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ABSTRACT

The survival of dust grains in galaxies depends on varioasgsses. Dust can be produced
in stars, it can grow in the interstellar medium and be dgsticdby astration and interstel-
lar shocks. In this paper, we assemble a few data samplesalfdad distant star-forming
galaxies to analyse various dust-related quantities indod/high redshift galaxies, to study
how the relations linking the dust mass to the stellar madsstar formation rate evolve with
redshift. We interpret the available data by means of chaimimlution models for discs and
proto-spheroid (PSPH) starburst galaxies. In particwarfocus on the dust-to-stellar mass
(DTS) ratio, as this quantity represents a true measurewfrhach dust per unit stellar mass
survives the various destruction processes in galaxiessatibervable. The theoretical mod-
els outline the strong dependence of this quantity on thesdyidg star formation history.
Spiral galaxies are characterised by a nearly constant BTé&fanction of the stellar mass
and cosmic time, whereas PSPHSs present an early steepsa@tthe DTS, which stops at
a maximal value and decreases in the latest stages. Indteistarburst phase, these models
show a decrease of the DTS with their mass, which allows ugptam the observed anti-
correlation between the DTS and the stellar mass. The obdeedshift evolution of the DTS
ratio shows an increase from~ 0 toz ~ 1, followed by a roughly constant behaviour at
1 < z < 25. Our models indicate a steep decrease of the global DTS Igttiaes, which
implies an expected decrease of the DTS at larger redshift.

Key words: dust, extinction -galaxies: evolution; star formationframed: galaxies.

1 INTRODUCTION & Sembach 1996; Jenkins 2009). This is true also in highhiéds
damped Lyman alpha systems observed in Quasar and Gamma-Ray
Burst absorption lines, which show strong evidence of deptet

tion in heavy element abundances (e. g., Vladilo 2002; @adtial.

2003; Calura et al. 2009a).

Third, dust grain can enhance radiative cooling of the ISHl an
thus directly &ect the star formation history of galaxies, as well as
the stellar initial mass fuction (MF) by inhibiting the foetion of
massive stars (e.g. Bekki 2013; Omukai et al. 2005).

Interstellar dust represents the solid component of therstellar
medium (ISM), and it stronglyféects several properties of galax-
ies. First of all, dust grains absorb and scatter the opgicdlultra-
violet (UV) radiation in the well-known dust-extinction quess.
Most of the light absorbed by dust at UV and optical wavelbsgt
is then thermally re-emitted at much longer wavelengththénin-
frared (IR) band, where the dust-reprocessed radiatioresepts
the major contributor.

Second, the depletion of refractory elements into dusngrai In galaxies, the survival of dust grains is regulated by &ser
has a considerableffect on the chemical composition of galax- ©Of constructive and destructive processes which take placather
ies. In our Galaxy, the depletion levels are found to vargear distinct time scales. Dust grains are thought to form in tdveelst-

as a function of the density and temperature of the ISM (Savag temperature and highest density regions of stellar eneslapd of
the ISM. Favourable conditions for dust formation are methim

rapidly expanding shells of the ejecta arising from supear(®&N)
* E-mail: fcalura@oabo.inaf.it explosions, as well as in outer envelopes of asymptotic @iaamch
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(AGB) stars, on time scales ranging from a few Myr up to sdvera
Gyr (e.g. Dwek 1998; Tielens 1998; Edmunds 2001; Morgan & Ed-
munds 2003; Zhukovska 2014; Michalowski 2015; Dell’Agliadt
2015). Dust grains are also destroyed in SN shocks (Barlai@;19
McKee 1989; Jones et al. 1996; Schneider et al. 2004; Sitéh e
2010), on times as fast at 10* yr after the SN explosion (Gall,
Hjorth & Andersen 2011). Dust grains can also grow in the estd
phases of the ISM (Draine & Salpeter 1979; Draine 1990; Dwek
et al. 2007; Pipino et al. 2011; Valiante et al. 2011; Asanalet
2013; Schneider et al. 2016), typically on typical timessad few
tens of Myr (Michalowski 2015), i.e. of the order of the lifee

for local molecular clouds (Dwek 1998). Direct evidence doist
accretion comes from the observed increase of the depletieis

at large interstellar densities and low temperatures Gagage &
Sembach 1996) and from the observed infrared emission df col
molecular clouds (e.g. Steinacker et al. 2009), charaseéry the
absence of small-grain emission. These features can bergecb
for by the coagulation of small grains on and into larger ipkas.
Indirect evidence of dust accretion comes also from thenesion

of the grain lifetimes, which would be very small if no proses
could allow them to recondense and grow (McKee 1989; Draine &
Salpeter 1979).

In the last few years, extragalactic surveys in the infrgtBJl
and sub-millimetre (submm) bands allowed us to perform an ac
curate estimate of the dust mass budget in local and distda-g
ies. Recent studies revealed that submm galaxies (SMG)at re
shift z > 1 generally show a larger dust content than local spirals
and even ultraluminous infrared galaxies (ULIRGs; e.gntida
et al. 2010; Fisher et al. 2014), hosting the most vigoroust-du
enshrouded starbursts in the local Universe. Although etitna
of them has been resolved into multiple sources by ALMA obser
vations (ALESS survey, Hodge et al. 2013), these surveys hav
revealed the diiculty to account for the large dust masses ob-
served in high-redshift galaxies with standard assumptiegard-
ing dust evolution (Morgan & Edmunds 2003, Dwek, Galliano &
Jones 2007; Santini et al. 2010; Valiante et al. 2011; Rosdaet
al. 2014), i.e. with choices for the most basic parametegalag-
ing dust growth and destruction tuned by reproducing thésctof
dust in local galaxies, also including a standard (i.e. oprtteavy)
stellar initial mass function.

Even studies of quasar (QSO) hosts at higher redshiftsd)
indicate the presence of large masses of dust in the earletés,
suggesting that the dust buildup has occurred on timescales
siderably lower than-1 Gyr (e.g. Maiolino et al. 2004; Wang et
al. 2013; Calura et al. 2014), i.e. the age of the Universbeae
redshifts. This implies that in these systems, the formatiodust
was possible through processes likely faster than thenfiést of
intermediate-mass stars, characterised by initial massy¥M,<
8 and which at these epochs are still on the main sequenceg hen
they did not have enough time to produce considerable ara@idint
dust grains (but see Valiante et al. 2009). Moreover, thgelatar
formation rate values of QSO hosts imply large destructates
(Mattsson 2011; Gall et al. 2011a; Calura et al. 2014), aqst h
been widely reckoned that supernovae (SNe), the most reglidrs
dust factories (Dunne et al. 2003), are mdfecent dust destroyers
than producers (Dwek 1998; Calura et al. 2008), and thisnast!
the counterbalancing, fundamental role of the interstejtawth
to support such large dust masses (Mattsson 2011, Valiamte e
2011; Pipino et al. 2011). On the other hand, the absencesbiru
metal-free, low star formation objects eitherzat 6 and in the lo-
cal universe (Fisher et al. 2014) imply a dichotomy betwesgidly
dust-rich and dust-free objects.

F. Calura, F. Pozzi, G. Cresci, P. Santini, C. Gruppioni, bzRetti, R. Gilli, F. Matteucci, R. Maiolino

A still open question is the possibility that the buildup eifstl
may occurr in lockstep with that of metals, as suggested bgent
discovery by Zafar & Watson (2013) of a constant, nearly rsola
dust-to-metal ratio in gamma-ray burst and QSO absorbatk, w
very little dependence on column density, galaxy type or eepb
shift, or metallicity. On the other hand, De Cia et al. (20fl3)l sig-
nificant variations of the dust-to-metals ratio in both Q3@ &RB
absorbers, with the discrepancy between their resultsersktof
Zafar & Watson (2013) likely due to an overestimate of theifiat
sic dust content estimated from the line-of-sigkt as done by the
latter authors. These significant variations of the dusti&gal ratio
vs metallicity might be explained by means of a non-univeiaio
between the stellar dust and metal yields related to a deypeed
on metallicity of the dust yields (Mattsson et al. 2014a).

