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We apply a chemical evolution model to investigate the sources and evolution of dust in a sample
of 26 high-redshift (z > 1) submillimetre galaxies (SMGs) with complete photometry from the
UV–submillimetre. Models with dust produced only by low–intermediate mass stars fall a factor
240 short of the observed dust masses of SMGs, the well-known ‘dust-budget crisis’. Adding an
extra source of dust from supernovae can account for the dust mass in 19% of the sample. After
accounting for dust produced by supernovae the remaining deficit in the dust mass provides sup-
port for higher supernova yields or substantial grain growth in the interstellar medium. Efficient
destruction of dust by supernova shocks increases the tension between the model and observed
dust masses. Models which best reproduce the physical properties of SMGs have a rapid build-up
of dust from both stellar and interstellar sources and minimal dust destruction.
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1. Introduction

The first blind submillimetre surveys discovered a population of highly star-forming (100−
1000M�yr−1), dusty galaxies at high redshift [1]. These submillimetre galaxies (SMGs) are
thought to be undergoing intense, obscured starbursts [2], which may be driven by streams of
cold gas [3] or gas-rich major mergers [4]. The source of interstellar dust in SMGs is still a con-
troversial issue, particularly whether it originates from the cool, stellar winds of low-intermediate
mass stars (LIMS), or supernovae (SNe). Many studies have revealed a ‘dust budget crisis’ [5 – 10],
whereby it is difficult to explain the high dust masses observed in high redshift galaxies through
dust from LIMS. The surprisingly constant dust-to-metals ratio measured in galaxies over a wide
range of cosmic time also indicates that a rapid mechanism of dust formation is needed [11], re-
quiring dust formation timescales to be the same order as the metal enrichment timescale. Due
to their short lifetimes, massive-star SNe have long been proposed as a potential source of dust at
early times [5, 12, 6, 13]. There is now little doubt that dust is formed in SN ejecta [14 – 16] though
the amount of dust which will ultimately survive the supernova shocks is highly uncertain [17].
Additionally, dust grain growth in the ISM has been proposed as an extra source of dust in galaxies
[7, 8, 18, 19], which could make up the shortfall in the dust budget of galaxies. The difficulty with
determining the origin of dust in galaxies and its lifecycle arises due to a lack of large samples of
sources with which to test these issues.

We selected a sample of SMGs at 1.0< z< 5.3 with far-infrared photometry spanning the peak
of the dust emission from [20] (see also [21]). Galaxy properties were derived for the population by
fitting their spectral energy distributions (SEDs) from the UV to the submillimetre in a consistent
way using the MAGPHYS code [22]. The SMGs have an average star-formation rate (SFR) of
390+80

−70 M�yr−1 and a dust mass of 1.2+0.3
−0.2× 109 M�. Here, we investigate the origin of dust in

these high redshift SMGs using an updated version of the chemical evolution model of Morgan
& Edmunds [5] which incorporates realistic star-formation histories (SFHs) for each galaxy, with
greater complexity than previous chemical evolution studies have attempted. The sample properties
and derivation of the observational parameters are described in detail in [21] (see also [20]).

2. The Chemical Evolution Model

In order to investigate the origin of dust in our sample of high redshift galaxies, we compare the
observed dust masses of SMGs to predictions using an updated version of the chemical evolution
model of [5]. The model is fully described in [23] and is based on chemical evolution models in
the literature [24, 25]. By relaxing the instantaneous recycling approximation to account for the
lifetimes of stars of different masses, the model tracks the build-up of heavy elements over time
produced by stars (LIMS and SNe) where some fraction of the heavy elements will condense into
dust. Given an input SFH, gas is converted into stars over time, assuming a Chabrier (2003) [26]
initial mass function. To model the SMGs we consider a closed box model, assuming no inflow
or outflow of gas or metals. The initial gas mass is set at 2× the best-fit stellar mass derived from
the SED fitting, such that at the end of the SFH history, ∼ 50% of the total galaxy mass ends up in
stars, in agreement with observations [27]. By design, the final stellar masses are in close agreement
with the best-fit stellar masses (mean M∗= 6.3+1.6

−1.3× 1010 M�) derived from the SED fitting [21].
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Previous studies of chemical evolution in SMGs [5] often assumed a SFR proportional to the gas
mass which decreased smoothly with time. One of the main differences between this work and [5]
(among others) is the incorporation of a more realistic SFH with bursts of variable strength and
duration, and with an underlying SFH which can be either exponentially rising or declining. The
adopted SFH gives a physically plausible representation of the SFH which is consistent with the
physical properties of each SMG, which we can use as an input to our chemical evolution models.

3. The origin of dust in SMGs

We now explore how well different chemical evolution models can reproduce the dust masses
of the SMGs, and other observational properties of SMGs as a population. We first consider dust
production in a closed box from LIMS only for each SMG in the sample, assuming no dust destruc-
tion as an optimistic case. In Fig. 1 (a) we show the difference between the final dust mass derived
from the chemical evolution modelling and the observed dust mass from the SED fitting. The dust
masses from the chemical evolution model with dust from LIMS fall far short of the observed dust
masses for the majority of SMGs. On average, the theoretical dust masses are 5.0×106 M�, which
is a factor 240 lower than the average observed dust mass in the SMG sample (1.2+0.3

−0.2×109 M�).
This provides definitive evidence that (without changing the IMF) the majority of dust in SMGs
must come from a source other than LIMS. Although noted by previous authors, this was based
previously on smaller samples and/or simple parameterized SFHs [13, 8]. For the closed box
model, the median metallicity for the SMGs reaches 0.9 Z� in agreement with observations. The
median fraction of metals in the ISM in the form of dust (ηZ = Md/MZ) in the LIMS-only model
is 0.4%; this is well below the dust-to-metals ratio of ∼ 50% observed out to z ∼ 6 [11]. This
indicates that additional dust input is needed from stellar or interstellar sources.

