainstream tool
in the study of galaxy formation, out to the highest redshifts (z ∼ 7). Molecular gas has now
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limited understanding of dust

The exact contribution of dust-
obscured star formation to the 

cosmic SFR density at z>3 
remains unknown.



star formation 
→ astration

AGB stars

type II SNe 

~10 Myr

≳1000 Myr

dust formation 
in cool envelope

dust formation & destruction in 
shock and cool remnant 
(effective yields still uncertain)

stardust & metals ejected 
into the interstellar 
medium (ISM)

dust growth & 
H2 formation

diffuse hot ISM: 
dust destruction 

(UV field, cosmic rays)

dense ISM: 
molecular clouds

~10-1000 Myr?

The lifecycle of dust
e.g., Dwek 1998; Dwek & Cherchneff 2011; Zhukovska et al. 2008; Zhukovska 2014 




Dust in the reionization era: ALMA observations of a z=8.38 Galaxy 3
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Fig. 1.— ALMA Band 7 continuum detection for A2744 YD4. (Left): map combining all frequency channels, (Center pair) independent
maps for two equal frequency ranges. Contours are shown at 1, 2, 3, 4 and 5� adopting a noise level from an area of 0.5⇥0.5. arcmin.
(Right) HST F160W image with combined ALMA image contours overplotted.

Fig. 2.— Position of the ALMA band 7 detected high redshift
galaxy A2744 YD4 (blue) respect to other group members (yellow)
suggested by Zheng et al. (2014). The X-shooter slit orientation
is shown with the dashed white line. Although one other member
of the group was targeted in the exposure, no confirming features
were found in the data.

data was reduced using v2.8 of the ESO Reflex software
combined with X-Shooter pipeline recipes v2.8.4.
We visually inspected all 3 arms of the X-Shooter

(UVB, VIS, NIR) spectrum and identified one emis-
sion line at �=11408.4 Å with an integrated flux of
f=1.82±0.46⇥10�18erg s�1 cm�2. By measuring the
rms at adjacent wavelengths we measure the significance
as ⇡4.0�. We checked the reliability of the line by con-
firming its presence on two independent spectral subsets
spanning half the total exposure time (Figure 4). These
half exposures show the line with significances of 2.7 and
3.0, consistent with that of the total exposure. No fur-
ther emission lines of comparable significance were found.
We explore two interpretations of this line at 11408 Å .
It is either (1) one component of the [OII] doublet at a
redshift z '2.06, or (2) Ly↵ at z=8.38.
For (1), depending on which component of the

[OII]�3727,3730 doublet is detected, we expect a second
line at either 11416.9 Å or 11399.8 Å . No such emis-
sion is detected above the 1� flux limit of 4.6⇥10�19 cgs.
This would imply a flux ratio for the two components of
⇡3.95 (2.02) at 1(2) �, greater than the range of 0.35-1.5

Fig. 3.— Spectral Energy Distribution of A2744 YD4. The
red curve shows the best fitting SED found by Hyperz with
zphot=8.42+0.09

�0.32. The black curve shows a forced low redshift solu-
tion derived when only a redshift interval from 0 to 3 is permitted.
This has a likelihood >20 times lower. The inner panel displays
the redshift probability distribution.

from theoretical studies (e.g. Pradhan et al. 2006).
For (2) although the line is somewhat narrow for Ly↵

(rest-frame width ⇡ 20km s�1), its equivalent width de-
duced from the line flux and the F125W photometry is
10.7 ± 2.7 Å , consistent with the range seen in other
z > 7 spectroscopically-confirmed sources (Stark et al.
2017). We detect no flux above the noise level at the
expected position of either the CIV and [OIII] doublets
at this redshift. However, at the expected position of
the CIII] doublet, we notice a very marginal (⇡2�) fea-
ture at �=17914.7Å (7.5±0.35⇥10�19erg s�1 cm�2) seen
on two individual sub-exposures. If this is CIII]�1907Å
(normally the brighter component ) at zCIII=8.396, the
Ly-↵ o↵set of 338±3 km s�1 would be similar to that for a
z=7.73 galaxy (Stark et al. 2017). The other component
would be fainter than 5.0⇥10�19erg s�1 cm�2 consistent
with theoretical studies of this doublet (e.g. Rubin et al.
2004).
Previous spectroscopy of A2774 YD4 was undertaken

by the GLASS survey (Schmidt et al. 2016) who place a
1� upper limit on any Lyman-↵ detection at 4.4⇥10�18
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from theoretical studies (e.g. Pradhan et al. 2006).
For (2) although the line is somewhat narrow for Ly↵

(rest-frame width ⇡ 20km s�1), its equivalent width de-
duced from the line flux and the F125W photometry is
10.7 ± 2.7 Å , consistent with the range seen in other
z > 7 spectroscopically-confirmed sources (Stark et al.
2017). We detect no flux above the noise level at the
expected position of either the CIV and [OIII] doublets
at this redshift. However, at the expected position of
the CIII] doublet, we notice a very marginal (⇡2�) fea-
ture at �=17914.7Å (7.5±0.35⇥10�19erg s�1 cm�2) seen
on two individual sub-exposures. If this is CIII]�1907Å
(normally the brighter component ) at zCIII=8.396, the
Ly-↵ o↵set of 338±3 km s�1 would be similar to that for a
z=7.73 galaxy (Stark et al. 2017). The other component
would be fainter than 5.0⇥10�19erg s�1 cm�2 consistent
with theoretical studies of this doublet (e.g. Rubin et al.
2004).
Previous spectroscopy of A2774 YD4 was undertaken

by the GLASS survey (Schmidt et al. 2016) who place a
1� upper limit on any Lyman-↵ detection at 4.4⇥10�18

Laporte+2017

stellar mass ~ 2 x 109 Msol
SFR ~ 20 Msol/yr
dust mass ~ 6 x 106 Msol

z=8.38

Watson+2015
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A dusty, normal galaxy in the epoch of reionization 
Darach Watson1, Lise Christensen1, Kirsten Kraiberg Knudsen2, Johan Richard3, Anna Gallazzi4,1, and Michał Jerzy Michałowski5 

Candidates for the modest galaxies that formed most of the stars 
in the early universe, at redshifts z > 7, have been found in large 
numbers with extremely deep restframe-UV imaging1. But it has 
proved difficult for existing spectrographs to characterise them 
in the UV2,3,4. The detailed properties of these galaxies could be 
measured from dust and cool gas emission at far-infrared wave-
lengths if the galaxies have become sufficiently enriched in dust 
and metals. So far, however, the most distant UV-selected gal-
axy detected in dust emission is only at z = 3.25, and recent re-
sults have cast doubt on whether dust and molecules can be 
found in typical galaxies at this early epoch6,7,8. Here we report 
thermal dust emission from an archetypal early universe star-
forming galaxy, A1689-zD1. We detect its stellar continuum in 
spectroscopy and determine its redshift to be z = 7.5±0.2 from a 
spectroscopic detection of the Lyα break. A1689-zD1 is repre-
sentative of the star-forming population during reionisation9, 
with a total star-formation rate of about 12 M� yr–1. The galaxy 
is highly evolved: it has a large stellar mass, and is heavily en-
riched in dust, with a dust-to-gas ratio close to that of the Milky 
Way. Dusty, evolved galaxies are thus present among the fainter 
star-forming population at z > 7, in spite of the very short time 
since they first appeared. 

