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ABSTRACT

We develop a dust efflux model of radiation pressure acting on dust grains which
successfully reproduces the relation between stellar mass, dust opacity and star forma-
tion rate observed in local star-forming galaxies. The dust content of local star-forming
galaxies is set by the competition between the physical processes of dust production
and dust loss in our model. The dust loss rate is proportional to the dust opacity
and star formation rate. Observations of the relation between stellar mass and star
formation rate at several epochs imply that the majority of local star-forming galax-
ies are best characterized as having continuous star formation histories. Dust loss is
a consequence of sustained interaction of dust with the radiation field generated by
continuous star formation. Dust efflux driven by radiation pressure rather than dust
destruction offers a more consistent physical interpretation of the dust loss mechanism.
By comparing our model results with the observed relation between stellar mass, dust
extinction and star formation rate in local star-forming galaxies we are able to con-
strain the timescale and magnitude of dust loss. The timescale of dust loss is long and
therefore dust is effluxed in a “Slow Flow". Dust loss is modest in low mass galaxies
but massive galaxies may lose up to 70 ∼ 80% of their dust over their lifetime. Our
Slow Flow model shows that mass loss driven by dust opacity and star formation
may be an important physical process for understanding normal star-forming galaxy
evolution.

Key words: galaxies: evolution – galaxies: ISM – galaxies: star-formation

1 INTRODUCTION

1.1 Background

Dust is a fundamental constituent of the interstellar medium
(ISM) of galaxies. Dust forms from material recycled back
to the ISM through stellar winds or supernovae. The AGB
phase of intermediate mass stars (1 . M⊙ . 8) and massive
stars (& 8M⊙) which end their lives as Type II supernovae
(SNe) are considered the dominant source of stellar dust pro-
duction in star-forming galaxies while dust in the ISM may
also form in situ from accretion of enriched gas processed by
stars (Dwek 1998). Dust forms from metals and a strong cor-

relation between gas-phase oxygen abundance and dust con-
tent is observed in local (Heckman et al. 1998; Boissier et al.
2004; Asari et al. 2007; Garn & Best 2010; Xiao et al. 2012;
Zahid et al. 2012b) and high redshifts galaxies (Reddy et al.
2010; Domínguez et al. 2013).

Dust is composed of heavy elements and therefore the
chemical and dust properties of galaxies should evolve con-
sistently. The heavy element content of star-forming galaxies
is characterized by a strong relation between the stellar mass
and average gas-phase oxygen abundance (Lequeux et al.
1979; Tremonti et al. 2004). This so-called mass-metallicity
relation (MZR) extends to low stellar mass galaxies (∼
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2 Zahid et al.

107M⊙ Lee et al. 2006; Zahid et al. 2012a; Berg et al. 2012)
and is observed at intermediate (Savaglio et al. 2005;
Cowie & Barger 2008; Zahid et al. 2011; Moustakas et al.
2011; Zahid et al. 2013a) and high redshifts (Erb et al. 2006;
Mannucci et al. 2009; Laskar et al. 2011). The metallicity at
all stellar masses increases with time and the high mass
end of the relation flattens at late times as galaxies en-
rich to an empirical upper limit in the gas-phase abundance
(Zahid et al. 2013a).

Examination of the second parameter dependencies of
the MZR has revealed a correlation between stellar mass,
metallicity and star formation rate (Ellison et al. 2008;
Lara-López et al. 2010; Mannucci et al. 2010; Yates et al.
2012; Andrews & Martini 2013). We refer to this relation
as the MZSR. For less massive galaxies, Lara-López et al.
(2010) and Mannucci et al. (2010) find that metallicity is
anti-correlated to SFR at a fixed stellar mass. However, the
relation between stellar mass, metallicity and SFR is depen-
dent on methodology (Yates et al. 2012; Andrews & Martini
2013). Like Mannucci et al. (2010) and Lara-López et al.
(2010), Yates et al. (2012) find a similar relation for low
mass galaxies. However, they show that for massive galaxies
the metallicity and SFR are positively correlated at a fixed
stellar mass. Thus, there is a “twist" in the relation between
stellar mass, metallicity and SFR. Not surprisingly, in these
same galaxies, a similar twist is observed in the relation be-
tween stellar mass, dust extinction and SFR (Zahid et al.
2013b). Dust is formed from metals and we argue for a com-
mon physical origin for both relations.