In this paper, we assemble data sets from various IR and
submm surveys across a wide redshift range(@ < 6) and we
use published results to gain a deeper insight on the ewvoluti
the dust mass budget throughout cosmic history. To this aien,
consider various dust-related galactic scaling relatiod assess
how they evolve with redshift. Our study is mostly focusedtiom
amount of dust which is produced in galaxies per unit steftlass,
on how this quantity depends on the stellar mass and whahare t
main physical processes that drive its cosmic evolutior dibser-
vational data sets are compared to chemical evolution raddel
galaxies of dferent morphological types, which include a detailed
treatment of dust production (Calura et al. 2008) and whitdwa
us to put strong constraints on the relation between thetijigsn
studied in this work and the underlying galactic star foiiprahis-
tory.

2 THE OBSERVATIONAL DATA SET

In this paper, we focus on the stellar masg; M the dust mass
Mauss the gas mass s and the star formation rate (SFR). The
data set includes sources from the literature spanning a weid-
shift interval, for which some of the above physical quaggitare
available. For a sub-set of data, novel estimates of sombeskt
guantities have been derived as explained below in Sect. 2.1

The data have been homogenized according to the following
prescriptions: (i) a Salpeter IMF for the stellar massestba&FR;
(i) a fit with a modified black-body function for the dust mass
(see Section 2.1). Finally, for the samples where both Hisraasl
molecular gas masses are available, the observed gas rhasses
been calculated as the sum of these two quantities. In th&@QGLI
and SMG samples, we assume that their total gas mass isa@imci
with their H2 mass.

2.1 Dust Masses in the COSMOS and GOODS fields

We derived novel estimates of the dust masses for galaxigin
COSMOS, GOODS-S and GOODS-N fields from the PEP Her-
schel survey (Lutz et al. 2011) and we used the multi-waggten
dataset and source classification assembled by Gruppioai. et
(2013) to derive the Herschel luminosity function.

We have considered only the sources for which the observed
flux S, was available for at least four photometric data points at
Arest > 20 um and all the sources dominated by an AGN were
removed (i.e. classified in Gruppioni et al. (2013) as typend a
type 2 AGN). A final sample of2700 galaxies, in the redshift
range 0.0k z <4.8, was obtained.

© — RAS, MNRASO000, 1-15



The dust-to-stellar mass ratio in galaxies 3

4 o ' ' ' ; ; 10"
N 12] ]
a3 /_\ 10 10° ]
3 n R 8
3 2 ~ 10" ] ~ 10 .
A s 2 ’
e 1F f\ w0 "~ 10°F ]
e 't 810"} /\ g 4
[%2) = zv 5[/
< ok 10 4
o 9 d
2 10 10°F 1
-2 . . . 108 . . . 10*L . . .
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
Time (Gyr) Time (Gyr) Time (Gyr)
0.1000
100 0.1000 F ;
—~ 95 1
N 3
g 90 =0.0100F
3 85 10
+ : =
& 8ot 1 0.0010F
75 1
0.0001 . . . 7.0 . . 0.0001 . .
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
Time (Gyr) Time (Gyr) Time (Gyr)

Figure 1. Clockwise, from top left: star formation history, evolutiof the gas mass, of the dust mass, of the dust-to-gas ratfee mterstellar metallicity and

of the dust-to-stellar mass ratio as a function of time far chemical evolution models described in Sect. 3. In eaclelpéme yellow solid line, the orange
solid line and the red solid line represent the proto-sptemodels of baryonic mass»310'°, 10t and 132 M., respectively, computed with a standard,
Salpeter (1955) IMF. The light green, green and dark greéwlashed lines are for three PSPHs with the same baryonisamas above but characterised by a
top-heavy IMF (Larson 1998). The light cyan, cyan and dadncyolid lines represent models for a dwarf spiral, an ingeliate-mass spiral and a M101-like
spiral, respectively (Calura et al. 2009b).

For these systems, as explained in Gruppioni et al. (2068),t Zhou 1991, Xie et al. 1993; Li, Goldsmith & Xie 1999; Magnelli
stellar mass and the SFR were obtained through a detailed SEDet al. 2012 and Mattsson et al. 2015). In general, the assomgpft

fitting in the optical-near IR bands, whereas the dust masses a GTD leads to dust mass estimates larger than those obtayned
estimated in this work by means of a modified black-body (MBB) means of a MBB fit by factors of.% — 2 (e.g. Santini et al. 2014,
fit according to the prescriptions of Bianchi (2013). Undez &s- Berta et al. 2016). For this reason, our estimates can bedegjas
sumption that all dust grains share a single temperatyend that lower limits to the dust masses for the galaxies of our sasaple
the dust distribution is optically thin, the dust masg,Mwas cal-
culated as
D2S 2.2 Other data sets used in this work

Mdust: $~ (l) .

1+ 2«,B,(Ta) We have assembled two data setzat 0.1: a sample of spi-
In this equation,B,(Ty is the Planck functionD, is the lumi- EZ‘L?Q"?X;% and a sample of ultra-luminous infrared galsxi

S).

nosity distance of the objec§,, is the flux observed at 2t ) ) )
(corresponding to a fequency of2ITHZ) and «, and B,(Tq) The spiral subsample includes 26 objects from the SINGS

were computed av = vl + 2. We have adopted, = (Kennicutt et al. 2003), with full multi-wavelength photetny and
4.0(v/1.2 TH2 crP gL, with 8 = 2.0 (see also Gilli et al. 2014). also with submm data, useful for dust mass measurements. Est

Bianchi et al. (2013) discussed how the bulk of the dust mass Mates for the SFR, My and Ms were taken from Santini et al.
in galaxies can be robustly determined from the emissiorhén t (2010) and the HI and H2 mass estimates are from Kennicutt et a

range 10Qums< A < 50Qum, by fitting a single-temperature MBB (2003). The dust masses were re-calculated using a modifiek-b
to the data. However, the use of a MBB fit for the spectra to es- body fit'. The dust masses measured with a modified black-body fit
j resultto be a factor 2-3 lower than those estimated by the &IRA

timate the dust masses might seem questionable, as duss gra ] - . ;
code or using the Draine & Li (2007) templates (see Santiai.et

may present vastly fierent sizes and a large diversity of heating
sources. )-

Several authors have shown how stable fits to the data can be
obtained also using a grain-temperature distribution (GR&acs
et al. 2010; Magnelli et al. 2012), as it has been shown that du 1 For these systems, the dust masses presented in Santin@gt) were
grains have to be characterised by a GTD and its assumptéplyde  computed by means of the SED library generated by the GRASHe ¢
affects the estimate of the dust mass (see, e.g. Xie, Goldsmith & (Silva et al. 1998).

© — RAS, MNRASO00Q, 1-15
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Figure 2. Upper Panel: Dust mass as a function of the stellar massédastibervational data discussed in Sect. 2. Symbols areremboied according to the
different samples as follows. Blue circles are local spirabxd@safrom the SINGS survey, light-blue circles are localaga@s from the KINGFISH survey,
yellow circles are local ULIRGs and red circles are SMGs fi®amtini et al. (2010), whereas the black dots are galaxés the COSMOS500DS survey.

The curves represent the models described in Fig. 1. The atar diamonds plotted along each curve and with its samercoiark the evolutionary times
of 0.1 and 0.5 Gyr, respectively. The central panel and thtiyopanel show the observed and theoretical dust mass astiofu of the star formation rate
and the dust mass as a function of the gas mass, respeclinelypurple dashed line in the central panel represents hdhs-SFR relation found in local
galaxies by Da Cunha et al. (2010). All the other data andezuave as in the upper panel.
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A subset of 46 spirals were selected from the KINGFISH sam-
ple (Kennicutt et al. 2011). For these sourcegMand My, are
from Skibba et al. (2011). The j estimates have been calculated
from the sum of the HI mass (Walter et al. 2008) and the H2 mass
(Leroy et al. 2009).

The ULIRGs sample consists of 24 systems, originally from
Clements et al. (2010) and, as for the spiral SINGs sampte, es
mates for the SFR, M, and M,,s were taken from Santini et al.
(2010) by considering a CO-to-H2 conversion factos4.3 M, (K
km st pc®)~1) which applies to normal galaxies. No estimate for
the HI mass is available for these systems. The dust masses ha
been re-computed by means of a fit with a modified black-body
function, as explained earlier in Sec. 2

At redshiftz > 0, we use the sample of 24 submillimeter
galaxies (SMGs) presented by Santini et al. (2010). Thesess
are in the redshift range.® < z < 4 and the estimates of §;
and My,s were taken from Santini et al. (2010), whereas the dust
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and Calura et al. (2014).