As part of a programme to investigate galaxies at z > 7 with the 
X-shooter spectrograph on the Very Large Telescope, we observed 
the candidate high-redshift galaxy, A1689-zD1, behind the lensing 
galaxy cluster, Abell 1689 (Fig. 1). The source was originally identi-
fied10 as a candidate z > 7 system from deep imaging with the Hub-
ble and Spitzer Space Telescopes. Suggested to be at z = 7.6±0.4 
from photometry fitting, it is gravitationally magnified by a factor of 
9.3 by the galaxy cluster10, and though intrinsically faint, because of 
the gravitational amplification, is one of the brightest candidate z > 7 
galaxies known. The X-shooter observations were carried out on 
several nights between March 2010 and March 2012 with a total 
time of 16 hours on target. 

The galaxy continuum is detected and can be seen in the binned 
spectrum (Fig. 2). The Lya cutoff is at 1035±24 nm and defines the 
redshift, z = 7.5±0.2. It is thus one of the most distant galaxies 
known to date to be confirmed via spectroscopy, and the only galaxy 
at z > 7 where the redshift is determined from spectroscopy of its 
stellar continuum. The spectral slope is blue; using a power-law fit, 
Fλ � λ–β, β = 2.0 ± 0.1. The flux break is sharp, and greater than a 
factor of ten in depth. In addition, no line emission is detected, ruling 
out a different redshift solution for the galaxy. Line emission is ex-
cluded to lensing-corrected depths of 3×10–19 erg cm–2 s–1 (3σ) in the 

 

1

Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The 
colour image is composed with Hubble filters: F105W (blue), F125W 
(green), F160W (red). The zoomed box (4˝×4˝) shows A1689-zD1. 
Contours indicate FIR dust emission detected by ALMA at 3, 4, and 5σ 
local RMS (yellow, positive; white, negative). The ALMA beam 

2

(1.36˝×1.15˝) is shown, bottom left. Images and noise maps were prima-
ry-beam corrected before making the signal-to-noise ratio (SNR) maps. 
Slit positions for the first set of X-shooter spectroscopy are overlaid in 
magenta (dashed boxes indicate the dither), while the parallactic angle 
was used in the remaining observations (pink dashed lines). 

stellar mass ~ 2 x 109 Msol
SFR ~ 9 Msol/yr
dust mass ~ 4 x 107 Msol

z=7.5
stellar mass ~ unknown (QSO)
SFR ~ 20-300 Msol/yr
dust mass ~ 3 x 108 Msol

z=7.54

Venemans+2017 

The line data were imaged using natural weighting and
smoothed to a velocity resolution of 44.5 km s−1. The
synthesized beam is 2 2×2 0, and the rms noise per channel
was 0.10 mJy beam−1. We also created a 41.0 GHz continuum
image by suitably combining all the data. The rms noise of this
continuum image is 5.7 μJy beam−1. No line was found, but a
potential continuum source is reported (Section 3.1).

3. The Host Galaxy of J1342+0928 at z=7.5

Our NOEMA observations reveal the gas and dust present in
the host galaxy of J1342+0928. In Figure 1, we show the
spectrum of the [C II] emission line and the underlying dust
continuum. A summary of the measurements is given in
Table 1.

3.1. Far-infrared Luminosity and Implied Dust Mass

The dust continuum around the redshifted [C II] emission
(rest-frame wavelength of ∼158 μm) has been detected
at a signal-to-noise ratio (S/N)∼6 and a strength of
S 415 73223.5 GHz = o μJy (Figures 1 and 2). The source is
not resolved with the 2 4×1 5 (12.1×7.3 kpc2) beam. We
also estimated the source size in the uv plane and derive a
source radius <0 5, which is consistent with the size
measurement of the continuum image. The position of the
quasar host, R.A.=13h42m08 097; decl.=+09°28′38 28, is
consistent with the near-infrared location of the quasar
(Bañados et al. 2017). The host galaxy is not detected in
continuum in the other NOEMA setups down to 3σ continuum
limits of S 139135.5 GHz < μJy and S 4895 GHz < μJy. The
VLA continuum map shows a potential source (S41 GHz =
15.0 5.7o μJy beam−1 and S/N∼2.6; Figure 2), located
∼0 7 from the [C II] emission of J1342+0928.

To compute the far-infrared (rest-frame 42.5–122.5 μm) and
total infrared (TIR; 8–1000 μm) luminosities, LFIR and LTIR,
and the dust mass Md in J1342+0928, we follow the same
procedure as outlined in Venemans et al. (2016). In summary,

we utilize three different models to estimate dust emission: a
modified black body (MBB) with a dust temperature
Td=47 K and an emissivity index of 1.6b = (e.g., Beelen
et al. 2006) and two templates of local star-forming galaxies
(Arp220 and M82) from Silva et al. (1998). We also take the
effect of the cosmic microwave background (CMB) on the dust
emission into account (e.g., da Cunha et al. 2013; Venemans
et al. 2016). The mass of dust is derived both by assuming
an opacity index of 0.77 850 mk m l=l

b( ) cm2 g−1 (Dunne
et al. 2000) and from scaling the Arp220 and M82 templates
(Silva et al. 1998). We stress that due to the unknown shape of
the dust continuum, the FIR and TIR luminosities remain
highly uncertain, while the SFR and dust mass we derive
crucially depend on the applicability of local correlations to this
high-redshift source.
Scaling the NOEMA continuum detection of S223.5 GHz =

415 73o μJy to the three dust spectral energy distribution
(SED) models results in luminosities of L 0.5 1.4FIR = ´( – )
1012 L☉ and L 0.8 2.0 10TIR

12= ´( – ) L☉. The derived dust
mass is M 0.6 4.3 10d

8= ´( – ) M☉. Applying the local scaling
relation between LTIR and SFR from Murphy et al. (2011) and
assuming the infrared luminosity is dominated by star
formation (e.g., Leipski et al. 2014) results in an SFR of
120–300 M☉ yr−1. This is significantly lower than the SFR
derived for some of the quasar hosts at z 6~ (e.g., Walter
et al. 2009), but very similar to the SFR in J1120+0641 at
z=7.1 (Venemans et al. 2017).

3.2. Tentative Radio Continuum Emission

We now look into the origin of the potential VLA continuum
detection. The first possibility is that the source is spurious. The
S/N is only 2.6, and as shown in Figure 2, several positive
noise peaks are visible close to the location of the quasar. It is
therefore plausible that the 41 GHz detection will disappear
when adding more data. On the other hand, if the source is real,
then the question is whether it is due to dust emission, free–free
emission, or non-thermal processes, e.g., synchrotron radiation.

Figure 2. Maps of the [C II] emission (left), the continuum emission at 223.5 GHz (middle), and the continuum at 41.0 GHz of J1342+0928. The [C II] map was
created by averaging the continuum-subtracted datacube over 455 km s−1 (2.8 C IIs´ [ ]). The cross indicates the near-infrared position of the quasar. The beam is
overplotted in the bottom left corner of each map. The contours show the emission at levels −3σ and −2σ (dotted lines) and +2σ, +3σ, +5σ, +7σ, and +9σ (solid
lines), where the σ denotes the noise in the image (247 μJy beam−1, 73 μJy beam−1, and 5.7 μJy beam−1, respectively). The nearby millimeter continuum source
(Section 2.1) can be seen toward the northeast in the middle panel.
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Often in excess of local Mdust/Mstar relations (e.g., da Cunha+2010)! 

How are these huge dust masses being produced so early?



