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Abstract. To discriminate between different dust formation processes is a key issue
in order to understand its properties. We analysed six submillimeter galaxies at red-
shifts 4< z < 5 and nine quasars at 5< z < 6.4. We estimated their dust masses from
their (sub)millimeter emission and their stellar masses from the spectral energy dis-
tribution modelling or from the dynamical and gas masses obtained from the CO line
detections. We calculated the dust yields per AGB star and per SN required to explain
these dust masses and concluded that AGB stars are not efficient enough to form dust
in the majority of these galaxies. SN could be responsible for dust production, but only
if dust destruction in the SN shocks is not taken into account. Otherwise even SNe are
not efficient enough, which advocates for some other dust production mechanism. We
present the hypothesis that grain growth in the interstellar medium is responsible for
bulk of the dust mass accumulation in these galaxies.

1. Introduction

Dust is of prime importance in cosmology, not only because itobscures our view on
stellar populations, but also because its emission contains crucial information about the
half of the energy emitted in the Universe. Dust can be formedby asymptotic giant
branch (AGB) stars and by supernovae (SNe).

It is known that an AGB star can produce up to∼ 4×10−2 M⊙ of dust (Morgan & Edmunds
2003; Ferrarotti & Gail 2006), whereas a SN can produce up to∼ 1.32M⊙ of dust
(Todini & Ferrara 2001; Nozawa et al. 2003). However, the SN shocks destroy the ma-
jority of the dust formed by a SN leaving only. 0.1 M⊙ to be ejected into the interstel-
lar medium (ISM; Bianchi & Schneider 2007; Cherchneff & Dwek 2010).

The dust yields derived observationally for SN remnants areusually< 0.01M⊙
except of Cassiopeia A (Dunne et al. 2003, 2009) and Kepler (Morgan et al. 2003;
Gomez et al. 2009), for which the derived dust yields are of the order of∼ 1 M⊙.

It is difficult to distinguish the dust formed by AGB stars and by SNe. Based on
the flat extinction curves, the SN-origin dust has been claimed to be present in distant
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quasars (QSOs) and gamma-ray burst host galaxies (Maiolinoet al. 2004, Gallerani et al.
2010, Perley et al. 2010 and Stratta et al. 2007, but see Zafaret al. 2010).

Another option is that the stellar sources provide only the dust seeds and the bulk
of the dust mass accumulation happens in the ISM by the grain growth via capturing of
heavy elements (Draine & Salpeter 1979; Dwek & Scalo 1980; Draine 1990, 2009).

The significant amounts of dust have been detected in the early Universe up toz∼
6.4 (Dunlop et al. 1994; Benford et al. 1999; Archibald et al. 2001; Omont et al. 2001;
Priddey & McMahon 2001; Priddey et al. 2003, 2008; Isaak et al. 2002; Bertoldi et al.
2003; Robson et al. 2004; Beelen et al. 2006; Wang et al. 2008;Martı́nez-Sansigre et al.
2009; Michałowski et al. 2010a; Santini et al. 2010). Hence,its origin has to be ex-
plained by a process that is both efficient and rapid.

Several works have attempted modelling of the dust evolution at these high red-
shifts (Dwek et al. 2007; Valiante et al. 2009; Dwek & Cherchneff 2011; Gall et al. 2011a,b;
Pipino et al. 2011). In this paper we present more simplisticapproach of estimating
whether stellar sources are efficient enough to explain the dust detected at high red-
shifts.

2. Method

We selected six submillimeter galaxies (SMGs) at 4< z < 5 (Coppin et al. 2009;
Capak et al. 2008; Schinnerer et al. 2008; Daddi et al. 2009b,a; Knudsen et al. 2010,
note that the currently highest-redshift SMG from Riecherset al. 2010 and Capak et al.
2011 is not included in this study) and modelled their spectral energy distributions
(SEDs) using the radiative transfer code GRASIL (Silva et al. 1998) utilising the 35 000
SED templates of Iglesias-Páramo et al. (2007) The detailsof the SED modelling can
be found in Michałowski et al. (2008, 2009, 2010a,c, 2011).

To extend the explored redshift range we selected nine quasars (QSOs) at 5< z<
6.4. Their near-IR emission is dominated by active galactic nuclei instead of stellar
population, so we approximated their stellar masses as a difference between the dy-
namical and the gas masses derived from the CO line detections (Walter et al. 2004;
Maiolino et al. 2007; Wang et al. 2010).

