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We present preliminary results from our dust evolution modeling of the Large Magellanic Cloud
(LMC) and Small Magellanic Cloud (SMC). Despite the many manifestations of dust in galaxies, its nature, origin, and evolution are still poorly understood. The LMC and SMC are ideal
astrophysical laboratories to study the lifecycle of dust in galaxies, because all stars and ISM
clouds are at a similar distance, rendering masses and luminosities directly comparable. Moreover, their proximity permits detailed studies of the stars and their relation to the ISM dust from
local to galaxy wide scales. Their sub-solar metallicities permit investigations on how dust evolution depends on metallicity. Using the results from the Spitzer Surveying the Agents of Galaxy
Evolution (SAGE) surveys and HERschel Inventory of The Agents of Galaxy Evolution (HERITAGE) surveys of the LMC and SMC, we can quantify some key aspects of the dust lifecycle in
these galaxies. In particular, the infrared and submillimeter emissions are effective tracers of the
interstellar medium (ISM) dust, the embedded young stellar objects (YSOs) and the dust ejected
by dying stars. We use the theoretical framework developed in [1] to develop the dust evolution models. We have further constraints from prior work on the star formation histories, stellar
content and metal abundance measurements.
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1. Dust Evolution in Galaxies

We can analytically express this dust life cycle following [2] as:
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The term on the left side of the equation is the change of dust mass in the ISM. The first term
on the right side of the equation is the dust removed from the ISM by star formation expressed as
the dust-to-gas mass ratio times the star formation rate for the galaxy or region. The second term on
the right is the dust destruction rate caused by supernova blast waves expressed as the galaxy dust
mass divided by the dust lifetime in the galaxy. The third term on the right is the source function of
dust which includes AGB stars, SNe and possibly dust growth in the ISM. The fourth term is either
the accretion of dust caused by an infall to the galaxy or an expulsion of dust caused by an outflow
from the galaxy.

2. The Large and Small Magellanic Clouds
The Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) are excellent astrophysical laboratories to study the lifecycle of dust. Located at 50 kpc (LMC, [3]) and 60 kpc
(SMC, [4]), their proximity permits detailed studies of resolved ISM clouds and their relation to
stellar populations on global scales . The LMC and SMC mean metallicities of 0.5 Z# and 0.2
Z# , respectively ([5] corrected by [6]) bracket the metallicity of the Universe during its peak star
formation epoch (redhift of ∼1.5; [7]). They have known tidal interactions with each other and
possibly with the Milky Way [8]. They also have a long history of studies and mutli-wavelength
surveys of the stellar, gas and dust content. Most recently, the Spitzer Surveying the Agents of
Galaxy Evolution (SAGE) surveys of the LMC [9] and SMC [10] and the HERschel Inventory of
the Agents of Galaxy Evolution (HERITAGE) of the Magellanic Clouds [11] have mapped these
galaxies from 3.6 to 500 µ m. The SAGE and HERITAGE surveys have been used to measure the
star formation rate, the dust mass content of the ISM and the dust mass return from evolved stars
(Figure 1).
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Despite the many manifestations of dust in galaxies, its nature, origin, and evolution are still
poorly understood. The broad picture of dust evolution is well known in general terms from [1] and
[2]. Dust formation starts with stellar sources of interstellar dust: core collapse supernovae (SNe),
asymptotic giant branch (AGB) stars, and possibly Type Ia SNe. During and after their injection
into the ISM, the dust is subject to thermal/kinetic sputtering, shattering and vaporization by graingrain collisions. Some of the processed grains get incorporated into dense molecular clouds as part
of the ongoing interstellar processes that build dense clouds out of the diffuse ISM. Inside clouds,
grains grow by accretion and collisional coagulation. Mantles consist of refractory elements and
organic material, and in denser regions of the cloud, ices. These dense clouds are sites of star
formation, and the newly formed stars disrupt the cloud, cycling the reconstituted dust back to the
diffuse ISM where it is again subject to interstellar processing by supernova remnants (SNRs).
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Figure 1: This 3 color image of the LMC from Spitzer SAGE [9] shows the key transition points for the life
cycle of dust in a galaxy. In blue, the Spitzer SAGE 3.6 µ m image shows the old stellar population part of
which is ejecting dust back into the ISM through dusty stellar winds. In green, the Spitzer SAGE 8.0 µ m
image shows the polycyclic aromatic hydrocarbon (PAH) emission distributed throughout the ISM. In red,
the Spitzer SAGE 24 µ m image shows the hot spots of massive star formation.