M. J. Michałowski: Dust production 680–850 million years after the Big Bang

        

10-2

10-1

100

101

        

 

 

 

 
Theoretical yields
Theoretical yields
Theoretical yields

M* from SED
M*=Mdyn-Mgas
M*=Mdyn

Theoretical yields
Theoretical yields
Theoretical yields

 Chabrier IMF
Salpeter IMF
Top-heavy IMF
Theoretical yields

AGB

6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6
Redshift

10-2

10-1

100

101

   
   

   
   

   
   

 D
us

t Y
ie

ld
 p

er
 S

ta
r 

(M
O •
)

        

        

 

 

 

 
SNCassiopeia A and 1987A  

Cassiopeia A and 1987A  
Cassiopeia A and 1987A  

Cassiopeia A and 1987A  
Cassiopeia A and 1987A  
Cassiopeia A and 1987A  

Theoretical yields:
without dust destruction
with dust destruction
Cassiopeia A and 1987A  
Cassiopeia A and 1987A  
Cassiopeia A and 1987A  
Cassiopeia A and 1987A  

- - - - Cassiopeia A and 1987A
/ // / Other SN remnants
- - - -  
/ // /  

HFLS3 ULASJ1120+0641 A1689-zD1Himiko IOK-1

Fig. 1. Dust yield per AGB star (top) and per SN (bottom) required to explain dust masses measured in z > 6.3 galaxies for all possible combinations
of dust and stellar masses (Table 1; the points were shifted slightly in redshift for clarity). Symbols are colour-coded according to the way the
stellar mass was estimated: from SED modelling (black), assuming that the stellar mass is the difference between the dynamical and gas masses
(yellow), or that it is equal to the dynamical mass (red). Filled circles, crosses, and open circles denote the assumption of the Chabrier, Salpeter
(α = 2.35), and top-heavy (α = 1.5) IMFs, respectively. Small symbols with arrows correspond to galaxies with only upper limits for dust masses
(lower part of Table 1).

result, as this mass corresponds only to ∼10% of the dynamical
mass estimate.

3. Method

The redshifts of the galaxies considered here correspond to at
most ∼500 Myr of evolution, depending on the formation red-
shift. Hence, for AGB stars I only considered stars more massive
than 3 M⊙, as less-massive stars have not had time to leave the
main sequence and to produce dust (the main-sequence lifetime
is 1010 yr × [M/M⊙]−2.5; e.g., Kippenhahn & Weigert 1990).

I calculated the dust yields per AGB star and per SN
(amount of dust formed in ejecta of one star) required to ex-
plain the inferred dust masses in these galaxies as described
in Michałowski et al. (2010c,b). Namely, the number of stars
with masses between M0 and M1 in the stellar population
with a total stellar mass of Mstar was calculated as N(M0–
M1) = Mstar

∫ M1

M0
M−αdM/

∫ Mmax

Mmin
M−αMdM, where (M0,M1) =

(3, 8) M⊙ for AGB stars and (8, 40) M⊙ for SNe, respectively.
Depending on the galaxy, Mstar was estimated in three ways:
derived from the SED modelling (reported in Cols. 6–8 of
Table 1), assumed to be equal to Mdyn − Mgas and equal to
Mdyn. The average dust yield per star is Mdust/N(M0–M1). With
these assumptions this yield is f × (Mdust/Mstar), where f =∫ Mmax

Mmin
M−αMdM/

∫ M1

M0
M−αdM (Table 2).

Table 2. Initial mass functions assumed.

IMF fAGB
a fSN

a Mstar/MChab
b Sym.c

Chabrier 29 84 1 •
Salpeter 41 127 1.8 ×
Top-heavy 47 54 0.32 ◦

Notes. (a) IMF-dependent factor, defined such that the required dust
yield per star is f × (Mdust/Mstar). The assumed stellar mass ranges
are 3–8 M⊙ for AGB stars and 8–40 M⊙ for SNe. (b) Ratio of the stellar
mass derived using this IMF to the Chabrier IMF. (c) Symbol used in
Fig. 1.

I adopted an IMF with Mmin = 0.15, Mmax = 120 M⊙, and
three possible shapes: Chabrier (2003), Salpeter (1955) with a
slope α = 2.35, and top heavy with a slope α = 1.5.

4. Results

Figure 1 presents the dust yields per AGB star and per SN re-
quired to explain the observed dust masses using all possible
combinations of stellar and dust masses presented in Table 1 and
three choices of IMFs.

The maximum theoretical yield for an AGB star is shown
as 0.04 M⊙ because, as explained above, it is a strict upper limit.
For SNe I plot the theoretical value of a dust yield with no dust
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Michalowski+2015 (see also Rowlands+2014)

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. 

The dust mass in z > 6 galaxies L73

Figure 1. Predicted dust masses of the simulated galaxies as a function of
the stellar mass. For each galaxy, the dust mass without (with) grain growth
is shown by a square grey (circle blue) point (see text). The adopted grain
growth time-scale is τacc,0 = 2 Myr. In the lower panels, the reverse shock
destruction of SN dust is neglected. For the sake of comparison, we have
reported the same data points shown in Table 1 in the two panels: Schaerer
et al. (2015, squares), Maiolino et al. (2015, triangles) and Watson et al.
(2015, circle point).

the effective SN dust yields is ∼20 times larger and the resulting
dust masses contributed by stellar sources increase by a comparable
factor. These SN yields bracket the observations of dust masses
in SN and SN remnants obtained with the Herschel satellite (see
fig. 6 in Schneider et al. 2014). The figure shows that although the
total dust mass is larger, even with maximally efficient SN dust
enrichment the predicted dust masses at z ∼ 7 are Mdust < 107 M⊙,
too small to account for the observed dust mass in A1689-zD1. We
conclude that in order to account for the existing dust mass in this
galaxy, a shorter grain growth time-scale is required.

It is interesting to analyse the relative contribution of AGB stars,
SN and grain growth as a function of redshift. Fig. 2 shows the red-
shift evolution of the dust mass for galaxies with Mstar > 109 M⊙.
We separate the contribution from AGB stars, stellar sources, and
the total mass of dust, including grain growth with an accretion
time-scale τacc,0 = 2 Myr (upper panel) and 0.2 Myr (lower panel).
As expected from Fig. 1, grain growth provides the dominant con-
tribution, exceeding the dust produced by stellar sources already
at z < 10–12. Among the stellar sources, SN appear always dom-
inant, but the average contribution of AGB stars can be as large
as ∼40 per cent. This confirms that the contribution of AGB stars
to high-redshift dust formation cannot be neglected, especially for
the galaxies currently targeted by observational searches (Valiante
et al. 2009). Finally, in the lower panel we show that the dust mass
detected in A1689-zD1 requires very efficient grain growth, with a
time-scale τacc,0 = 0.2 Myr, one order of magnitude shorter than re-
quired to reproduce the observed dust-to-gas ratio in the Milky Way
and in most local dwarf galaxies (de Bennassuti et al. 2014). This, in
turn, implies that the cold atomic and molecular phases of the ISM,
where grain growth is more efficient, must have an average density
of ∼104 cm−3 (see equation 4). Such a value is comparable to the

Figure 2. Redshift evolution of the dust mass for the simulated galaxies
with stellar masses in the range log Mstar/ M⊙ ≥ 9. Each line represents the
average contribution of all the galaxies with the shaded area indicating the
dispersion among different evolutionary histories. The lower, intermediate
and upper lines show the contribution to the total mass of dust of AGB stars,
stellar sources and grain growth with an accretion time-scale of τacc,0 =
2 Myr (upper panel) and 0.2 Myr (lower panel).

molecular gas density inferred from CO excitation analyses of star-
burst galaxies at comparable (although slightly smaller) redshifts
(see Carilli & Walter 2013). Moreover, the molecular phase in these
high-redshift star-forming galaxies may also be warmer, leading to
somewhat lower τ acc, 0. Although plausible, our study suggests that
these conditions must be exceptional, as if they were to apply to
all galaxies a z > 6.5, current upper limits on the dust continuum
emission for normal star-forming galaxies at 6.5 < z < 7.5 would
be exceeded.