Elliptical galaxies are assumed to originate from the rapithpse

of a gas cloud with primordial chemical composition. Durihés
'proto-elliptical’ phase, this rapid collapse triggers iatense and
rapid star formation process, which lasts until the onset gdlac-

tic wind, powered by the thermal energy injected by stellards
and type Il and type la SN explosions. At this time, the gastiaé¢
energy equates the gas binding energy and all the residigat in
stellar medium is assumed to be lost. After this time, thexjab
evolve passively. The models considered in this work aregded

to describe three PSPH galaxies of baryonic mass®° M, 101

M, and 162 M,.

We also consider a suite of chemical evolution models foraspi
galaxies of three dierent baryonic masses, spanning frerix10°

M, to 10"'M, (Calura et al. 2009b). In such models, the bary-
onic mass of any spiral galaxy is dominated by a thin disc of
stars and gas in analogy with the Milky Way. The disc consists

masses were re-computed as described above for the SINGS anaf several independent rings, 2 kpc wide, without excharigeat-

ULIRGs systems. We also consider one additional SMG source,
SMMJ123600.15621047.2 from Greve et al. (2005).

Finally, for our study of the dust-to-stellar mass ratio asre-
tion of redshift (Sec. 4) we also consider the sample of QS€d-ho
galaxies az > 6 from Calura et al. (2014), to which the reader is
referred for further details. This sample shows that at6 a sig-
nificant amount of dust is already present in several IR+ums$
QSO hosts. A transition in dust production could have oexirr
at slighly larger redshifts, perhaps somewhere betweert and
z ~ 7, given the compelling absence of dust found in a couple of
systems at > 7 (Ouchi et al. 2013; Inoue et al. 2016).

ter between them. The disc formation occurs ’'inside-out, the
timescale for disc formation increases with the galacttraedis-
tance (Matteucci & Francois 1989). In our models we assurat th
the dficiency of star formation is higher in more massive objects
that evolve faster than less massive ones, a behaviour kiaswn
'downsizing’ (e.g., Cowie et al. 1996; Matteucci 1994; Racet

al. 2009).

All the models for spiral discs and for PSPHs include
stellar dust production, mostly from core-collapse supese
and intermediate-mass stars, restoring significant arsaefmiust
grains during the AGB phase. In this work, for all the refoagt

For the data of Calura et al. (2014), the dust masses have beerelements we consider the set of metallicity-independest don-

calculated from the FIR fluxes by means of Eq. 1, and the dynam-
ical masses were estimated on the basis of either CO or [iGd] |
measurements (see, e.g., Wang et al. 2013). In the samplwtC

et al. (2014), only a few systems present moleculay@ratomic

gas measurements (Walter et al. 2003, Carilli et al. 2007oa
etal. 2007, Wang et al. 2010; Wang et al. 2011a; Wang et al.t201
Venemans et al. 2012; Wang et al. 2013; Willott et al. 201&reH
we consider the systems for which it was possible to caleutz
stellar mass as

Mstar = Mdyn - MgaSa (2)

i.e. the systems characterised Mgy, > Mgas Here Mgas =
Mur + Myz and My, and My, are the neutral gas mass and the
molecular gas mass values, as traced by the [CIjJi®b@mission
line and the CO emission lines, respectively. If onévbf; or My,
were not available, the unavailable quantity was estimtrted the
other one assuming a constavit;,/My, ~ 5, equal to the aver-
age value computed from those systems for which both qiemtit
were derived. To calculate the stellar masses for thesemmgstve
neglect the presence of dark matter. The contributionspéisnas-
sive black holes and dust were found to be minor compareds®eth
of gas and stars, thus neglected.

3 CHEMICAL EVOLUTION MODELS

The observational data sets described in Sect. 2 are cothpare
with results from chemical evolution models for proto-syfigal
(PSPH) galaxies and spiral, disc galaxies. In this sectioa,
present a brief description of the chemical evolution medeled
in this work. More detailed descriptions of the models cafolbad
in Calura et al. (2009b), Schurer et al. (2009), Pipino ef2011)

© — RAS, MNRASO00Q, 1-15

denstation fficiencies presented by Dwek (1998). For a discussion
on the dfects of metallicity on stellar dust production and its
impact on galactic chemical evolution models, see Gioarstial.
(2016).

Dust destruction in SN shocks and interstellar dust acmretre
also taken into account as described in Calura et al. (2008).
evolution of elliptical galaxies is followed during thetas-forming
phase only, i.e., in our scheme, before a galactic wind mayroc
However, it is worth stressing that also galactic outflowsyma
represent anficient mechanism to remove substantial amounts of
dust from the interstellar medium (Calura et al. 2008; Feldm
2015).

In Fig. 1 we show for our models, from the top-left panel
and in clockwise sense, the star formation histories aloitig tive
time evolution of the gas mass, of the dust mass, of the dugas
ratio, of the metallicity (here traced by #2log (O/H)), and of the
dust-to-stellar mass ratio. The results for the PSPH models
computed both assuming a standard, Salpeter (1955) IMF and a
Larson (1998), top-heavy IMF (THIMF). For the spiral models
we adopt isntead a Scalo (1986) IMF (see Sect. 3.1).

The downsizing character of the PSPH models is visible from
the more extended SFHs in the less massive systems. The §F is a
sumed to stop as soon as the conditions for the onset of thetgal
wind are met, i.e. when the thermal energy of the ISM balaitses
binding energy.
In these models, the assumption of a THIMF generally prosluce
larger dust masses (Gall et al. 2011a), larger metalleciig by a
factor of ~ 0.5 dex) and larger dust-to-stellar mass (DTS) values
than those achieved with a Salpeter (1955) IMF.
The three spiral models are characterised by lower staratom
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rates and more prolonged star formation histories than BSR#
the spiral models are multi-zone, each of the quantitiettqaan
Fig. 1 represent the mass-weighted averages on the whalaslis
described in Calura et al. (2009b) and considering onlyoreglo-
cated at galactocentric distances 3 kpR < 8 kpc. As outlined
by the recent Herschel Exploitation of Local Galaxy Andraime
(HELGA), local disc galaxies are known to exhibit dust-@sgnd
dust-to-metals gradients (Smith et al. 2012; Mattsson. &Cdl4b).
Even if such gradients are likely to be present also in hagtshift
galaxies, in this work we assume that for each object of omr-sa
ple, the observational quantities we compare our resulis are
luminosity-weighted values representative of the galag ahole.
Such an assumption may be justified by considering that,eaimth
nermost parts are the densest and the most luminous, thagaver
guantities computed within the regions located at radii &kpc
could be regarded as representative of the entire discar@et al.
2009b).

For the sake of consistency in the comparison with the obser-
vational gas masses described in Sect. 2, the gas Mgassefers
to the total hydrogen mass present in the ISM in all models.

The entire set of models used in this work was successful in
reproducing a few basic properties of galaxies and theilutem
with cosmic time, such as the mass-metallicity relationl(Gaet
al. 2009b) and the dust abundance pattern in galaxiesfiefreint
morphological types (Calura et al. 2008; Schurer et al. 2B@8ino
et al. 2011). Recently, the PSPH models have been matchad wit
spectro-photometric models which include the emissiomfdust
grains to successfully account for the evolution of the Kéband
of the far-IR luminosity functions across the redshift rafix z <
3 (Pozzi et al. 2015).

3.1 Initial mass function

In our standard PSPH galaxies, we adopt a Salpeter (1938 ste
initial mass function (IMF), i.e. a simple power lagm) o m 135
constant in space and time, with stellar mass lower lirit M,

and upper limit 100M,,. This choice assures that several observa-
tional constraints such as the average stellar abundahpessent-
day spheroids, the colour-magnitude diagram (Pipino & Matti
2004) and their global metal content (Calura & Matteucci®Gire
reproduced, as well as the metal content in clusters of gedand

its evolution (see Renzini 2005; Calura et al. 2007).

In spiral galaxies, the IMF is the one of Scalo (1986). This
choice assures that the abundance pattern observed irsjuicall
and disc galaxies is well accounted for (e.g. Calura & Matteu
2004; Cescutti et al. 2007).