The number of stars with masses betweenM0 andM1 in the stellar population with
a total mass ofM∗ was calculated asN(M0–M1) = M∗

∫ M1

M0
M−αdM/

∫ Mmax

Mmin
M−αMdM.

It is unclear what kind of the initial mass function (IMF) is appropriate at high red-
shifts (Baugh et al. 2005; Fontanot et al. 2007; Hayward et al. 2010, 2011). Hence, we
adopted an IMF withMmin = 0.15, Mmax = 120M⊙, and a slopeα = 2.35 (Salpeter
1955, orα = 1.5 for a top-heavy IMF). The average dust yield per star isMdust/N(M0–
M1).

Stars with masses< 8 M⊙ need at least 50 Myr to enter the AGB phase and start
producing dust, so for AGB stars theM∗ was replaced with theM∗ − Mburst, where
Mburst is the mass of stars created in the last 50 Myr.

3. Results and discussion

The required dust yields for SMGs (Michałowski et al. 2010c)are shown on Figure 1
as a function of redshift. For similar representation of required dust yields for QSOs
see Figure 1 of Michałowski et al. (2010b).
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Figure 1. Dust yields per AGB star (top) or per SN (bottom) required to explain
dust in the 4< z < 5 SMGs (Michałowski et al. 2010c). The extension toz > 5 is
presented in Michałowski et al. (2010b). AGB stars are not efficient enough and SNe
would need to be unfeasibly efficient to form dust in these sources suggesting rapid
grain grown in the ISM is likely to be responsible for the large dust masses.Circles:
the best estimates of the required dust yields.Arrows: lower limits calculated for
stellar masses without subtracting the young stars formed in the last 50 Myr.Gray
symbolsindicate that a top-heavy IMF was adopted.Dashed lineanddiagonal lines:
the dust yields derived for Cassiopeia A, Kepler (∼ 1 M⊙) and other SN remnants
(∼ 10−3–10−2 M⊙), respectively.Green area: theoretical dust yields for AGB stars
(. 4 · 10−2 M⊙). Light blue and blue areas: theoretical SN dust yields without
(. 1.32M⊙) and with dust destruction implemented (. 0.1 M⊙), respectively.

For both SMGs and QSOs the AGB stars are not efficient enough to form dust
in these objects as their required dust yields are higher than the range allowed by the
theoretical modelling.

If SNe do not destroy the dust they form (i.e. eject up to∼ 1 M⊙ of dust into
the ISM) then they are efficient enough to explain dust in allz > 4 SMGs and QSOs
discussed here. However, the models predict that only∼ 10% of this dust survives
the shocks (Bianchi & Schneider 2007; Cherchneff & Dwek 2010) and then even SNe
cannot explain the dust in the most of these galaxies.

We checked that this conclusion does not change when we allowboth AGB stars
and SNe to form only a fraction of dust (Fig. 2 of Michałowski et al. 2010b). It is
because the required yields for AGB stars exceed the allowedvalue by a factor of> 4
in most of the cases and therefore AGB stars can account for only < 25% of dust
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detected inz> 5 QSOs. Therefore the required dust yields for SNe can be scaled down
only slightly which does not suffice to bring them into the consistency with models with
dust destruction implemented.

Hence, we found that neither AGB star nor SNe are able to fullyaccount for dust
detected in somez > 4 galaxies. This indicates that a significant fraction of dust in
these galaxies was formed by some other mechanism. One of thepossibility is that the
grain growth in the ISM is responsible for dust accumulation.

This process is relatively fast with the timescale of a few× 10 Myr (Draine 1990,
2009; Hirashita 2000; Zhukovska et al. 2008). Therefore even at redshift 6.4 this timescale
is much shorter than the likely age of a galaxy. Moreover, SNedeliver enough heavy el-
ements to fuel this growth (Todini & Ferrara 2001; Nozawa et al. 2003; Bianchi & Schneider
2007; Cherchneff & Dwek 2009).

4. Conclusions

We investigated the possible dust producers in the SMGs at 4< z < 5 and QSOs
at 5 < z < 6.4 by estimating the required dust yields per AGB star and per SN and
comparing them to the allowed values derived from the theoretical models. We found
that AGB stars are not efficient to form dust in the majority of these galaxies leaving
SNe as the only likely stellar dust producers. However, the required dust yields for SNe
exceed the allowed values if dust destruction in the SN shocks is taken into account.
This advocates for some other dust production mechanism e.g. the grain growth in the
ISM. This process is fast enough and SNe deliver enough heavyelements to build up
the dust masses derived for these galaxies.
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