5 C O N C L U S I O N S

In this work, we have investigated dust enrichment of the ISM of
‘normal’ galaxies, which form stars at rates between a few to a few
tens of solar masses per year, at z ≥ 6. We find that dusty galaxies
are already formed at these high redshifts, due to rapid enrichment
by SN and AGB stars. However, the dominant contribution to the
dust mass in the most massive galaxies, with Mstar ≥ 109 M⊙,
which are the galaxies detected in the UV with present facilities,
comes from grain growth. The efficiency of this process depends
on the metallicity, density and temperature of the cold and dense
phase of the ISM. While the upper limits on the dust continuum
emission can be matched with an accretion time-scale of τacc,0 ∼
2 Myr, comparable to the value adopted by de Bennassuti et al.
(2014) to reproduce the dust-to-gas ratio of the Milky Way and
local dwarfs, the observed dust mass of A1689-zD1 at z = 7.5 can
only be reproduced if more extreme conditions are adopted, with
τacc,0 = 0.2 Myr, similar to the value assumed for QSO host galaxies
(Valiante et al. 2014). It is interesting to note that physical conditions
in the ISM can lead to different values of τacc,0 even for galaxies with
comparable metallicity: two of the most metal-poor local dwarfs,
SBS 0335-052 and IZw18, have a metallicity of Z ∼ 3 per cent Z⊙

MNRASL 451, L70–L74 (2015)Downloaded from https://academic.oup.com/mnrasl/article-abstract/451/1/L70/955906
by guest
on 10 April 2018

Mancini+2015

A dust budget crisis?
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Are we measuring dust masses accurately?
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Figure 4
Emissivity of select dust models. (a) Extinction opacities. Notice the different submillimeter slopes. A power-law approximation to the
model of Jones et al. (2017) is shown [dashed yellow line; β = 1.79, λ0 = 250 µm, κ(λ0) = 0.64 m2/kg]. Here, κabs and κsca are the
absorption and scattering opacities, respectively; β is the emissivity index and U is the starlight intensity. The green curve shows the
AC model of Galliano et al. (2011), the red curve shows the model of Draine & Li (2007), and the blue curve shows THEMIS of Jones
et al. (2017). (b) Corresponding emission. Abbreviations: AC, amorphous carbon; SED, spectral energy distribution; THEMIS, The
Heterogeneous Dust Evolution Model for Interstellar Solids.

3. CONSTRAINTS ON THE MICROSCOPIC DUST PROPERTIES

3.1. Infrared Emission

Infrared emission is the most widely used observable to study grain properties.

3.1.1. Constraints on the far-infrared grain opacity. The dust mass and excitation derived
from fits of the SED depend directly on the assumed grain opacity. To first order, this can be
approximated by a power law in the FIR/submillimeter range (Figure 4a). Most studies assume a
fixed absolute opacity, κ(λ0), and explore the variation of the emissivity index, β.

3.1.1.1. Studies of the emissivity index. There are numerous publications presenting MBB fits
of nearby galaxies. However, as discussed in Section 2.3.1, the derived βeff is degenerate with
temperature mixing. The best constraints on the intrinsic β are obtained in the submillimeter
regime, where only massive amounts of very cold dust (T ! 10 K) could bias the value. Table 1

Table 1 Free emissivity index modified blackbody fits of nearby galaxies by the Planck Collaboration

Milky Way M31 Large Magellanic Cloud Small Magellanic Cloud
Teff 19.7 ± 1.4 K 18.2 ± 1.0 K 21.0 ± 1.9 K 22.3 ± 2.3 K
βeff 1.62 ± 0.10 1.62 ± 0.11 1.48 ± 0.25 1.21 ± 0.27
Reference Planck Collaboration

(2014)
Planck Collaboration
(2015b)

Planck Collaboration
(2011a)

Planck Collaboration
(2011a)
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Dust emissivity

Galliano+2018

Different dust mixtures -> different 
emissivities 

Local studies: β~2 (with variations)  

But β has not been measured at 
high-redshift so we assume it 
doesn’t evolve!

⌫ = 0

⇣ ⌫

⌫0
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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

Arp 220 
(local ULIRG)

1 mJy

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

Fν(850µm) > 1 mJy

SCUBA map of the HDFN (Hughes+98)

~200 arcsec

FWHM ~15’’

Submillimetre galaxies: 
our favourite dust laboratories



No. 2, 2009 LABOCA SURVEY OF THE ECDFS 1203

spirals pattern. OTF maps were done with a scanning velocity of
2 arcmin s−1 and a spacing orthogonal to the scanning direction
of 1′. For the spiral mode, the telescope traces in two scans
spirals with radii between 2′ and 3′ at 16 and 9 positions (the
raster) spaced by 10′ in azimuth and elevation (see Figure 9 in
Siringo et al. 2009 for a plot of this scanning pattern). The radii
and spacings of the spirals were optimized for uniform noise
coverage across the 30′ × 30′ region, while keeping telescope
overheads at a minimum. The scanning speed varies between 2
and 3 arcmin s−1, modulating the source signals into the useful
post-detection frequency band (0.1–12.5 Hz) of LABOCA,
while providing at least three measurements per beam at the
data rate of 25 samples per second even at the highest scanning
velocity.

Absolute flux calibration was achieved through observations
of Mars, Uranus, and Neptune as well as secondary calibrators
(V883 Ori, NGC 2071 and VY CMa) and was found to be
accurate within 8.5% (rms). The atmospheric attenuation was
determined via skydips every ∼2 hr as well as from independent
data from the APEX radiometer which measures the line-of-
sight water vapor column every minute (see Siringo et al. 2009,
for a more detailed description). Focus settings were typically
determined a few times per night and checked during sunrise
depending on the availability of suitable sources. Pointing was
checked on the nearby quasars PMNJ0457-2324, PMNJ0106-
4034, and PMNJ0403-3605 and found to be stable within
3′′ (rms).

The data were reduced using the Bolometer array data
Analysis software (BoA; F. Schuller et al. 2009, in preparation).
Reduction steps on the time series (time-ordered data of each
bolometer) include temperature drift correction based on two
“blind” bolometers (whose horns have been sealed to block
the sky signal), flat fielding, calibration, opacity correction,
flagging of unsuitable data (bad bolometers and/or data taken
outside reasonable telescope scanning velocity and acceleration
limits) as well as de-spiking. The correlated noise removal was
performed using the median signal of all bolometers in the
array as well as on groups of bolometers related by the wiring
and in the electronics (see Siringo et al. 2009). After the de-
correlation, frequencies below 0.5 Hz were filtered using a noise
whitening algorithm. Dead or noisy bolometers were identified
based on the noise level of the reduced time series for each
detector. The number of useful bolometers is typically ∼250.
The data quality of each scan was evaluated using the mean
rms of all useful detectors before correcting for the atmospheric
attenuation (which effectively measures the instrumental noise
equivalent flux density (NEFD)) and based on the number of
spikes (measuring interferences). After omitting bad data we
are left with an on-source integration time of ∼200 hr. Each
good scan was then gridded into a spatial intensity and a
weighting map with a pixel size of 6′′ ×6′′. This pixel size (∼1/
3 of the beam size) well oversamples the beam and therefore
accurately preserves the spatial information in the map. Weights
are calculated based on the rms of each time series contributing
to a certain grid point in the map. Individual maps were coadded
noise-weighted. The resulting map was used in a second iteration
of the reduction to flag those parts of the time streams with
sources of a signal-to-noise ratio (S/N) >3.7σ . This cutoff
is defined by our source extraction algorithm. The reduction
with the significant sources flagged guarantees that the source
fluxes are not affected by filtering and baseline subtraction and
essentially corresponds to the very same reduction steps that
have been performed on the calibrators.