The use of this IMF is also motivated by various results shgwi
that in general, the disc IMF must be significantly steepanttie
cluster IMF, i.e. a universal Massey-Salpeter IMF with ap8tdr
slope at the largest masses, i.enmat> 8 M. This result stems
from the fact that the integrated IMF of the disc populatiam be
obtained from a folding of the universal IMF with the stanster
mass function (e.g. Weidner & Kroupa 2005, Calura et al. 2010
Recchi & Kroupa 2015), which is well described by a single pow

law (Lada & Lada 2003).
We will also test the €ect of a Larson (1998) IMF, of the form
¢L(m) o M exp-me/m), ®)

i.e. a power law modulated with an exponential function. The
son (1998) IMF flattens below a characteristic stellar nmasthat
may vary with time. By adopting a value af, ~ 0.3 M., of the
order of the Jeans mass in local star-forming environmdase(&
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Bonnell 2005), the shape of the Larson (1998) IMF is qualiehy
similar to the local, universal Kroupa (2001) or Chabriedq3)
IMF.

Recently, Calura et al. (2014) showed that a Larson (1998) IM
with m¢ = 1.2M,, in PSPHs produces an IMF richer in massive
stars than the standard Salpeter IMF and allows one to atémun
the dust content of starbursts detected at 6. In high-redshift
starburstsn. = 1.2M,, will be our reference value.

As discussed in Mattsson (2011), in principle, since olsserv
tions suggest that low and intermediate mass stars prodymiéi-s
cantly more dust per stellar mass than high-mass starar# sfere
the only sources of dust a THIMF would result in a lower total
stellar dust yield. However, also processes other thatasidlist
production are at play (such as dust growth) and overall dop-a
tion of a THIMF implies larger dust amounts than those aciiéy
with a normal IMF.

4 RESULTS

Various scaling relations for our galaxy samples dfedent red-
shifts are plotted in Fig. 2-3, where the observational data de-
scribed in Sect. 2 are compared with theoretical resulta frtbem-
ical evolution models of galaxies offtirent morphological types
as described in Sect. 3. Combined together, the dust méissems
masses and the stellar masses allow one to have an insigtiean a
basic physical properties related to local and distantggdaand
on how some fundamental galaxy parameters evolve with i¢dsh
in the selected samples. The comparison with chemical gonlu
models is useful to interpret the data, since it can providierma-
tion on the possible morphology of the systems, and it aloval
one to put constraints on their star formation history (Calkt al.
2009a).

4.1 Dust mass vs stellar mass

As discussed in Santini et al. (2014), the positive cori@tabe-
tween Mgust and Mgior Can be regarded as a consequence of the
Maust SFR correlation combined with thiég,-SFR relation (i.e.
the main sequence relation, see e.g., Elbaz et al. 2007) \oyvte

a first approximation, the correlation betwell,s; and Mg, can
also be regarded as a consequence of the mass-metallicty (M
relation, if one considers that the refractory elementsesgmting
the constituents of the dust grains are mostly metals (Bxyek
1998; Calura et al. 2008). Clearly, in both the MZ avid, s Mgtar
diagrams, one has to consider that galaxies do not evohacaed
boxes’, and that processes such as gas accretion and outéows
play important roles in determining both relations. Morepwhile
the metal budget is regulated solely by the balance betwttn s
lar production and astration, the interstellar dust budgstd de-
pends on other complex mechanisms such as grain destruiction
SN shocks as well as dust growth.

Even though theMg,srMstar relation alone does not allow us to
determine the relative importance of all these processekarly
outlines that the growth of the dust mass has to occurr inskeqk
with the increase of the stellar mass, and that this is traeyated-
shift.

As visible from theMgusr Mstar panel of Fig. 2, the trend charac-
terising most of the observed local disc galaxies is comststith
the theoretical evolutionary tracks calculated for theaphodels,
with the exception of a set of local SINGS and KINGFISH system
with large stellar masddgMsiar/M, = 10.5) and low dust content
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(logMgust/Mo < 7). We checked the morphological classification
of these high-mass, low-dust objects and we found that therma
ity (> 60%) of such systems belong to E, SO, SAO and SBO types,
which are not represented by the suite of models used in gsept
work. Such low dust masses are instead in qualitative agreem
with the values predicted for large-mass early-type gekaxiith
ages> 10 Gyr, generally characterised by dust massek0®M,
(Calura et al. 2008).

The observed stellar and dust masses of discs partially over
lap also with the curves calculated for the lowest massedHBSP
in particular in their earliest phases, i.e. when they ararat:
terized by low stellar masses and little dust content. As ik w
see later in Sect. 4.2, the key parameter required to better c
strain the star formation history of these systems and tentés-
gle between dferent models is the SFR. During their early star-
burst phase, the PSPHs models are also characterised lgparste
slope of theMgusr Mstar relation than spirals. This feature clearly
reflects the dferent star formation histories of the two model
types, visible in Fig. 1, where one can appreciate how theH3SP
show a considerably more rapid early increase of the dustesas
with respect to spirals. This can be understood by consigeri
that to a first approximation, during the earliest stagesnibath
growth and destruction can be neglected, dust productiatesc
as dMgus/dt o< (Yaust — m“:;)d Mstar/dt, where the '#ective dust
yield’ yqust accounts for the dust returned from a simple stellar pop-
ulation, which in principle is independent from the stamfiation
history (although it may be a function of the metallicity he tust
condensation féiciency, see, e.g., Gioannini et al. 2016) whereas
the dust-to-gas rati%‘;ﬁ‘ is in turn strongly dependent on the star
formation history (see Fig. 1).

The local ULIRGs have both stellar and dust masses larger
than local spirals, compatible with the theoretical tracksthe
intermediate-mass PSPH model in the latest phases and mofitste
massive PSPH model during the earliest stages. The dustsnafss
SMGs are broadly consistent with the values predicted ®nibst
massive elliptical model at massbt,, > 10''M,, i.e. at stellar
masses larger than the observed ones.

The COSMOB500DS sample includes a large variety of
systems, most of them compatible with the PSPH models. This
sample includes also several systems whose large dusintasite
difficult to account for by any galaxy evolution model. This fact
outlines a problem already addressed in a recent study dhthe
frared and submillimetre properties of high-redshift gada (Row-
lands et al. 2014), and confirms results already achievedfiéwa
previous works, i.e. a dust mass produced per unit stellassig-
nificantly larger than what expected in standard models| (&@ail.
2011b; Calura et al. 2014, Michalowski 2015). Later in SBctve
will come back on the main implications of this result.

In the PSPH models, the use of a THIMR&lleviates the ten-
sion between the COSM@SOODS data presenting the most ex-
treme dust mass values and the models. Only a minority oésyst

2 For the conversion of the observed stellar masses from &®alm a
Larson (1998) top-heavy IMF wittn. = 10M,, Hijorth et al. (2014) sug-
gest a rescaling downwards by a facter3, corresponding to -0.48 dex
in logarithm (see also Dwek et al. 2011). In our case, we assaroon-
siderably less extreme IMF characterisedrhy = 1.2Mg, hence such a
conversion should be regarded as an upper limit. In our easeasonable
conversion is likely to be of 0.1-0.2 dex. Given the large atyit range of
stellar masses characterising the models and the datasinvtitk, which
spans from- 10f M, to 102 My, in our analysis we ignore such a conver-
sion.
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with Maust 2 10° M, is still unaccounted for by the models includ-
ing a THIMF. The strong FIR emission of these objecs couldebe r
lated to various #ects, including the blending of multiple sources,
lensing or variable syncrotron emission (Santini et al.piiap.).
Additional data (especially with ALMA) are needed to setyre
rule out (or validate) such alternative scenarios.

4.2 Dust mass vs SFR

As outlined by previous studies, both local and distant xgala
ies show a tight and clear relation between dust mass and SFR
(Da Cunha et al. 2010; Rowlands et al. 2012; Hjorth, Gall &
Michalowski 2014; Santini et al. 2014). The behaviour oftsac
relation is visible in the middle panel of Fig. 2.