Recent observations indicate that stellar mass growth of
most star-forming galaxies is dominated by secular evolution
over the last ∼10 billion years. A strong correlation between
stellar mass and SFR is observed out to at least z ∼ 2.5
(Noeske et al. 2007b; Salim et al. 2007; Elbaz et al. 2007;
Daddi et al. 2007; Pannella et al. 2009; Whitaker et al.
2012; Reddy et al. 2012) and is found to be independent
of environment (Peng et al. 2010; Wijesinghe et al. 2012;
Koyama et al. 2013). The small scatter (∼ 0.25 dex) of the
relation is independent of redshift suggesting that secular
processes such as cosmological gas accretion dominate over
mergers in building up the stellar mass of galaxies since at
least z ∼ 2 − 3. The observed stellar mass-SFR relation
(MSR) places strong constraints on the star formation his-
tories of galaxies (Noeske et al. 2007a; Conroy & Wechsler
2009; Leitner 2012; Zahid et al. 2012b). The observed MSR
at several epochs implies that the majority of local star-
forming galaxies are best characterized by continuous star
formation histories. The observations demand that the ma-
jority of local star-forming galaxies maintain SFRs that do
not vary significantly from their mean SFRs over most of
their lifetime (Noeske et al. 2007b).

The well defined MSRs and MZRs observed over cosmo-
logical time provide purely empirical constraints for contin-
uous stellar mass growth and chemical enrichment of galax-
ies as they evolve (see Zahid et al. 2012b). We attempt to
understand trends in the metal and dust distribution of lo-
cal galaxies in the context of this empirical framework. We
develop a model where trends in the metal and dust dis-
tribution are naturally explained as a consequence of star-
formation and large scale galactic gas flows. Recent theoret-
ical considerations suggest that momentum, unlike energy
which can be radiated away, may be the primary driver of

large scale gas flows (Murray et al. 2005). Dust plays a cru-
cial role since radiation couples to dust over a large and con-
tinuous range of wavelengths (Draine 2003) and provides a
convenient mechanism for momentum transfer between the
radiation field and the gas (e.g. Murray et al. 2005).

The potential importance of radiation pressure acting
on dust in the context of galactic mass loss is well rec-
ognized. Chiao & Wickramasinghe (1972) suggest that un-
der the influence of radiation pressure, dust may escape
galaxies along magnetic field lines. Ferrara (1993) posits
that dusty diffuse clouds embedded in a anisotropic ra-
diation field will feel a net acceleration due to radiation
pressure. Davies et al. (1998) argue that driven by an im-
balance between radiation and gravitational forces, disk
galaxies may expel a large fraction (90%) of dust produced
over ∼ 1Gyr timescales. Dynamical coupling of dust and
gas through collisions or coulomb interactions could pro-
vide a mechanism for transferring momentum from the ra-
diation field to the gas (Draine 2004). Using cosmologi-
cal simulations, Aguirre et al. (2001) show that the IGM
could be enriched by the expulsion of dust and gas driven
by radiation pressure. Several models incorporating dust
driven winds have recently been considered in the literature
(Zhang & Thompson 2010; Zu et al. 2011; Sharma et al.
2011; Sharma & Nath 2012; Chattopadhyay et al. 2012;
Wise et al. 2012).

1.2 A Model of Dust Driven Outflows

We develop a numerical model of radiation pressure acting
on dust grains leading to an expulsion of dust and metals
as an explanation for the observed relation between stellar
mass, dust extinction and SFR in SDSS galaxies shown in
Figure 1 (Zahid et al. 2013b). We refer to this relation as
the MDSR. The relation between dust extinction and SFR
changes with stellar mass. For galaxies at the same stellar
mass dust extinction is anti-correlated with the SFR at stel-
lar masses < 1010M⊙. There is a sharp transition in the re-
lation at a stellar mass of 1010M⊙. In massive galaxies dust
extinction is positively correlated with the SFR for galaxies
at the same stellar mass.

The model we develop to reproduce the MDSR assumes
the following:

(i) At a fixed stellar mass the current SFR is anti-

correlated to the age of the galaxy.
(ii) The rate of dust production is proportional to the rate

at which mass is recycled by stars.
(iii) The rate of dust loss is dependent on the amount of

dust present and the rate at which high energy photons are
produced.

(iv) The timescale of dust loss is comparable but not iden-
tical to the timescale of dust production.