Figure 1. Flux (top) and signal-to-noise (bottom) map of the ECDFS at a spatial
resolution of 27′′ (beam smoothed). The white box shows the full 30′ × 30′

of the ECDFS as defined by the GEMS project. The white contour shows the
1.6 mJy beam−1 noise level that has been used to define the field size for source
extraction yielding a search area of 1260 arcmin2. The circles in the top panel
indicate the location of the sources listed in Table 1.
(A color version of this figure is available in the online journal.)

To remove remaining low-frequency noise artifacts we con-
volved the final coadded map with a 90′′ Gaussian kernel and
subtracted the resulting large-scale structures (LSSs) from the
unsmoothed map. The convolution kernel has been adjusted to
match the low-frequency excess in the map. This step is effec-
tively equivalent to the low-frequency behavior of an optimal
point-source (Wiener) filtering operation (Laurent et al. 2005).
The effective decrease of the source fluxes (∼5%) for this well-
defined operation has been taken into account by scaling the
fluxes accordingly. Finally the map was beam smoothed (con-
volved by the beam size of 19.′′2) to optimally filter the high
frequencies for point sources. This step reduces the spatial res-
olution to ≈27′′. The signal and signal to noise presentations of
our final data product is shown in Figure 1.

To ensure that above reduction steps do not affect the flux
calibration of our map, we performed the same reduction
steps on simulated time streams with known source fluxes and
artificial correlated and Gaussian noise. These tests verified that

LESS: LABOCA 870µm map of the ECDF-S (Weiss+2009)

Large, deep and 
homogenous blind 
870µm survey - optimal 
SMG sample 

rms~1.2 mJy/beam 

126 SMGs detected 
above 3.7sigma 

APEXThe ALESS survey



counterpart identification of SMGs: enabled 
analysis of the physical properties of a 
statistically reliable, unbiased sample (ALESS) 

spatially-resolved studies: sizes, dust and 
gas distribution, dynamics, and even 
morphology! Hodge+2013

Hodge+2019

~1.5 arcsec resolution

Figure 1. ALMA maps of the 870 μm continuum emission from six SMGs imaged at three different resolutions (indicated above each column). Contours start at±2σ
and go in steps of 1σ, stopping at 30σ (left), 20σ (middle), and 10σ (right) for clarity. These images reveal resolved structure on scales of ∼0 07 (∼500 pc at z ∼ 2.5),
with large-scale structures suggestive of spiral arms and bars. Left column:1 3×1 3 maps imaged with natural weighting, resulting in an rms of σ∼20 μJy
beam−1 and a resolution of 0 10×0 07. The dashed white box indicates the region shown in the two right columns and is 0 7×0 7 for all sources except ALESS
15.1, where a larger 1 0×1 0 region is shown. Middle column:zoomed-in maps of the region indicated in the left column, now imaged with Briggs weighting
(R = +0.5), resulting in an rms of σ∼22 μJy beam−1 and a resolution of 0 08×0 06. Right column:zoomed-in maps of the region indicated in the left column,
now imaged with a different Briggs weighting (R = −0.5), resulting in an rms of σ∼42 μJy beam−1 and a resolution of 0 06×0 04.
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~0.1 arcsec ~0.07 arcsec ~0.05 arcsec

The ALMA revolution: 

1. Spatial resolution
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3 Bands: orthogonal 
parameter space to 
break degeneracies!



A complete census of dust in sub-millimetre galaxies
(re-submission of Cycle 3 & 4 rank B, unfinished)

photometric redshift stellar mass star formation rate total dust luminosity

Fig. 1: Physical properties of the ALESS SMGs. Photometric redshifts derived by Simpson et al. 2014; stellar masses, star
formation rates and dust luminosities from da Cunha et al. 2015. The median properties of the sample are: M⇤ = 8.9⇥1010 M�,
SFR = 280 M�/yr, and Ldust = 4 ⇥ 1012 L�. The open grey histograms show the complete sample from the ALESS MAIN
catalogue (99 SMGs); the filled green histograms show the targets of this proposal i.e. the SMGs at which our proposed continuum
snapshot observations are centered: the 69 MAIN catalogue sources that are the brightest source in each LESS field. Our requested
sensitivities are enough to detect even the fainter objects (grey histograms) that lie within the field-of-view of our observations
centered at the targets shown in green (Fig.2).

Band 9 predicted fluxes based 
on SED fitting; da Cunha+2015 

3x rms

(a) (b)

Band 4 measured fluxes from 
Cycle 3; da Cunha+, in prep. 

3x rms

ALESS116.1 ALESS070.1 ALESS014.1

Fig. 2: (a) Preliminary distribution of the Band4 (150 GHz) continuum fluxes of the ALESS SMGs, measured from our Cycle 4
observations that were delivered in March 2016. Open grey histogram: complete sample from the ALESS MAIN catalogue; filled
green histogram: the targets of this proposal: the 69 MAIN catalogue SMGs that are the brightest source in each LESS field. In
panel (b), we plot the distribution of the predicted total continuum fluxes in Band 9 (682 GHz) from SED fits to their available
UV-to-radio observations using the MAGPHYS code (da Cunha et al. 2008, 2015). The red arrows indicate the 3� limit for the
achieved sensitivity in Band 4 (52 µJy) and our requested sensitivity in Band 9: 1.5 mJy (i.e. 1.8 min per snapshot). These
sensitivities are enough to detect the majority of our main targets at better than 5� level, and most of the faintest SMGs in the
same fields as our targets at ⇠ 3� confidence. The bottom panels show our Cycle 3 Band 4 snapshots for three of our targets,
spanning a range in measured fluxes (each square is 30 arsec in size). The green lines are 2-, 3-, ..., 8-� contours.

References • Agladze, N. I. et al. 1996, ApJ 462, 1026 • Blain, A. W. et al. 2002, PhR 369, 111 • Casey, C. M. et al. 2014,
PhR 541, 45 • da Cunha, E. et al. 2008, MNRAS 388, 1595; 2015, ApJ 806, 110 • Davé, N. et al. 2011, MNRAS 415, 11 •
Dwek, E. et al. 2007, ApJ 501, 643 • Draine, B. T. & Lee, H. M. 1984, ApJ 285, 89 • Groves, B. A. et al. 2015, ApJ 799, 96
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MNRAS 1040, 58 • Simpson, J. M. et al. 2014, ApJ 788, 125 • Scoville, N. et al. 2014, ApJ 783, 43 • Swinbank, A. M., et al.
2014, MNRAS 438, 1267 • Wang, S. X. et al. 2013, ApJ 778, 479 • Weiss, A. et al. 2009, ApJ 767, 88

ALESS: an unbiased sample of SMGs selected at 870um and confirmed at 
high-resolution with ALMA (Cycle 0; Hodge+2013).