The local spiral samples and the COSMGSODS data set
confirm the existence of a correlation between SFR lgl; al-
though the slope seemdidirent than the one found for local galax-
ies. It is worth stressing that the SMGs data set allows ustend
the Mquse SFR relation to SFR values 10° M, /yr, i.e. to values
larger than those explored in previous studies (e. g., Hjettal.
2014).

The SFR andVig.g values observed in SMGs seem to con-
firm what already found in local galaxies and high-redshifiag-
ies, i.e. that the relation seems to bend over at very lardge\&i
ues (Hjorth et al. 2014). Moreover, in galaxies at redshift0, the
Maust SFR relation seems shallower than that found in local galax
ies by Da Cunha et al. (2010). As seen in Fig. 2, the largedt dus
masses observed in high-redshift systems such as, e.gM@sS
are of the same order of magnitude of the maximum dust magses o
the local sample of Da Cunha et al. (2010), whereas the SkRval
of such high-redshift systems are much larger.

Itis noteworthy that in the Da Cunha et al. (2010) sampléeh blost
masses and SFR values were computed fifledint ways than in
the present paper. For instance, in that work the dust masses
computed with a multi-component model of the galactic spect
and considering the emission from hot, warm and cold dustedls w
as a polycyclic aromatic hydrocarbons component. Tliemint
methods of calculation, as well asfldirent spectral coverages in
the samples (see Hjorth et al. 2014) could lead to systerditic
ferences between the relation found by Da Cunha et al. (281d)
our results. A quantitative assessment of these systerfédicts
are beyond the aim of the present paper. The simultaneous stu
the MyusrMstar and Mgys-SFR relations is very useful in order to
disentangle among fierent possible star formation histories char-
acterising our systems. In principle, this is similar to toenbined
study of the MZ and SFR vs metallicity relations performed by
Calura et al. (2009b) to have fundamental hints on the nafitree
galaxies building the MZ relation.

In the models, a clear distinction between discs and PSPHs-is
ible in the Myust Vs SFR plot. Barring a small overlap between the
lowest mass PSPH model and the largest mass spiral modeh whi
concerns an extremely narrow SFR range, the two morphabgic
types tend to occupy rather distinct regions of this diagrahe
lowest star formation rates and dust masses characteazythu-
tionary tracks of the spiral disc models, whereas the PSkeelgy
the highest-SFR, largeM,s; regions.

The KINGFISH and SINGS data are generally in good agree-
ment with the spiral model tracks, which essentially rensotre
degeneracy discussed in Sect. 4.1, which saw PSPHs antk spira
presenting similaMgir and Mgyt Values during the earliest stages.
Here, the lower SFR values observed in the KINGFISH and SINGS
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samples show a clear agreement with the spiral models ana an i
consistency with any PSPH model.
The majority of the ULIRGs data lie between the
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in lockstep with the SFR, as the available gas reservoirengad
progressive consumption. During this late phase, the rsadele
along a nearly diagonal line which starts from the maximurthef

intermediate-mass and higher-mass PSPH models. The SMG dat dust mass ever achieved during the whole evolutionarypatied
show a large spread in SFR. Four systems show SFR values lowerevolves towards loweMg,s;andMgas values, i. e. towards the point

than 16 M, /yr, whereas the majority of them lie either between the
intermediate-mass and largest-mass PSPH models, or aglgw
of the largest mass PSPH model. For all the data sets, gjpball
terms of SFRs, there is a good correspondence between theanod
and the observations, in that the whole dynamical rangeachser-
izing the measured SFRs seems to roughly correspond to khe va

ues spanned by the models. The same is not true as far as the dus

mass range is concerned, in particular for the COSKGIBODS
sample: starting from log[SFRM,/yr)] ~ 1 and moving right-
wards, many data points present dust masses underestinyated
models calculated with a standard IMF, in particular in thege
1 <log[SFR(Mo/yn)]< 3.

which marks the end of star formation. This point is locatade
lower left with respect to thdg,ss maximum.

This phase in generally longer for PSPHs with larger stellar
mass, owing to a larger star formatioffieéiency and a faster gas
consumption timescale, which imply a steeper decreasee@#R
and dust mass vs time.

Model results calculated assuming a THIMF in PSPHs are
presented also in the lower panel of Fig. 2, which allow usxto e
plain the behaviour of the most-extreme points of the dé&asee.

the few ULIRGs and SMGs characterised by particularly |ahgst
masses at particularly low gas mass values. This is not tlyera@y

to reduce the discrepancy between data and models in tljsadia

The tracks of the PSPHs show an early steep increase of theand in the others previously described in Sect. 4.1 and 4&. T

Maust SFR relation, a maximum dust mass achievied still at early
times and in correspondance of the largest SFR valueswietlo
by a decrease of both quantities at later epochs. This tsepdri
ticularly strong for the largest mass system. This resuljuialita-
tively in agreement with Hjorth et al. (2014), who found a kimaal
dust mass’ which can be achieved in strongly star formintesys.

In particular, our models allow us to appreciate the depecel®f
this maximal dust mass on the star formation history of PSéttds
spirals, and how this quantity basically increases as atifumof

effects of other processes will be discussed later in Sect. 5.

4.4 Dust-to-stellar mass ratio vs stellar mass and redshift

A useful quantity to assess théieiency of the dust production in
galaxies is the dust-to-stellar mass (DTS) ratio. This tjtaac-
counts for the amount of dust per unit stellar mass whichigesv
the various destruction processes in galaxies anfféstésely ob-

the SFR and, in PSPHs, increases also at fixed SFR by assuming &ervable.

THIMF. In fact, as visible from Fig 1, the assumption of a THiM
has little d@fect on the star formation history of PSPHs. Since a
Schmidt (1959) law is used for the SFHs of our models, thisiccc
as the gas mass budget is not dominated by the gas returmed fro
stellar populations, which depends strongly on the assuiviéd

but by the amount of accreted pristine gas.

Not surprisingly, also in this case the inclusion of a THIMI i
PSPHs reduces considerably the tension between the mosnext
data and models, as it has littlffext on the star formation histories
but a strong impact on the predicted dust masses.

4.3 Dust mass vs gas mass

The samples of star forming galaxies considered in the ptese
work are characterised by a positive correlation betweerdtrst
mass and the gas mass. The values observed in most low{tedshi
discs are compatible with the tracks of the spiral modelgng¥

for a few ULIRGs theMg,si— Mgasrelation is marginally consistent
with the one found for the intermediate mass PSPH model,rat va
ance with theMy,s—SFR plot, in theMgyst — Mgas plot most of the
ULIRGs with available gas masses lie between the lower mass a
intermediate mass PSPH model, i.e. the PSPH models ovaatsti
the gas masses of the ULIRGs sample. The HI mass in ULIRGs
is not observed and, as discussed in previous works (Sa&ders
Mirabel 1996; Santini et al. 2010), the presence of a largdeu
tected HI gas reservoir in ULIRGs seems implausible. Altfou

to a lesser extent, the same might be true also foMBgrMgas
relation found for most of the SMGs, as compared to the one pre
dicted for the most massive PSPH model. These facts indicate
the most massive PSPH models tend to overestimate the ntalecu
gas masses observed in ULIRGs and SMGs.

The PSPH models show that after a rapid increase of the dust

buildup which, as seen in Sect. 4.2, occurs at nearly constan

In the top panels of Fig. 3, we show the DTS as a function
of the stellar mass as observed in galaxies at various ffesisdmd
corresponding model tracks of our chemical evolution medet
galaxies of dferent morphological types.

The observed relations are plotted along with the median val
ues, i. e. the 50th percentiles of the distributions congburiebins
of stellar mass, represented by the large solid circlesbitheidth
has been chosen in order to have comparable numbers of®bject
each bin. In each stellar mass bin, the error bar representdis-
persion associated to the median value, and connects théolibie
84th percentiles of the observed distribution. The medi@nes
and their associated dispersions computed for each obeeak
dataset are also presented in Table 1.

In general, the observational data sets indicate an anti-
correlation between the DTS and the stellar mass. This igrieea
ment with previous observational studies of the DTS as a-func
tion of the stellar mass in nearby galaxies iffelient environments
(Cortese et al. 2012) and in GRB hosts (Hunt et al. 2014). fihis
sult implies that in low mass galaxies, the specific productf
dust is particularly fiicient and that the balance between dust pro-
duction and destruction is somehow dependent on the make of t
galaxy (see Sect. 5). We have verified that this trend is nettdu
any redshift &ect. By calculating the DTS-mass relation in vari-
ous redshift bins, a similar anti-correlation was found acle bin,
characterised by a systematic shift towards higher DT Segalith
increasing redshift at all masses.