Under these assumptions we propose the following as
an interesting physical model explaining the observed
MDSR: Radiation pressure driven galactic mass loss (e.g.
Murray et al. 2005) is a ubiquitous process in normal star-
forming galaxies. Momentum is physically deposited into the
ISM by the absorption of high energy photons. Therefore
the galactic mass loss rate is proportional to the opacity
and SFR (Assumption 3). The main source of opacity in
star-forming galaxies is dust and in low mass galaxies dust
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Table 1. Key for Frequently Used Acronyms

Acronym Definition

SFR star formation rate
SFH star formation history
ISM interstellar medium
IMF initial mass function
MZR the stellar mass-metallicity relation
MSR the stellar mass-star formation rate

relation
SMRR stellar mass recycling rate
MDSR the stellar mass-dust extinction-

star formation rate relation
MZSR the stellar mass-metallicity-

star formation rate relation

can accumulate because the opacities, SFRs and therefore
galactic mass loss rates are all low. The dust content of a
galaxy is proportional to the total amount of stellar mass
recycled (Assumption 2). Because stellar mass recycling is a
time dependent process, the total amount of stellar mass re-
cycled in a galaxy is correlated to galaxy age; older galaxies
necessarily recycle a greater fraction of their stellar mass.
At a fixed stellar mass the current SFR is anti-correlated to
galaxy age (Assumption 1). Therefore dust opacity is anti-

correlated with SFR for lower mass galaxies. As galaxies
build up stellar mass they accumulate dust. This leads to
an increase in their mass loss rate. If the timescale of dust
loss is the same as dust production then galaxies should
reach an equilibrium where dust loss is balanced by dust
production. However, if the timescale over which dust is ex-
pelled from the ISM is not identical to the timescale of dust
production (Assumption 4), then galaxies with high stellar
mass recycling rates (SMRRs), and therefore high dust pro-
duction rates (Assumption 2), may accumulate dust. At a
fixed stellar mass the SMRR is positively correlated with the
SFR and therefore we expect a similar correlation between
the dust content and SFR. A model such as this accounts
for all the notable features in the observed MDSR. Because
the timescale for dust loss is long, we refer to this as the
“Slow Flow" process.

We develop the Slow Flow model by bringing together
star formation, chemical evolution and time dependent stel-
lar mass recycling in order to understand the dust properties
of local star-forming galaxies. In Section 2 we discuss the
data and present the observed MDSR. In Section 3 and 4
we describe our numerical implementation of Assumptions 1
and 2, respectively. We describe our implementations of As-
sumptions 3 and 4 and demonstrate that we can reproduce
the MDSR in Section 5. In Section 6 we justify our inter-
pretation of dust loss as dust efflux in a slow flow rather
than dust destruction. We revisit the assumptions in Sec-
tion 7. In Section 8 we provide a discussion and we conclude
with a summary of our model in Section 9. Table 1 and 2
provide a key for frequently used acronyms and symbols,
respectively. Throughout this work we adopt the standard
cosmology (H0,Ωm,ΩΛ) = (70 km s−1 Mpc−1, 0.3, 0.7) and
a Chabrier (2003) initial mass function (IMF).

Table 2. Key for Frequently Used Symbols

Symbol Definition

M∗ stellar mass
Ψ star formation rate
τ dust opacity

ṀR mass recycling rate
MR total mass of recycled gas
t time, variable of integration
tf formation time of galaxy
S offset from the observed median relation

between stellar mass and star formation rate
fmr fraction of mass recycled as a function of

time for single burst stellar population

ḟmr time derivative of fraction of mass recycled
Md mass of dust

Free Parameters
∆t timescale of dust loss/destruction
η efficiency of dust loss in slow flow
α efficiency of dust loss in fast flow

2 DATA AND METHODS

2.1 The MDSR

In Zahid et al. (2013b) we present the observed MDSR
for ∼ 150, 000 star-forming galaxies in the SDSS DR7
(Abazajian et al. 2009). We summarize the data selec-
tion and methodology and refer the reader to Zahid et al.
(2013b) for more details. We adopt the stellar masses and
SFRs given in the DR7. The stellar masses are determined
from the ugriz-band photometry (Stoughton et al. 2002).
The SFRs are derived by the MPA/JHU group using the
technique of Brinchmann et al. (2004) with additional im-
provements given by Salim et al. (2007). The SFRs are cor-
rected for dust and aperture effects.

We distinguish star-forming galaxies from AGN
using the [OIII]λ5007/Hβ vs [NII]λ6584/Hα diagram
(Kauffmann et al. 2003a; Kewley et al. 2006). In order to
obtain a robust estimate of the Balmer decrement, we re-
quire that the signal-to-noise of the Hα and Hβ line be
greater than 8. These selection criteria give us a sample
of ∼ 150, 000 star-forming galaxies. A detailed analysis of
selection effects is presented in Zahid et al. (2013b).