Science questions:

- what are the dust masses in SMGs and can they be explained with dust 

formation, destruction and growth models? 
- properties of dust grains e.g. emissivity index? 
- temperature of dust in SMGs / dust heating 
- what are the gas fractions and star formation efficiency?

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

Properties of our SMG targets

redshift

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



σ=52 μJy/beam

Band 4 observations (2mm or 150GHz)

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



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)

Which sources are detected?



The 870μm/2mm colours - redshift evolution?

No strong evolution of the colours 
with redshift 

Implies evolution of dust properties 
with redshift 

More statistics needed!



The 870μm/2mm colours - redshift evolution?

No strong evolution of the colours 
with redshift 

Implies evolution of dust properties 
with redshift 

More statistics needed!



Bayesian method: important to avoid 
degeneracy between β and Tdust 
(can cause to fall in local χ2 minima) 
[as shown by, e.g., Shetty+2009, 
Kelly+2012 work on local compact 
dust cores] 

Individual fits of the cold dust SED Herschel/SPIRE 
(still waiting for Band 9)

B7

B4



two bands are not 
good enough!



Stacked likelihood distributions
30 sources with existing Herschel/SPIRE measurements; whole sample later with Band 9 data



β~2 is an ok 
assumption for SMGs at 

cosmic noon! 
(needed to be checked)

Dust in z~3 SMGs: not so different from local galaxies
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Table 2. The mass extinction coefficient κ in cm2/g at λ = 250, 350 and 500 µm for the four models presented in the paper.

λ CM CMM AMM AMMI
µm Ca Ol Py Tot Ca Ol Py Tot

250 17.4 5.4 5.3 8.7 0.7 10.2 10.2 6.4 10.4 12.5
350 11.7 2.8 2.6 5.3 0.5 5.1 5.1 3.2 5.3 6.2
500 7.8 1.3 1.3 3.4 0.3 2.5 2.5 1.5 2.6 3.1

Notes. The mass-weighted κ is given in the column labelled Tot; it represents the κ for extinction and not emission, since the dust temperatures for
each component are not taken into account.

0 1 2 3 4 5 6 7 8 9
x in µm-1

0

5

10

15

CM
CMM
AMM
AMMI

Fig. 8. UV extinction of single grains and aggregates normalised
at 1 µm−1.

In Fig. 8 the extinction normalised to 1 µm−1 in the visible-
UV is shown. For evolved grains, we find strong differences in
the UV bump and FUV extinction, which are characteristic of
the diffuse ISM and where they appear to arise from small car-
bonaceous grains (VSGs). We assume that the VSGs are com-
pletely coagulated onto the surface of the BGs and this is why
the UV bump disappears for our aggregates. Coagulation and ac-
cretion leads to a strong increase in extinction compared to sep-
arate grains. We find the same decrease as seen in observations
published by Fitzpatrick & Massa (2007), except that in those
observations the UV bump is still slightly visible. This might be
due to VSGs belonging to the diffuse gas surrounding denser re-
gions or distributed along the line of sight and thus contributing
to the observed extinction.

In Fig. 9 the mass extinction coefficient κ is presented for
the original CM grains as well as for the CMM, AMM, and
AMMI grains. For CM grains the amorphous carbons show
the highest κ values at the longest wavelengths and the low-
est κ values with the addition of the aliphatic-rich mantle. For
CM grains with amorphous silicate cores, κ increases by about
a factor of 2 with the addition of the aliphatic-rich mantle. For
AMM grains, κ is similar to the values for CMM grains with
amorphous silicate cores, and increases slightly with the addi-
tion of an ice mantle. It is therefore less than ideal to choose a
single value of κ to derive the total mass of the dust in a galaxy,
since dust evolution leads to large differences in κ. In Table 2 we
present κ for the different models.

4.4. Radiative transfer approach

We also combine DustEM with the CRT radiative transfer code
as described in Sect. 3.3. The results for the derived spectral in-
dex β and colour temperature are presented in Fig. 10 for the four

10 100 1000
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different models presented in Sect. 3.3 and for the analysis with
SEDs integrated in the Planck and Herschel bands and in the 100
to 500 µm and 100 to 870 µm wavelength ranges.

For the CM and CMM grains (Models CM and CMM), β de-
creases with decreasing temperature in all cases. This correlation
is a pure radiative transfer effect: when the clouds are denser,
the mixture of temperatures along the line of sight increases
resulting in broader SEDs and thus lower β values. This plot
clearly shows the increase in beta, when accreting a second man-
tle of aliphatic-rich amorphous carbon. Assuming grain coagu-
lation into aggregates and ice-mantle formation (Models AMM
and AMMI), we can clearly see that β increases with decreas-
ing temperature down to about 15 K. At even lower tempera-
tures, β starts to decrease again. This means that the radiative
transfer effects are strong enough to overcome the increase in
β of the aggregates. The β-T anti-correlation is strong for all
considered bands but is more distinct when analysing the data
in the Planck bands, i.e. over a wider wavelength range. The
colour temperatures decrease from around 19.5 to 15 K and
β increases from 1.45 to 1.8. These values are reached in re-
gions with AV ≈ 16. The results match the values measured by
Planck Collaboration XXV (2011) and Planck Collaboration XI
(2014).

5. Conclusions

We investigate how evolutionary processes, i.e. accretion and co-
agulation, change the optical properties of grains in the tran-
sition from the diffuse ISM to denser regions. For dust in
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Table 2. The mass extinction coefficient κ in cm2/g at λ = 250, 350 and 500 µm for the four models presented in the paper.

λ CM CMM AMM AMMI
µm Ca Ol Py Tot Ca Ol Py Tot

250 17.4 5.4 5.3 8.7 0.7 10.2 10.2 6.4 10.4 12.5
350 11.7 2.8 2.6 5.3 0.5 5.1 5.1 3.2 5.3 6.2
500 7.8 1.3 1.3 3.4 0.3 2.5 2.5 1.5 2.6 3.1

Notes. The mass-weighted κ is given in the column labelled Tot; it represents the κ for extinction and not emission, since the dust temperatures for
each component are not taken into account.
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In Fig. 8 the extinction normalised to 1 µm−1 in the visible-
UV is shown. For evolved grains, we find strong differences in
the UV bump and FUV extinction, which are characteristic of
the diffuse ISM and where they appear to arise from small car-
bonaceous grains (VSGs). We assume that the VSGs are com-
pletely coagulated onto the surface of the BGs and this is why
the UV bump disappears for our aggregates. Coagulation and ac-
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arate grains. We find the same decrease as seen in observations
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gions or distributed along the line of sight and thus contributing
to the observed extinction.
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since dust evolution leads to large differences in κ. In Table 2 we
present κ for the different models.

4.4. Radiative transfer approach

We also combine DustEM with the CRT radiative transfer code
as described in Sect. 3.3. The results for the derived spectral in-
dex β and colour temperature are presented in Fig. 10 for the four
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by the standard ISRF (Mathis et al. 1983) using DustEM
(Compiègne et al. 2011). The results are presented in Fig. 5 for
CM, CMM, AMM and AMMI grains. The SED of the CM grains
is the one presented in Köhler et al. (2014), where VSGs are still
separated and contribute to the emission up to ∼70 µm. At longer
wavelengths, the SED of CMM grains shows an increase in the
intensity of the far-IR emission and a shift to shorter wavelengths
indicating an increase in temperature due to stronger absorption
at short wavelengths compared to CM grains. The steepening of
the slope (i.e. an increase in the FIR opacity spectral index) is
also clearly visible.