The shapes of the theoretical evolutionary tracks (toptrig
panel of fig. 3) outline the strong dependence of this quaintit
the star formation history, which in turn depends on otheandgu
ties, such as the baryonic infall rate, the dust-destroatate and
the rate of astration.

In general, in systems characterised by a nearly constaht an
prolonged star formation activity, the DTS shows a ratherlféa

SFR, the dust masses reach a maximum and then start degreasinhaviour with respect to stellar mass. This is visible from ttacks

© — RAS, MNRASO000, 1-15
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Sample log¥star/Mo)  109(Maust/Mstar)
Median value 18 percentile 8% percentile

SINGS

10.60 -3.22 -3.40 3.00

11.13 -4.07 -4.25 3.57
KINGFISH

8.78 -2.69 -3.70 -2.38

10.37 -3.34 -4.35 -2.74
COSMOSGOODS

10.07 -2.40 -2.83 -1.83

10.47 -2.52 -2.87 -2.10

10.76 -2.56 -2.91 -2.15

11.03 -2.73 -3.08 -2.32

11.36 -2.83 -3.16 -2.35
ULIRGs

10.91 -2.65 -2.98 -2.21

11.66 -3.12 -3.70 -2.15
SMG

10.82 -1.85 -2.12 -1.28

11.21 -2.40 -2.97 -2.26
Calura et al. (2014)

10.56 -1.95 -2.65 -1.45

Table 1. Median dust-to-stellar mass ratio as a function of theatetlass calculated for the samples described in Sect. 2.cBitsnn: name of the sample.
Second column: median value of the stellar mass distribiti®ach bin. Third column: median DTS ratio in the bin. Fbumnd fifth columns: 18 and 84"

percentiles of the DTS ratio distribution in the bin, respety.

calculated for spiral galaxies. For these systems, the tbueves
run along nearly horizontal tracks afigirent DTS levels.

All the curves calculated for PSPHs show a rathéedént be-
haviour. During the earliest phases they grow steeply upnae
imum DTS level, after which they start decreasing until thd ef
SF.

The KINGFISH and SINGS data are in good agreement
with the spiral model curves, whereas the ULIRGs data aré wel
reproduced by the intermediate- and high- mass PSPH model. T
median values calculated for the COSMG®O0DS data are in
general consistent with the PSPH tracks. Moreover, th&draam-

The data suggest an increasing trend of the DTS as a function
of redshift as visible in the range € z < 2.5. At larger redshift,
there could be a wide spread in the dust content of star-fagmi
galaxies (e.g. De Cia et al. 2013), which might also resudtlarge
spread in the DTS ratio.

At z ~ 6, the detections of the sample of Calura et al. (2014)
indicate DTS values larger than thosezat 2. However, these
systems are likely to represent the most luminous and thigedtis
objects of this sample. The hatched area plotted in Fig. 8uats
for the several non-detections of the 6 sample and for uncertain-
ties in the stellar mass estimates. It is worth stressing shactly

puted with a standard IMF underestimate some of the observedSpeaking, the stellar masses should be regarded as upjgsrdird

DTS values, i.e. the lowest-mass SMG value and the highikds
value from the sample of Calura et al. (2014). This discrepéne-

consequently the DTS ratios represent lower limits.

An increasing trend of the DTS-redshift relation was also

tween models and observed values vanishes once a THIMF is aStound by Dunne et al. (2011), although in a much narrowerhiéds

sumed. Finally, it is worth to note that an anti-correlatimween
he DTS and the stellar mass is also found in a recent study &f Mc
innon et al. (2106), based on cosmological simulationsuitioly
dust production.

The redshift evolution of the DTS ratio is shown in the lower
panels of Fig. 3, compared with the values predicted by meéns
our models for spiral discs (left-bottom panel) and PSPIligshi{r
bottom panel). The data are presented in Table 2 and repithgen

range (0< z < 0.3). We have verified that this trend is not due to
the diferent range of stellar masses covered at various redshifts
by dividing the largest sample considered in this paper,the
COSMOSGOODS sample, into various mass bins, and computing
in each mass bin the median DTS as a function of redshiftlidigi

the sub-sample into redshift bins. In each mass bin, wefistilla

DTS increasing with redshift, with a hint of a steeper insieg

with redshift for lower mass galaxies. The observed DT Sdases

median values of the observed datasets. The median DTSsvalue roughly by 0.5-0.7 dex from ~ 0 toz ~ 1, to reach a plateau in the

were computed in dlierent redshift bins and are plotted along with
their dispersion, which has been calculated from their 46th84th
percentiles as done for the data in the upper panels and la Tab
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interval 1< z < 2, where the galaxies of the COSM@®ODS
sample lie. The SMG sample extends up to larger redshifts, an
present median DTS values slighly larger (by).2 dex) than the
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Figure 3. Top panels: dust-to-stellar mass ratio as a function of tbkas mass. The large solid cyan, blue, yellow, red andkbtircles plotted with the
error bars represent the median DTS values calculated sdfistellar mass for the KINGFISH, SINGS, ULIRG, SMG, and GG3S/GOODS samples,
respectively. The small purple squares are the DTS valuesuned in 8 QSO hosts from the sample of systenzs~ab of Calura et al. (2014), i.e. in the
systems for which it was possible to derive an estimate oftbéar mass. Note that in these systems, the stellar massescomputed from measures of the
dynamical masses and neglecting the presence of dark raatte¢hat if the latter was present, they should be regardedmes limits. The large purple square
with the error bar represents the median DTS value of the keagfiCalura et al. (2014), as computed for these 8 systenespuitple hatched area accounts
for the non-detections of the~ 6 sample (see Sect. 4.4 for details on its calculation). Hdldther curves and symbols are as in Fig. 2. All the median DTS
values as a function of the stellar mass are reported in Tdntlom panels: dust-to-stellar mass ratio as a functioredshift. In the bottom-left panel, the
solid cyan and blue circles are the median DTS values cadéaliia various redshift bins for the local KINGFISH and SIN&Snples, respectively, whereas
the open symbols represent the median values calculatéugtoer-redshift samples (see description of the bottghtipanel). The light-cyan, cyan and dark
cyan regions in the left-bottom panels enclose the rangeT& alues predicted for low-mass, intermediate mass agdrianass spiral galaxies, respectively.
In the bottom-right panel, all the symbols with error bars as in the top panels. The purple hatched area accountsefootirdetection of the sample of
systems ar ~ 6 of Calura et al. (2014); its width was calculated from thetlénce between the two extreme redshift values of the abljetbnging to that
sample.

. The yellow, orange and red regions in the bottom-right panelose the DTS values of the PSPH models of lower massiiet#iate mass and larger mass,
respectively, calculated assuming a Salpeter (1955) IME.light-green and green regions in the right-bottom panelose the DTS values computed for
the lowest mass and intermediate mass PSPHSs, respectioeiputed assuming a THIMF. All the average DTS values aseétiumof redshift are reported
in Tab. 2. © — RAS, MNRASO000, 1-15
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Sample <z> log(Mgust/Mstar)
Median value 18 percentile 8% percentile

SINGS

0.00 -3.40 -4.25 -3.08
KINGFISH

0.00 -3.03 -3.81 -2.54
COSMOSGOODS

0.18 -2.81 -3.17 -2.44

0.42 -2.66 -3.00 -2.32

0.74 -2.57 -2.93 -2.13

1.01 -2.53 -2.92 -2.04

1.64 -2.49 -3.06 -1.90
ULIRGSs

0.11 -2.83 -3.33 -2.34
SMG

1.22 -2.30 -2.97 -1.28

2.52 -2.26 -2.90 -1.94
Calura et al. (2014)

5.95 -1.81 -2.41 -1.44

Table 2. Median dust-to-stellar mass ratio as a function of redgfaiftulated for the samples described in Sect. 2. First aolurame of the sample. Second
column: median value of the redshift distribution in eaah. Bihird column: median DTS ratio in the bin. Fourth and fiftiumns: 18" and 84" percentiles

of the DTS ratio distribution in the bin, respectively.

ones obtained for the COSM@ZOO0DS sample at comparable
redshift.