Dust extinction is determined from the Balmer decre-
ment assuming Case B recombination. For a gas with elec-
tron temperature Te = 104K and electron density ne = 102

cm−3, the intrinsic Hα/Hβ ratio is expected to be 2.86
(Osterbrock 1989). We derive the intrinsic colour excess,
E(B−V), and the correction for dust attenuation using the
extinction law of Cardelli et al. (1989) and a corresponding
Rv = 3.1. From the visual extinction, Av, we determine the
visual optical depth from the relation τv = Av/1.086 = Rv

E(B−V)/1.086.
Figure 1 (c.f. Figure 2 from Zahid et al. 2013b) shows

the observed MDSR for local star-forming galaxies. The ∼

150, 000 SDSS galaxies in our sample are first sorted into 16
equally populated bins of stellar mass. Each of the 16 bins of
stellar mass are then sorted into 11 equally populated bins
of SFR. The data plotted in Figure 1a and 1b are the same
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4 Zahid et al.

Figure 1. The observed relation between stellar mass, dust opacity and SFR for a sample ∼ 150, 000 galaxies from the SDSS DR7. a)
The median optical depth derived from the Balmer decrement (see text for details) sorted into bins of stellar mass and SFR. The black
and red error bars are the median scatter in each bin and median observational uncertainty, respectively. b) The corresponding SFR in
each bin. Each curve is an undecile of the SFR in bins of stellar mass. The standard error for each bin is plotted but is typically smaller
than the data point. (This figure is a reproduction of Figure 2 from Zahid et al. 2013b)

(i.e. belong to the same bin of stellar mass and SFR). Figure
1a and 1b show the median optical depth and median SFR
in bins of stellar mass and SFR. In each bin, the median
is determined from ∼ 890 galaxies. The curves in Figure
1a are colour-coded to match the SFRs shown in Figure
1b. Each curve is an undecile1 of the SFR in bins of stellar
mass. The red curves correspond to the highest SFR in each
bin of stellar mass and the black curves the lowest SFR bin
in each bin of stellar mass. The median 1σ scatter of the
optical depth binned by stellar mass and SFR (Figure 1a) is
0.30 with 0.22 attributable to observational uncertainty. The
error of the median optical depth in bins of stellar mass and
SFR is determined from bootstrapping and is analogous to
the standard error on the mean. The standard error for the
optical depth in each bin of stellar mass and SFR is ∼ 0.01.
The error for each bin is plotted in Figure 1a but is typically
smaller than the data points.

As Figure 1 shows, the dust opacity is correlated with
stellar mass. Dust is formed from material recycled back
into the ISM from stars. Massive galaxies have recycled a
larger amount of material and therefore tend to be dustier.
More notable is the relation between dust extinction and
SFR which changes with stellar mass. For galaxies at the
same stellar mass dust extinction is anti-correlated with the
SFR for galaxies with stellar masses < 1010M⊙. At a stellar
mass of 1010M⊙ there is a sharp transition. In massive galax-
ies dust extinction is positively correlated with the SFR for
galaxies at the same stellar mass. Yates et al. (2012) see a
similar “twist" in the relation between metallicity and SFR
for star-forming galaxies in the local universe (for details see
Zahid et al. 2013b).

1 Each of eleven equal groups into which a population can be
divided.

2.2 The Stellar Mass, Metallicity and Dust

Extinction Relation

Dust is formed from metals and therefore a correlation
between metallicity and extinction is expected. Xiao et al.
(2012) show that the colour excess is well fit as a function
of stellar mass and metallicity. In Zahid et al. (2012b) we
derive a fit to the colour excess which is

E(B− V) = (0.12 + 0.041Z0.77)×M0.24, (1)

where Z = 10(12+log(O/H)−8) and M = M∗/(10
10M⊙). The

metallicity is determined from the strong line method of
Kobulnicky & Kewley (2004). There is a well known dis-
crepancy between various methods of determining gas-phase
metallicities (e.g. Kennicutt et al. 2003; Kewley & Ellison
2008). However, our analysis only requires relative accuracy
in estimating metallicity which the Kobulnicky & Kewley
(2004) calibration delivers (see Kewley & Ellison 2008). The
fit is to ∼ 20, 000 SDSS galaxies (for more information on
this sample see appendix of Zahid et al. 2011) and the RMS
of the fit is 0.11 dex.