For AMM grains the SED maximum is shifted to longer
wavelengths, which is an indication of the decrease in temper-
ature when coagulating grains. We can also see a small bump at
shorter wavelengths (magenta curve) which is due to the smallest
grains which only consist of carbonaceous material. The temper-
ature of these grains is around 52 K while all other AMM aggre-
gates are colder than 20 K. Because of their high temperatures
and small intensity these smallest grains do not contribute to
the SED at longer wavelengths. Excluding these smallest grains,
show indeed no variation in the SED at the maximum and longer
wavelengths (red line). The SED of the AMM grains decreases
significantly at 70 µm as observed by e.g. Stepnik et al. (2003).

When adding the ice mantle the far-IR emission increases
and the emission peak shifts to longer wavelengths. Since an ice
band occurs at the wavelength, where the maximum is reached,
it is not clear if there is a real shift due to a temperature decrease
or if the ice band is dominant. The calculated temperatures of
AMM and AMMI grains show a small decrease of less than
1.5 K for the larger aggregates. The temperature of the small-
est purely carbonaceous AMM grain decreases to 14 K when
adding the ice mantle. Excluding these smallest AMMI grains,
we find no variations in the SED (blue line compared to cyan
line).

Fitting the calculated SEDs with a modified blackbody, we
can derive the dust colour temperature, the spectral index and
opacity at 250 µm. In Fig. 6 and Table 1, these values are sum-
marised for the SEDs of the different grain populations, inte-
grated over the Herschel and Planck bands and over the 100
to 500 µm and 100 to 870 µm wavelength ranges. The sepa-
rate BGs have colour temperatures of around 20 K, in agreement
with the findings of Planck Collaboration XI (2014), while the
colour temperatures of CMM grains decrease to about 18.7 K.
The SED consists of three different components, each having a
different size distribution. The colour temperature is the value
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Fig. 6. Colour temperature, spectral index β and opacity derived with
DustEM for the Jones et al. (2013) and Köhler et al. (2014) model (CM),
CMM grains and AMM and AMMI aggregates.

to fit the SED with a modified backbody and not the tempera-
ture of the grains. Compared to CM grains CMM grains with
an amorphous carbon core are hotter while CMM grains with
an amorphous silicate core have similar temperatures. The SED
therefore does not show a shift of the peak position, but because
of the additional change in the spectral slope, the best modified
blackbody fit gives a lower temperature. For the aggregates, the
colour temperature is about 2 to 3 K lower than the CM grains.
Compared to the calculated temperatures for grains larger than
100 nm, the colour temperatures are on average around 1 K
higher. The spectral index increases from around 1.5 for sepa-
rate grains to about 1.8 for CMM and AMM grains and up to 2
for AMMI grains. The opacity at 250 µm for the original model
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Figure 9
Dust evolution with metallicity. (a) Total dust-to-gas mass ratios of nearby galaxies (De Vis et al. 2017b) (blue) and DLAs (De Cia et al.
2016) (red ). The gray area represents the tracks of the model of Asano et al. (2013), varying the star-formation timescale from τSF = 0.5
to 50 Gyr (τSF = 5 Gyr, white curve). The green line shows the locus of a constant, Galactic dust-to-metal mass ratio. (b) PAH-to-dust
mass ratios for the nearby galaxy sample of Rémy-Ruyer et al. (2015). The gray area shows the tracks of the Galliano et al. (2008) dust
evolution model. The metallicity, Z, has been derived from the O abundance. Abbreviations: DLA, damped Lyα system; ISM,
interstellar medium; PAH, polycyclic aromatic hydrocarbon.

of the lowest-metallicity source in Figure 9a, I Zw 18, has been corrected. It is therefore difficult
to understand how the nonlinearity of the trend would result solely from measurement biases.

We compare the nearby galaxy trend to the DLA sample of De Cia et al. (2016), in Figure 9a.
The dust-to-gas mass ratio and the metallicity of DLAs are all estimated from redshifted UV
absorption lines (Section 3.3). These sources show an almost perfectly linear trend down to
≃1/100 Z⊙. Their dust-to-metal mass ratio varies by only a factor of ≃3 over the whole
metallicity range.

4.3.3. Models of global dust evolution. It is possible to model the dust evolution of a galaxy,
over cosmic time, by accounting for the balance between the production and destruction mech-
anisms. This approach was initiated by Dwek & Scalo (1980), who included grain processing in
gas enrichment models. The main physical ingredients are the following. First, the star-formation
history of the galaxy is the driving mechanism. It can consist of episodic bursts parameterized by
different timescales or can be regulated by inflow and outflow rates. Second, when stellar pop-
ulations are born, depending on their IMF, they will destroy a fraction of the dust by astration.
Third, at the end of their lifetime, stars inject newly formed heavy elements and dust into the
ISM. The stellar yields of core-collapse SNe and AGB stars are, however, quite uncertain (see
the discussion by Matsuura et al. 2015). Fourth, grains grow in the ISM by accretion. However,
the associated sticking coefficients are uncertain. Finally, as massive stars die, dust is destroyed
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Dust evolution with metallicity

Galliano+2018

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.



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

β~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 (PI: 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 (PI: Bouwens) [also needed to check dust luminosities] 

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

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

Summary
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The Atacama Large Millimeter Array (ALMA) is
currently in the process of transforming our view of
star-forming galaxies in the distant (z & 1) universe.
Before ALMA, most of what we knew about dust-
obscured star formation in distant galaxies was limited
to the brightest submillimeter sources – the so-
called submillimeter galaxies (SMGs) – and even the
information on those sources was sparse, with resolved
(i.e., sub-galactic) observations of the obscured star
formation and gas reservoirs typically restricted to the
most extreme and/or strongly lensed sources. Starting
with the beginning of early science operations in 2011,
the last eight years of ALMA observations have ushered
in a new era for studies of high-redshift dusty star
formation. With its long baselines, ALMA has allowed
observations of distant dust-obscured star formation
with angular resolutions comparable to – or even far
surpassing – the best current optical telescopes. With
its bandwidth and frequency coverage, it has provided
an unprecedented look at the associated molecular
and atomic gas in these distant galaxies through
targeted follow-up and serendipitous detections/blind
line scans. Finally, with its leap in sensitivity compared
to previous (sub-)millimeter arrays, it has enabled
the detection of these powerful dust/gas tracers
much further down the luminosity function through
both statistical studies of color/mass-selected galaxy
populations and dedicated deep fields. We review the
main advances ALMA has helped bring about in our
understanding of the dust, gas properties of high-
redshift (z & 1) star-forming galaxies during these first
eight years of its science operations, and we highlight
the interesting questions that may be answered by
ALMA in the years to come.1. Introduction

(a) State of the field prior to ALMA
When newly formed stars and their surrounding HII regions exist in the presence of cosmic dust
grains, a fraction of the short-wavelength emission may be absorbed by those grains and re-emitted

c� 2014 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.