The 8 systems at ~ 6 present very large DTS values, by 0.7-0.8
dex larger than the plateau of the COSMGSOODS galaxies
betweenz ~ 1 andz ~ 2. The purple hatched area calculated at
Z > 6 takes into account the non-detections of the sample ofr€alu
et al. (2014), and is compatible with a constant or decrgasin
DTS value at high redshift. The redshift range spanned by the
non-detections could embrace an early epoch in which a asicige
trend of the global DTS is more likely than an increasing @,
expected from the theoretical time evolution of the DTS iithbo
PSPHs and spirals shown in Fig. 1. In particular, our PSPHetsod
suggest a steep rise of the galactic dust content, whicls talkee

on timescales of the order 0.1 Gyr, and with a maximum dust
mass reached earlier in more massive systems. Such a stee ri
the dust content in the early Universe has already been e dd

a few recent publications. In fact, while the 8 objectg at6 show

a large presence of dust in extremely luminous (SFRO My/yr)
starbursts hosting QSOs, and whilezat 6 also dusty 'normal’
star-forming galaxies (i.e. forming stars from a few to a fews of
solar masses per year) have been found (see Mancini et &),201
a few notable cases of dust-free galaxies have been diszbver
atz > 7 (Ouchi et al. 2013; Inoue et al. 2016). Their existence
may be explained by means of a very rapid evolution of the dust
content of the Universe at> 6, and with a sudden appearance of
large amounts of dust as soon as adequate reservoirs aftogfra
elements become available (Mattsson 2016).

© — RAS, MNRASO00Q, 1-15

5 DISCUSSION

In general, the models provide an acceptable descriptitmeodb-
served scaling relations for most of the KINGFISH and SINGS
galaxies, well described by the spiral galaxy models, amdtfe
bulk of the ULIRGS, for the SMGs and COSM@SBO0DS sam-
ple, well described by the PSPH models.

The dust masses derived for many COSMGSODS galax-
ies are larger than the ones characterising the model galdxiis
worth stressing that a few systematifeets could be present in
the observational estimate of the dust masses, possitdintg#o
overestimations.

5.1 What process drives the DTS-mass relation?

Little is known about dust production in particularly insenstar
formation environments; the range of model parameterdvuadds
wide (dust condensatiorfiiciency in AGB stars and supernovae,
dust growth and destructiorffieiency, which could all depend on
metallicity andor star formation rate). In order to build a realistic
model of dust production in such an environment, one showg-p
erly take into account the dependence of growth and dekiruct
on a few key physical properties of the the interstellar gash as
density and temperature, as well as a few non-thermal pieper
such as microscopic turbulence or magnetic fields. Cugehiése
facts render a credible "ab initio” modeling of interstelthust far
from feasible.

The chemical evolution models used in this work are useful
to understand the global trends of the studied relationsedisas
the main macroscopic processes these are driven by. We éere s
that both the star formation history and the stellar masg e



12 F Calura, F. Pozzi, G. Cresci, P. Santini, C. Gruppioni, bzRetti, R. Gilli, F. Matteucci, R. Maiolino

portant roles in defining the DTS-}, relation. The observations
indicate that lower mass systems, generally charactebigedess
intense star formation activity, show larger DTS valuestlzager
mass, more intensely star forming objects, broadly in agess
with model predictions.

A decreasing trend of the DTS with the stellar mass reflects
the time evolution of the theoretical DTS in PSPHSs (see Pign 1
the late starburst phase, i.e. the phase following the pethle star
formation epoch. During this stage the star formation retesde-
creasing, as well as the dust production rate. As the stelias still
continues to increase, the final result is a DTS ratio movingg
a diagonal line towards the lower-right corner of the diagrae.
towards the point which marks the end of star formation. Riga
less of the stellar mass, this late starburst phase, cleaised by
the decrease of the DTS ratio, is considerably more extetiged
the early phase during which the DTS ratio increases with {sae
Fig. 1). This implies that the DTS-}, relation is more likely pop-
ulated by starbursts caught during this late phase.

Possible ways to explore the initial mass function in stestsu
include multiwavelength observations aimed at probing pghe
duction rate of ionizing photons. Recent results based odiest
of unresolved stellar clusters in nearby galaxies show n@tien
from a universal, standard IMF (Andrews et al. 2013). Futore
struments such as the James Webb Space Telescope (JWST) will
allow to extend such studies to higher redshifts, and thikbvei
fundamental to gain more direct information on the IMF intalig,
intense starbursts.

Finally, the study of interstellar metallicityfi@rs another ex-
tremely dficient way to test the IMF in star-forming galaxies. In
fact, as visible in Fig. 1, the interstellar metallicity &mred in
PSPHs at the end of the starburst and calculated assumint\vFTH
can be more than 0.5 dex higher than that computed with atgalpe
IMF.

The most dust-rich and strongly star-forming systems are ex
pected to contain very large reservoir of metals. In such-dus
enshrouded objects, metallicity diagnostics based orfraste op-

Provided that the observed systems are all caught at compa-tical emission lines are unreliable, as the optical spkaidices

rable times after the beginning of the starburst, a DTS desing
with stellar mass can also be explained by considering er hi-

cal DTS-time relation shown in Fig. 1 for PSPHs and that, atexffi
time, the DTS decreases with mass.

Moreover, the DTS is larger in low-mass systems becauseeof th
net specific rates of dust production which, similarly to $pecific
SFR (e.g., Hunt et al. 2014), tends to be larger in lower makeg
ies. Thisis summarised in Fig. 4, where the specific dustuartboh
and destruction rates are shown as a function of time for B3PH
Msgtar = 3% 10 Mg and My, = 10'2 M.

Although the specific stellar dust production rates are com-
parable (dark blue solid and dashed lines), the lower masteimo
shows a lower specific destruction rate and a larger grovigttinan
the larger mass model. As shown in various previous stufiegk
1998; Calura et al. 2008; Pipino et al. 2011; Calura et al42Ghe
balance between destruction and growth is crucial to réguke
dust mass budget; in this case, we have shown the fundaniental
portance of these processes also in driving the DTgMlation.

5.2 Why atop-Heavy IMF is needed

In models, larger dust masses can be achieved by means t&a ste
IMF skewed towards massive stars, i.e. a top-heavy IMF, ias th
implies a more ficient stellar dust production (Gall et al. 2011b;
Calura et al. 2014).

At the same time, even if the higher SN rates achieved with
a THIMF imply larger destruction rates, also the accretiater
increases because of larger dust masses and of a lowerodust-t
metal ratios (Calura et al. 2014). Moreover, the lower atetlasses
achieved with a THIMF lead to dust masses produced per watit st
lar mass larger than those obtained with a standard IMF.

Although no direct, ultimate proof for a fiierent IMF in
the early Universe or in starbursts can be found (Larson ;1998
Elmegreen 2005; Narayan & Davé 2012), a top-heavy INMEre
a possible explanation for the large dust masses observgdhn
z starbursts (Gall et al. 2011a,b; Dwek et al. 2011; Calural.et a
2014).

The study by Marks et al. (2012) suggests an IMF becoming
more top-heavy at low metallicities and at high interstadlas den-
sities. Moreover, in principle, in extremely strong stasts with
SFR> 1000 M,/yr, the formation of very massive and dense star
clusters should be favoured, naturally leading to IMF slabwee
wards high mass stars (Weidner et al. 2011).

are likely unreliable (Santini et al. 2010). Currently, hh®acama
Large Millimeteysubmillimeter Array (ALMA) dfers the possi-
bility to overcome this problem. In fact, a recent ALMA study
based on the flux ratio of the far-infrared fine-structure ssion
lines [NI1]205um and [CII]15&m as metallicity diagnostics has
revealed high levels of chemical enrichment even in a ssirau
z=4.76 (Nagao et al. 2012).

6 CONCLUSIONS

In this paper, we have considered a few dust-related scediiag
tions in galaxies at both low and high redshift, in order tmgame
basic information on how star formation has progressed laxgzs
of various morphological types as a function of cosmic histdhe
scaling relations studied here include dust mass, gas rsiadiar
mass and SFR.