If we include dust production from both SNe and LIMS, dust builds up more rapidly in SMGs
with a delay of only tens of Myrs between the highest mass stars forming and evolving to the SN
phase. Adding dust from SNe accounts for more than an order of magnitude increase in the dust
mass of SMGs (with a median mass of 1.9× 108 M� for the LIMS+SNe model) compared to the
dust mass from LIMS only (5.0×106 M�). The model dust masses using LIMS and SNe match the
observed values (accounting for the ±0.2 dex uncertainty in the MAGPHYS-derived dust masses)
in ∼ 19% of cases. The median metallicity of the SMGs in this model is the same as with LIMS
only (0.9 Z�), but with the inclusion of SN dust the dust-to-metals ratio is higher (ηZ = 16%). In
Fig. 1 (b) it can be seen that the predicted dust masses for the majority of the SMGs falls short of
the observed dust masses, which indicates additional sources of dust, or even higher SN dust yields
than used in this work are needed.

In Fig 1 (c) we consider the extreme case of maximal dust production from SNe such that all
metals ejected in this phase are incorporated into dust. Sufficiently high dust masses are achieved
in this scenario (a median of 7.6×108 M�) to account for the observed dust in 15/26 SMGs. The
gas-to-dust ratio for the maximal SN dust model is in agreement with observed values for SMGs of
30−50 [28]. The resulting median dust-to-metals ratio ηZ ∼ 68%, somewhat higher than the ob-
served values of∼ 0.5 [11]. Far-infrared observations of supernova remnants (SNRs) indicate high
condensation efficiencies, suggesting that at some point the majority of heavy elements produced
in SN ejecta can condense into dust. However, evidence for efficient dust production is observed
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Figure 1: The difference between the dust masses derived from the chemical evolution models and the
observed dust masses for the high redshift SMGs, assuming no dust destruction. Dust is produced in panel
(a) by low–intermediate mass stars (LIMS) only, LIMS and supernovae (b), LIMS and maximal supernova
dust contribution (all metals into dust) (c), and by LIMS, SNe and grain growth (d).

in only a handful of SNRs, and it is unclear how much dust will survive passage into the ISM. It
is therefore still possible that SN dust is unable to account for all the dust in galaxies, i.e. either a
significant mass of dust must form rapidly in the ISM or theoretical metal yields from SNe obtained
from stellar evolution models are systematically underestimated.

There are large uncertainties about the effectiveness of dust destruction in the ISM, yet it
is often used in chemical evolution analyses. If SN shocks are efficient in destroying dust, then
assuming 1000M� of ISM (mISM) is cleared by each supernova event, the dust mass we obtain is
reduced by a factor of 6–10 on average if dust is produced by LIMS and LIMS+SNe, respectively.
This compounds the dust budget crisis further. If dust is produced by both LIMS and SNe, then
any increase in the dust mass by including SNe is effectively cancelled out by the dust destroyed,
resulting in a median dust mass of 1.8×107 M�, approximately 3.6 times the mass obtained with
the LIMS only model (5× 106 M�). If dust is shielded in cold, dense regions of the ISM, then it
is possible that the dust destruction efficiency of SN shocks will be reduced [6, 9] with mISM =

100M� more appropriate given the increased density of the ISM gas in SMGs. Including dust
destruction in the models with mISM = 100M� lowers the dust mass by a factor of 1.2–1.6 (for
the LIMS only and LIMS+SNe models). A cautionary note here is that theoretical dust destruction
models appear to be too efficient at destroying dust grains. The fact that we observe so much dust
in galaxies, including those with very little recent star formation [29], implies the dust destruction
rate must be balanced by the injection rate from stars and grain growth in the ISM [19].
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Adding grain growth to the LIMS only model (with no dust destruction) fails to adequately
reproduce the observed dust masses for the majority of SMGs. In Fig 1 (d) we therefore consider
dust produced by LIMS, SNe and grain growth in the ISM. Including grain growth on average
increases the dust mass by a factor of 200 to ' 9.8×108 M�, compared to a model in which dust
is contributed by LIMS only. Grain growth can therefore make up the shortfall in the predicted
dust masses for 62% of SMGs in the sample, but only if grain growth is the dominant form of
dust production in SMGs and there is no significant dust destruction. However, in this scenario, a
large fraction (77%) of the metals is locked up in the form of dust which is higher than typically
observed. This problem could indicate that metal yields of stars are underestimated.

4. Conclusions

We used a chemical evolution model to reproduce the properties of 26 high-redshift (z > 1)
SMGs. Our chemical model utilises a detailed treatment of the dust sources and sinks in galaxies
and complex SFHs consistent with the UV–submillimetre SEDs. Models where dust is produced
by LIMS only, and those which have efficient dust destruction result in dust-to-stellar mass ratios
and/or gas-to-dust ratios which are inconsistent with observations of SMGs. Models which best
match the physical properties of SMGs include rapid dust build-up from grain growth and super-
nova dust sources. In summary, the models which best reproduce the observed properties of SMGs
are LIMS+SNe+grain growth and LIMS+maximal SN dust production (unphysical since this re-
quires all of the SN metals to be in the form of dust). A modest amount of dust destruction can be
accommodated if dust is produced by both stellar and interstellar sources.
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