Coming soon!
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Figure 15. Relation between physical properties in our library of dust emission models. The grey shading shows the density of models in the
full library, which was set up to have a similar redshift distribution to that of our ALESS SMGs, and uniformly sample the dust temperature,
emissivity index, and dust luminosity. Therefore for our models there are no a priori correlations between these parameters. The blue contours
show a subsample of models for which flux cuts mimicking the selection of our ‘reliable’ sample have been applied (i.e., > 3� detection in
Band 4 (2mm), where � = 0.053 mJy beam�1, > 3.5� detection in Band 7 (870µm), where � = 0.4 mJy beam�1, and > 4� detection in
Herschel/SPIRE at 250µm, where � = 3 mJy). We over plot the properties of our reliable subsample of ALESS sources as blue circles. The
yellow line in the first panel shows a ⇠ (1 + z)4 selection on luminosity; this is mostly imposed by the 250-µm flux cut; the ALMA bands are
helped by the negative sub-millimeter k-correction.

this value to be a reasonable average value for high-redshift
dusty star-forming galaxies (a � ' 1.5 � 2 is often assumed
when modeling sources at both low and high redshift; e.g.,
Scoville et al. 2016; Galliano et al. 2018), but we also show
that there can be significant variation from galaxy to galaxy.
We note that the recent ALMA measurement of � = 2.3 in
a z = 3.1 galaxy by Kato et al. (2018) is entirely consistent
with the range of values we find for our SMGs, and therefore
that source is not necessarily an outlier in dust properties.

Aravena et al. (2016) derive � = 1.3 ± 0.2 (using a
Rayleigh-Jeans approximation) for a source individually de-
tection at 1.3mm and 3mm in the ASPECS ALMA spectro-
scopic deep field pilot (Walter et al. 2016), and even lower
values (� = 0.9 ± 0.4) for a stacked sample. Taken at
face value these results interestingly could indicate di↵er-
ent values of the dust emissivity index (and therefore dif-
ferent dust grain properties) in samples of galaxies of lower
infrared luminosity than SMGs that are also selected a di↵er-
ent wavelengths. However, in Appendix B, we demonstrate
that the Rayleigh-Jeans approximation is invalid even for the
� > 1mm ASPECS bands at z > 1, and that could lead to the
emissivity index being underestimated by between 0.2 and
1.0, depending on the exact redshifts and dust temperatures
of the sources (Fig. 18).

The average dust emissivity index of our SMGs, � =
1.9+0.4
�0.5, is entirely consistent with the predictions of theo-

retical dust models of interstellar dust (e.g., Draine & Lee
1984; Draine 2011; Köhler et al. 2015), which predict val-
ues typically between 1 and 2.5, depending on grain com-
position. For example, Köhler et al. (2015) predict � ⇠ 1.5
for core mantle grains in the di↵use ISM, and an increase to
� ⇠ 1.8�2.0 towards denser environments due to coagulation
and accretion onto the dust grains which change their optical
properties (see also, e.g., Jones et al. 2017).

The variation in � is connected with a variation in temper-
ature given the strong correlation between these two prop-
erties. A negative correlation between � and Tdust is found
not only from global SED fits of galaxies but it is also well
known from fits to the dust emission of galactic molecular
clouds and cold cores (e.g., Dupac et al. 2003; Désert et al.
2008; Paradis et al. 2010; Juvela et al. 2013). The existence
of this correlation is robust against uncertainties introduced
by SED fitting methods, wavelength coverage of the data,
etc., and is thought to be a result of a change in the intrin-
sic emissivity properties of dust grains with temperature. In-
deed, laboratory measurements of interstellar dust grain ana-
logues such as amorphous silicate grains also show a negative
correlation between � and temperature (Agladze et al. 1996;

selection effects?
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Figure 13. Accuracy of our simple modified black body fitting method in constraining the dust luminosity (top left), temperature (top right),
emissivity index (bottom left) and mass (bottom right). For each of our 5, 000 mock models (described in Section 5.2), we plot the density
of input parameter (x-axis) versus output median-likelihood estimate from our fitting (y-axis). The black dotted line is the identity line for
reference, and the orange squares show the median in di↵erent bins, with the error bar showing the standard deviation in each bin. The inset
plots show the distribution of the median value minus the input value, i.e. the accuracy of each model fit

These changes are mainly caused by the 250-µm flux cut,
which imposes a luminosity limit with redshift (Fig. 15) and
selects preferentially hotter models. The resulting Tdust dis-
tribution looks similar to the stacked Tdust posterior for our
reliable subsample (Fig. 10), peaking at about 30 K.

Figure 15 shows the relations between several physical
properties in our model library (grey shading), and how they
change when we apply our reliable subsample criterium (blue
contours). We also show the parameters of our reliable sub-
sample as blue points. This clearly shows that our flux cuts
exclude some regions of the parameter space, most notably
we would not detect high-�, high-Tdust sources according to
our selection, which could be a↵ecting our derived �-Tdust
correlation. This is driven by the ALMA selection at 870µm
and 2mm: imposing solely a 250-µm flux cut would retrieve
models spanning the full Tdust-� parameter space of our li-
brary. However we note that we would detect low � and low
Tdust sources but they do not seem to exist in our sample.

5.4. Comparison with other measurements and theoretical
predictions

The correlation between � and Tdust shown in Fig. 11 does
not seem to be introduced by noise or by our fitting method.
Previous studies focussing on modified black body fitting of
the dust emission in compact galactic dust cores (e.g., Shetty
et al. 2009; Juvela & Ysard 2012; Juvela et al. 2013) show
that a correlation between Tdust and � can be introduced ar-
tificially to some extent by performing �2 minimization on
noisy data, but Bayesian methods such as ours produce more
robust results (see also, e.g., Kelly et al. 2012). Juvela et al.
(2013) conclude that the observed negative correlation found
in studies of compact cores cannot be explained solely by
fitting biases and must be due, at least to some extent, to in-
trinsic variations in the dust properties. We check that in our
SED fitting simulations (5.2), which have similar noise prop-
erties to our observations, we start with uncorrelated Tdust
and �, and the results are also uncorrelated, therefore we con-
clude that this is not likely a result of fitting noisy data using
our method.

We also check of the correlation is introduced to some ex-
tent by selection e↵ects in our sample, as shown in Fig. 15.
At the depth of observations, we would not detect sources
with simultaneously high emissivity index and dust temper-

Accuracy of our fitting method: 3 bands
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Figure 20. Same as Fig. 13, but excluding Herschel data from the fits (i.e, only fitting fluxes in ALMA Bands 7 and 4 here). This shows that
we need to sample the peak of the SED to get reliable dust temperatures, hence also Ldust and Mdust. � is relatively well constrained, but still
with quite large dispersion.
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Accuracy of our fitting method: only Band 7 and Band 4
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Figure 17. Deviation from the Rayleigh Jeans approximation as a function of redshift and temperature. The y-axis shows the di↵erence 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), i.e., � log(S ⌫[870µm]/S ⌫[2mm]) = log(S ⌫[870µm]/S ⌫[2mm])RJ � log(S ⌫[870µm]/S ⌫[2mm])MBB. This translates linearly
to a di↵erence �� between the inferred RJ emissivity index �RJ and the true emissivity index (right-hand y-axes).

Figure 18. Same as Fig. 17, but using the ALMA Band 6 and Band 3 fluxes (at 1.3mm and 3mm).

hand, if the peak of the SED is not well sampled, as shown
in 20 where only the 870µm and 2mm fluxes are included in
the fits, the dust luminosities and temperatures become very
hard to constrain and become inaccurate. Surprisingly, the
dust masses are still reasonably accurate (within about 0.5
dex) even in this case. We attribute this to the fact that the

parameter priors are realistic (at least in the simulation, since
the mock SEDs parameters are drawn from the sample distri-
bution as the priors used in the fitting). When applying this to
real galaxies, the e↵ects of lacking data could be much worse
if the real distribution of parameters di↵ers significantly from
the priors.
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