2.3 Galaxy Age

The spectrum of a galaxy contains a significant amount of in-
formation relating to its physical properties and the features
of the galaxy spectrum are often interpreted using evolution-
ary stellar population synthesis models. The shape of the
continuum within a galaxy is directly related to its under-
lying stellar population and the chemical properties of the
stellar population can be inferred from the absorption line
features. A standard set of absorption indices have been cali-
brated for this task (e.g. Worthey et al. 1994). Tojeiro et al.
(2007) derive a method, dubbed versatile spectral analysis
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Figure 2. a) The mass-weighted age determined from the VESPA
models for ∼ 135, 000 galaxies in the SDSS DR7 sorted into bins
of stellar mass and SFR. b) The corresponding SFR for each bin
of mass-weighted age.

(VESPA), to determine star formation and metallicity his-
tories of galaxies from the shape of the continuum and stan-
dard absorption indices. A catalogue with VESPA applied to
the SDSS DR7 galaxies is publicly available (Tojeiro et al.
2009)2. In order to estimate the ages of galaxies we adopt
the values determined from the stellar population synthe-
sis models of Maraston (2005) with a one-parameter dust
model. In the VESPA catalogue, the star formation histo-
ries (SFHs) of galaxies are determined in 16 logarithmically
spaced bins in lookback time. The total amount of stellar
mass formed in each bin is given. We adopt the centre of
each bin interval as the lookback time for each bin. The av-
erage age of stars for each galaxy is then determined from
the mass-weighted lookback time.

3 A MODEL FOR STELLAR MASS GROWTH

We assume that at a fixed stellar mass the current SFR of
galaxies is anti-correlated with the age of the stellar pop-
ulation (Assumption 1). Stochasticity in the star-formation
process demands that this is not necessarily true for indi-
vidual galaxies. However, each bin in Figure 1 is the median
of ∼ 890 galaxies. We emphasize that our model assump-
tion only applies to galaxies in an average sense; on aver-
age, at a fixed stellar mass, galaxies with higher SFRs have
formed their stars over a shorter timescale and are necessar-
ily younger.

The observational data support the assumption that in
the galaxy population-on average-the SFR is anti-correlated
to the age. In Figure 2 we plot the relation between stellar
mass, SFR and mass-weighted age. These data are a sub-
sample of the ∼ 150, 000 SDSS galaxies used to determine
the MDSR for which we are able to measure mass-weighted
ages using the VESPA models (Tojeiro et al. 2009). The
sample is comprised of ∼ 135, 000 galaxies. We use a binning
procedure similar to the one used for deriving the MDSR.
The data are first sorted into 10 equally populated bins of
stellar mass and then each bin of stellar mass is sorted into 5

2 http://www-wfau.roe.ac.uk/vespa/

equally populated bins of mass-weighted age. Each bin con-
tains ∼ 2700 galaxies. Figure 2 shows that massive galax-
ies have older stellar populations (see also Kauffmann et al.
2003b). More importantly, at a fixed stellar mass the age of
a galaxy is anti-correlated to its SFR.

We implement Assumption 1 numerically by requiring
that galaxies evolve along the observed MSR (Noeske et al.
2007b; Salim et al. 2007; Daddi et al. 2007; Elbaz et al.
2007; Pannella et al. 2009; Whitaker et al. 2012, among oth-
ers). In order to produce an anti-correlation between stellar
mass and galaxy age, we populate the scatter in the MSR
such that galaxies maintain a constant offset as they evolve.
Whitaker et al. (2012) show that the intrinsic 1σ scatter in
the MSR is ∼ 0.25 dex and the slope slightly flattens at
higher redshift. There is significant evolution in the zero
point. We adopt a constant slope for the MSR. Because red-
shift evolution of the MSR is dominated by evolution in the
zero point, our adoption of a constant slope for the MSR
does not affect our results.

In Figure 3a we plot the MSR at three redshifts. The
data at z = 0.07 and 0.8 are taken from Zahid et al. (2011)
and the z = 2.26 data come from Erb et al. (2006). These
data are compiled in Table 1 of Zahid et al. (2012b). From
these data we derive the SFR as a function of stellar mass
and redshift. In Zahid et al. (2012b) we show that the de-
rived relation is consistent with other studies. The SFR as
a function of stellar mass and redshift is

Ψ(M∗, z) = 2.00 · exp(1.33z)

(

M∗

1010

)0.7

[M⊙ yr−1]. (2)

Observations of the MSR at higher redshifts suggest that
the zero point does not evolve significantly beyond z > 2.3
(see Dutton et al. 2010, and references therein) and in our
model calculations we assume no evolution in the zero point
and stellar mass slope, i.e. Ψ(M∗, z > 2.26) = Ψ(M∗, 2.26).
In our numerical implementation we transform Ψ(M∗, z) to
Ψ(M∗, t) using the standard conversion between redshift and
time implemented in the astronomy users library IDL rou-
tine galage.pro.