We have assembled various data sets at various redshifts, an
which include galaxies characterised by a large varietytaffor-
mation histories and spanning a large dynamical range im $tet-
lar mass and SFR. These data sets include local spiral disbs s
those from the SINGS and KINGFISH projects, as well as data
from the COSMOB500DS surveys, which span a wide redshift
range and include many intense starbursts, as well as [dd&G5
and of SMGs ar > 1.

The data sets have been interpreted by means of chemicai- evol
tion models of galaxies of fierent morphological types, useful in
particular to set a few constraints on the star formatiotohysof

the observed systems and to understand which physicalgmese
drive the relations considered in this paper.

We have focused in particular on the amount of dust per unit
stellar mass observable in local and distant discs andustish
which represents a measure of the dust productiticiency or,
rather, of the survival capability of dust grains in quiedogalax-
ies and in starbursts. We study how this quantity evolvesfana
tion of the stellar mass and redshift and how it can be thmalbt
accounted for.

Our main results can be summarised as follows.

(i) The dust content of local disc galaxies and ULIRGs is
broadly accounted for by our chemical evolution models fireds
and PSPHSs, respectively. On the other hand, in several cases
the large dust masses observed in some high-redshift sample

© — RAS, MNRASO000, 1-15
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Figure 4. Theoretical specific dust production and destruction rases function of time in proto-spheroids. Results for two sisaf baryonic mass:3101°
Mo and 162 M, are shown (solid and dashed lines, respectively). In batbs;a standard Salpeter (1955) IMF is assumed. The greeadilides represent
the destruction rates as due to astration and to shocks errsmme, respectively. The blue, dark blue and black liepsesent the interstellar dust growth
rates, the stellar dust production rates and the total, regspectively.

are dfficult to reproduce by means of our models with standard phases. The PSPH models show that after a rapid increase of th

assumptions on basic parameters such as, e.g., the st&arhis dust buildup, occurring at nearly constant SFR, the dustsesas
fact outlines a notorious dust budget problem already adeck reach a maximum and then start decreasing as the SFR. During
in previous studies (Dwek et al. 2007; Gall et al. 2011a; bath this late star-forming phase, each model moves along aynearl

2011; Rowlands et al. 2014; Hjorth et al. 2014). A Top-Heavy diagonal line which starts from the maximum of the dust mass e
IMF in PSPHs allows us to alleviate the tension between dada a achieved during the whole evolution, and evolves towargdgeto
models. However, in a few particularly dust-rich systemiseot Maust and My, values, i. e. towards the point which marks the end
processes could play an important role, such as an enhamoséd d of star formation.
growth dficiency (Valiante et al. 2011; Asano et al. 2013; Nozawa
etal. 2015). (iv) The observational data sets indicate an anti-correlation
between the DTS and the stellar mass, implying that the taxu

(ii) The study of the relation between dust mass and SFR in of dust per unit stellar mass is particularlffieient in low mass

high redshift samples allows one to extend this diagram t8 SF galaxies. The theoretical models demonstrate the stropgrde

values larger than those measured in local starburstsghnried- dence of this quantity on the star formation history. In eyt
shift samples, théVlg,s-SFR relation appears flatter than the one characterised by a nearly constant and prolonged star fimma
derived in local star-forming galaxies by Da Cunha et al1(®0In activity, the DTS shows a rather flat behaviour with respect t

fact, the maximum dust masses observed in high-redshifplesm  stellar mass. On the other hand, in the earliest phases dfi$SP
are of the same order as those observed locally, but the SFRsthe DTS grows steeply up to a maximum DTS level, after which it

of high-redshift systems are generally larger. The modsiilte experiences a decrease which extends up to the end of SF. Once
indicate that the two morphological types tend to occupyhent again, our models computed with a standard IMF underestimat
distinct regions of this diagram: spiral discs occupy thedst the DTS observed in distant starburst galaxies; the adomica

dust mass, lowest SFR part, whereas PSPHs occupy the a@pposit THIMF helps reducing significantly the tension between date

part of the plot, characterised by the highest-SFR and $ag, s models.

values. Overall, the samples considered in this work whiearb

information on the morphology of the galaxies tend to refthit (v) The decreasing trend of the DTS with stellar mass reflects
trend. In agreement with Hjorth et al. (2014), our modelsdate the late starburst phase of PSPH models, i.e. the phaseviiogo

that there is a maximum dust mass achievable in systems withthe peak of the star formation epoch, characterised by aamins

log[SFR(M/yr)]> 3. Our models show the dependence of this decrease of both the SFR and of the net rate of dust production

“maximal dust mass” on the star formation history of PSPHs In the mean time, the continuous increase of the stellar mass

and spirals. This quantity tends to increase as a functioth@f  causes the DTS to proceed along a diagonal line towards the en

SFR and, in PSPHSs, increases also at fixed SFR if one assumes af star formation.

THIMF. The DTS ratio is larger in low-mass PSPHs because these are
characterised both by a lower specific destruction rate and b

(i) The MgsrSFR and theMgusrMgas correlations are larger specific growth rate than the larger mass models.
populated by starburst galaxies caught in their latestfetaning

© — RAS, MNRASO00Q, 1-15
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(vi) The observed DTS ratio shows an increasing trend with
redshift in the range & z 5 2.5. It increases roughly by 0.5-0.7
dex fromz ~ 0toz ~ 1, to reach a plateau in the intervaklz < 2.
The values computed for the detections of the sampe~a6 are
within the error bars to those of SMGs. However at6 the spread
in the DTS is expected to be wide. Our models predict thatmeso
point at larger redshift, the global DTS is expected to deseavith
increasing redshift. The growth of dust in the early Unieetsuld
be extremely rapid (Mattsson 2016), as supported also bfethe
notable cases of dust-free galaxies founa at 6.5 (Ouchi et al.
2013; Inoue et al. 2016).

The average DTS computed from the data of local discs and
ULIRGs are comparable with theoretical estimates for $gakaxy
models and PSPHs, respectively. Some of the observatistial e
mates ar > 1 are reproduced by our PSPH models which adopt a
THIMF. This could be another indication that a THIMF is rempa

to explain the large dust masses in high-redshift data. Meme
such an assumption leads to metallicities larger than tkes oom-
puted with a standard IMF by more than 0.5 dex. Future infrare
studies based on the analysis of flux ratio of fine-structmisgion
lines as metallicity indicators (Nagao et al. 2012) will tight on

the metal content of higke starbursts.

In general, a better understanding of the grain size digidh
and temperatures, as well as their composition will be foretatal
in order to improve the accuracy in observatinal estimafeb®
dust mass. In particular, a valuable quantity useful to tairsthe
size distribution is the extinction curve, which dependain the
dust chemical composition. In principle, the study of théretion
curves in galaxies whose chemical abundance pattern cae-be d
rived by means of dierent observables, such as in the Milky Way
or in the Small Magellanic Cloud, can be very useful to caistr
the size distribution (e. g. Schurer et al. 2009).

On the theoretical side, it will be important to match the
predictions from chemical evolution models including dpso-
duction to spectro-photometric codes such as GRASIL (Silva
al. 1998); previous féorts in this direction are those of Schurer
et al. (2009) and Pozzi et al. (2015). In this regard, signifi-
cantly new perspectives are alsfieved by the GRASIL-3D tool
(Dominguez-Tenreiro et al. 2014), designed to match ailddta
spectro-photometric modelling of dust, including radiatiransfer
effects, to the outputs of hydrodynamical galaxy formationesod

Another future step will be to investigate the evolution lof t
dust content in galaxies by means of models computed within a
cosmological framework. An attempt to model dust productio
a fully cosmological context was made by McKinnon et al. @01
which provides detailed three-dimensional theoreticstriiutions
of the dust in simulated galaxies. However, the best toolsrte
vide a cosmology-based, theoretical description of theajlprop-
erties of galaxies are semi-analythic models (SAMs) of gala
evolution. Ideally, in order to extend their predictive povto dust-
related properties, next-generation SAMs will have toudel a de-
tailed treatment of the chemical evolution of refractorgraénts
(e. g. Calura & Menci 2009; 2011), of dust creation and detivn
(e.g. Valiante et al. 2014) as well as a spectro-photomegatment
of dust grains.
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