3. Model observables and input parameters
The models we are pursuing on the ENiGMA project incorporate star formation history, stellar
initial mass function (IMF), galactic gas and dust masses, stellar evolution parameters, nucleosynthetic and dust yields by AGB stars and SNe, grain processing in the ISM such as destruction by
SN blast waves and accretion within molecular clouds. In this preliminary work on the LMC, we
look at star formation history, dust and gas masses of the ISM, dust production by AGB stars and
SNe, and dust destruction by SNe.
3

ENiGMA

Margaret Meixner

3.1 Star formation history
The most comprehensive work on the star formation history of the LMC was done by [12].
If we put this star formation history through a stellar population synthesis code (PEGASE; [13]),
we can predict a current day spectral energy distribution (SED, Fig. 2) that can be compared to
observations compiled by [14], and the SAGE [9], and [10] and HERITAGE [11] projects. The
SEDs in this preliminary work have not been corrected for extinction by the dust, so we use the
infrared data points, which are less affected by reddening, to guide which star formation history
best matches the data. In order to match the observations, we need to use the upper limit of the star
formation history rates dervied by [12].
3.2 ISM dust masses
Using SED fits to the global infrared spectrum of [14] we estimate a dust mass in the ISM of
the LMC to be 1.9-3.6×106 M# . This global dust mass range is slightly higher than the dust mass
of 1.5×106 M# calculated by [15] who use the resolved dust emission of the LMC in the Spitzer
SAGE 160 µ m image. It is significantly higher than the recently derived dust mass of 5.3×105 by
[16] based on the HERITAGE far-infrared and submillimeter data. The reason for these differences
4
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Figure 2: The predicted SED for the stellar population based on the star formation history of the LMC
compared to the observed global photometry of the LMC. The three curves correspond to the lower limit,
middle and upper limit star formation historties for the LMC derived by [12].
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will be explored.
3.3 Stellar dust production

3.4 Dust destruction
In our model, the ISM dust is destroyed in the supernova blast waves. Supernovae occur
throughout the galaxy and their rate is determined by the star formation history. The amount of
dust destroyed depends on the amount of ISM gas swept up by the supernovae remnant, which
depends on the local conditions or environments of the gas. For a preliminary estimate, we assume
the average gas mass swept up by a supernova remnant to be 2×103 M# which is only a rough
estimate guided by the work of [22]. Assuming a dust-to-gas mass ratio of 0.005 [23], the dust
destroyed by an SNR blast wave corresponds to 10 M# of dust. Since the supernovae rate is 0.006
yr−1 based on the most recent star formation rate, the resulting dust mass destruction rate is 0.06
M# yr−1 . Given this dust destruction rate, a dust grain has only a finite lifetime in the ISM. The
M
8
dust lifetime is d = mgasgas
RSN . The total gas mass in the LMC is 5× 10 M# [24] resulting in a d ∼40
Myr. We are pursuing a more detailed calculation based on the SNR surveys in these galaxies.

4. Balancing dust production vs. destruction
Comparing our current day estimates for the dust production and dust destruction rates, we find
that the dust production rates from stellar sources are only 1% of the dust destruction rates. Yet,
we clearly observe dust in the ISM of the LMC. Thus, if our preliminary estimates are correct, then
5
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For stellar evolution, we can divide the stellar population into two groups depending on the
fate: the stars that will explode as supernovae and the stars that will die quietly as AGB stars.
Assuming a Salpeter IMF, we can calculate the mass of all stars that need to form per supernova
event, 135 M# , and the mass of all stars that need to form to create carbon rich AGB stars, 25 M# .
Dust production by supernovae is estimated using a mass produced by a SNe event times the
number of supernovae produced by the star formation history. Based on the HERITAGE data, 0.40.7 M# of dust associated with the ejecta of SN 1987A was discovered [17]. Our ALMA follow-up
of this discovery clearly shows this dust mass is coincident with the ejecta and not the circumstellar
ring [18] and [19]. Assuming some of this dust is destroyed by the reverse shock, we assume 0.1
M# of dust survives per a SNe event. Using the upper limit of the recent star formation rate by
[12], 0.8 M# yr−1 , we estimate a current day dust production rate of 6×10−4 M# yr−1 .
Carbon dust is thought to be mostly produced by carbon-rich AGB stars. We estimate a preliminary upper limit to the carbon dust production by AGB stars by assuming that all the carbon
yield in a carbon-rich AGB star becomes carbon dust, i.e. 10−3 M# . Using the star formation rate
at 5×108 yr ago from [12], 0.4 M# yr−1 , we estimate a current day carbon dust production rate of
2×10−5 M# yr−1 which is comparable to that observationally measured, 1.3×10−5 M# yr−1 , for
the carbon rich AGB stars by [20].
The total current dust production rate for the stars of the LMC is 6.2×10−4 M# yr−1 with
86% of this being contributed by the SNe and only 14% by AGB stars. These estimates assume the
Salpeter IMF. The Chabrier IMF can increase the dust production rate in stars and, hence, it may
be worthwhile to explore different types of IMFs in our modelling process [21].
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dust growth in the ISM must be a significant source of dust mass growth for a galaxy. Upcoming
papers will investigate gas-to-dust mass ratio variations in the ISM of the LMC and whether these
variations may be caused by dust mass growth by accretion [25]. We plan to continue with our
modelling and employ a more detailed and careful accounting for the stellar sources. We will also
integrate the total dust creation using the history of the LMC star formation [12].
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