The SFHs of galaxies can be derived from a simple
model requiring that galaxies evolve along the mean MSR at
all epochs (Leitner 2012; Zahid et al. 2012b). In the simplest
analytical model the rate of stellar mass growth is given by

dM∗

dt
= Ψ− ṀR, (3)

where Ψ is the SFR and ṀR is the rate that mass is recycled
to the ISM through various stellar mass loss processes. The
stellar mass of a galaxy is then given by

M∗(t) =

∫ t

tf

[

Ψ(t′)− ṀR(t
′)
]

dt′ +M∗,f . (4)

Here M∗,f is the stellar mass at tf . If M∗,f is set to some
arbitrarily low value (in our models M∗,f = 106M⊙) then tf
can be interpreted as the formation time of the galaxy. In
order to implement Assumption 1, we build on this model by
requiring that a galaxy populate the scatter in the MSR such
that it maintains a constant offset at all epochs. Analytically
this is given by

M∗(t) =

∫ t

tf

[

SΨ(t′)− ṀR(t
′)
]

dt′ +M∗,f , (5)

c© 0000 RAS, MNRAS 000, 000–000



6 Zahid et al.

Figure 3. a) The MSR at three epochs. The error bars plot the 1σ scatter of the SFR in bins of stellar mass. b) The star formation and
c) stellar mass history for three model galaxies determined from integrating Equation 5 assuming the SFRs given by Equation 2. Each
galaxy has a stellar mass of 1011M⊙ but with different values adopted for the offset from the MSR (S in Equation 5).

where S is a constant offset accounting for the scatter in
the MSR. The formation time, tf , and S uniquely define the
SFH of a galaxy in our model.

In Figure 3b and 3c we show the star formation and
stellar mass history, respectively, for three model galaxies
that all have a stellar mass of 1011M⊙ in the local universe
(t = 13 Gyr in Equation 5). The model galaxies in Figure 3
evolve such that they have a constant offset relative to the
MSR at all epochs (log(S) = -0.2, 0 and 0.2 in Equation 5).
The stellar mass as a function of time for these model galax-
ies is determined from numerically integrating Equation 5.

A fundamental feature of this model of stellar mass
growth is that higher mass galaxies are older (c.f.
Noeske et al. 2007a). Furthermore, at a fixed stellar mass,
galaxies with higher SFRs are younger than galaxies with
lower SFRs. This can be seen by the comparing the onset
of star formation for the three model galaxies in Figure 3b.
All three galaxies have a stellar mass of 1011M⊙ but have
different times for the initial onset of star formation, tf . In
our model the age of the galaxy (t− tf ) is anti-correlated to
the offset from the MSR, S. Consequently, at a fixed stellar
mass the age of our model galaxies is anti-correlated to the
current SFR.

4 A MODEL FOR DUST FORMATION

Assumption 2 of our model is that the rate of dust pro-
duction is proportional to the stellar mass recycling rate. A
large amount of dust in star-forming galaxies is thought to
be produced by massive (& 8M⊙) stars that end their lives as
supernovae and post main-sequence evolution (AGB phase)
of intermediate mass (1 . M⊙ . 8) stars (Dwek 1998). Be-
cause all dust forms from heavier elements, dust that may
form in the ISM is also dependent on the gas processed and
recycled by stars. Dust production is therefore intimately re-
lated to the physical process of stellar mass recycling. In our
numerical implementation, we adopt the simplest assump-
tion that the dust production rate is directly proportional
to the SMRR.

We implement continuous, time dependent stellar mass
recycling following Jungwiert et al. (2001). They give the

Figure 4. The SMRR (black curves) as a function of time for
the same three model galaxies in Figure 3. The SFRs are given
by the grey curves for reference and have been scaled by a factor
of 0.4 for ease of comparison.

SMRR as

ṀR(t) =

∫ t

0

Ψ(t′)ḟmr(t− t′)dt′. (6)

Here ṀR(t) is the SMRR as a function of time, Ψ(t) is
the SFR and ḟmr(t) is the time derivative of the fraction
of mass recycled to the ISM at time t for a single, instan-
taneous burst stellar population. The rate at which stellar
mass is recycled to the ISM is given as a convolution of the
SFR with the time derivative of the fractional mass recycled.
Jungwiert et al. (2001) parameterize the fractional mass re-
cycled from a single, instantaneous burst stellar population
as a function of time by

fmr(t) = C0 ln

(

t

λ
+ 1

)

. (7)

Both C0 and λ are constants depending on the par-
ticular choice of IMF (values are given in Table 1 of
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Leitner & Kravtsov 2011). For a Chabrier IMF C0 = 0.046
and λ = 2.76 × 105 [yrs]. Because there is an interdepen-
dency between the SMRR and SFH, we iteratively deter-
mine both quantities using Equation 5 (Leitner & Kravtsov
2011; Zahid et al. 2012b). In Figure 4 we plot the SMRR for
the three model galaxies shown in Figure 3b and 3c. Note
that due to the convolution, the SMRR is offset in time from
the SFR.

5 RESULTS: AN ANALYTICAL MODEL

REPRODUCING THE OBSERVED

RELATION BETWEEN STELLAR MASS,

DUST EXTINCTION AND SFR

5.1 Dust Model Outputs

We run our models adopting a range of values for the con-
stant offset from the MSR, S, and formation time, tf . The
2σ scatter observed in the MSR is ∼ 0.5 dex. We run
our models for 11 values of S equally spaced such that
−0.5 ≤ log(S) ≤ 0.5. For the formation times we adopt a
range of values corresponding to z < 12. We use only models
with final stellar masses in the range of 8 . M∗/M⊙ . 11.
This allows us to explore practically3 the full range of SFRs
and stellar masses observed in our local sample (see right
panel of Figure 1b). The following analysis is based on 220
model galaxies.

The total amount of stellar mass recycled to the ISM as
a function of time is determined by integrating the SMRR
over time which is

MR(t) =

∫ t

tf

ṀR(t
′)dt′. (8)

In Figure 5a we plot the total amount of stellar mass re-
cycled (normalized to stellar mass) as a function of stellar
mass. In Figure 5b we show the specific SMRR which is the
SMRR divided by stellar mass (analogous to specific SFR)
as a function of stellar mass. In Figure 5c we show the SFR
as a function of stellar mass. In the figure each colour corre-
sponds to a different offset from the MSR. The total amount
of mass recycled to the ISM (Figure 5a) is anti-correlated
to the SFR. This is a consequence of the fact that at a fixed
stellar mass, galaxies with lower SFRs are older and there-
fore their stellar populations have had more time to recycle
mass back to the ISM through stellar winds and supernovae.
Conversely, the SMRR (Figure 5b) is positively correlated to
the SFR. Because the SMRR is related to the SFR through
the convolution given in Equation 6, at a fixed stellar mass
galaxies with higher SFRs also have higher SMRRs.

The anti-correlation at a fixed stellar mass between the
SFR and total amount of mass recycled and the positive

correlation between the SMRR and SFR seen in Figure 5 is
the foundation for the physical model described in Section
1.2. We develop an analytical model such that at low stel-
lar masses (. 1010M⊙) the MDSR is governed by the total
amount of stellar mass recycled and at higher stellar masses
it is related to the current SMRR. Such a model naturally
leads to an anti-correlation between dust opacity and SFR

3 In our models, the maximum mass a galaxy with -0.5 dex offset
can form since z = 12 is ∼ 1010.5M⊙ (see Figure 5).

at lower stellar masses and a positive correlation between
dust opacity and SFR at higher stellar masses.

5.2 The Analytical Slow Flow Model

In order to reproduce the observed MDSR, we develop an an-
alytical model where the observed dust content of the galaxy
is a competition between dust production and dust destruc-
tion/efflux. In the discussion that follows we refer to dust
efflux and/or destruction as dust loss. The dust production
rate is directly proportional to the SMRR (Assumption 2)
and the rate of dust loss is proportional to the opacity and
the SFR (Assumption 3). The timescale over which dust is
lost is not necessarily coincidental with the dust production
timescale (Assumption 4). Thus, we introduce a free param-
eter to account for a temporal offset between production and
loss. The “Slow Flow” model is analytically given by

Md(t) ∝

∫ t

tf

[

ṀR(t
′)− η τ (t′)Ψ(t′ −∆t)

]

dt′. (9)

Equation 9 is the dust balance equation. Md(t) is the total
amount of dust in the galaxy as a function of time. The first
term on the right hand side is the dust production term
which we assume is proportional to the SMRR, ṀR. The
second term on the right hand side represents the rate at
which dust is lost; τ is the opacity and Ψ is the SFR. If
t′−∆t < tf then Ψ(t′−∆t) = 0. ṀR and Ψ are determined
from our model of stellar mass growth (Section 3) and dust
production (Section 4). The free parameters of the model
are η which is the dust loss efficiency (the dust loss rate per
unit SFR) and ∆t, the timescale for dust loss.

In Equation 9, we do not know τ a priori. For each
model galaxy we derive τ as a function of time using the
empirical relation given by Equation 1 and the observed
redshift evolution of the MZR. In the left panel of Figure
6 we show the MZR at z = 0.07, 0.8 and 2.26 (Zahid et al.
2012b). We have used the Kobulnicky & Kewley (2004) cali-
bration in determining metallicity though we emphasize that
our results are independent of our choice of calibration. We
determine the metallicity of a galaxy as a function of time
by first determining its stellar mass history (see Section 3.1
and Figure 3c) and then using this to linearly interpolate
the observed MZRs in time and stellar mass. This is shown
for our three model galaxies in Figure 6b. Using the empiri-
cal relation between extinction, stellar mass and metallicity
given in Equation 1 we derive an optical depth as a function
of stellar mass and time for the same model galaxies. This
is shown in Figure 6c.

In Figure 1 we plot the MDSR. The dust content is
given by the observed optical depth. Optical depth is given
by τ = nσdL where n is the volume density of particles, σd

is the geometric cross section for dust and L is the line-of-
sight path length. Our analytical model given in Equation
9 is proportional to the total mass of dust in the galaxy.
In order to compare with observations we rescale our model
such that

τmodel = A/Mβ
∗

∫ t

tf

[

ṀR(t
′)− η τv(t

′)Ψ(t′ −∆t)
]

dt. (10)

Here a pre-factor A/Mβ
∗ is introduced to Equation 9. We

have the mass of dust Md ∝ N where N is the total amount
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8 Zahid et al.

Figure 5. The stellar mass recycling properties of model galaxies plotted against stellar mass. a) The total amount of stellar mass
recycled divided by the current stellar mass. b) The specific SMRR (the SMRR divided by current stellar mass) and c) the corresponding
SFR for each model galaxy.

Figure 6. a) The MZR at three redshifts (Zahid et al. 2012b). b) The metallicity and c) opacity as a function of time for the same three
model galaxies as in Figure 3. The metallicites are determined by interpolating between the three MZRs and the opacity is determined
from the relation given by Equation 1.

of dust particles. To first order N ∼ nL3 where L3 repre-
sents a volume. If we assume that M∗ ∝ L3 then we have
that τ ∼ nL ∼ N/M

2/3
∗ ∼ Md/M

2/3
∗ . We set β to 2/3. A

is an overall normalization accounting for geometric proper-
ties of the dust particles and is determined by normalizing
the maximum value of τ in the models to the maximum
observed optical depth in Figure 1 (τmax = 1.9). The ana-
lytical model has four degrees of freedom: two constants to
make our model output comparable to observations and two
free parameters.

5.3 The Parameter Space

In Figure 7 we plot the MDSR determined from our model
given in Equation 10 for various choices of the free parame-
ters. We adopt η = [0.10, 0.15, 0.20] and ∆t = [2.0, 3.5, 5.0]
Gyr and plot the models in the 3 × 3 panels of the figure.
In each panel the curves plot τ as a function of stellar mass.
τ is determined for each model galaxy by integrating from
tf to t = 13 Gyr in Equation 10. The curves are colour-
coded to match the SFRs shown in Figure 5c (e.g. the red
curves are the high SFR galaxies and black curves are the

low SFR galaxies). Our goal is to reproduce the observed
MDSR shown in Figure 1.

In Figure 7a we see that if η . 0.1 and ∆t . 2 Gyr no
twist is observed in the model MDSR. At a fixed stellar mass,
galaxies with high SFRs are younger. Stellar mass recycling
is a time dependent process and therefore younger galaxies
have recycled a smaller fraction of their stellar mass back to
the ISM. Because we take dust production to be proportional
to the amount of recycled stellar mass, younger galaxies have
less dust. When η is small, dust loss is negligible and when
∆t is small, the relative amount of dust loss in low and high
SFR galaxies, at a fixed stellar mass, is comparable. In this
case there is no differential loss of dust in galaxies at a fixed
stellar mass. Thus, in Figure 7a galaxies that have high SFRs
(e.g. red curve) have less dust than galaxies with low SFRs
(e.g. black curve) because they have recycled less mass and
therefore produced less dust.

The magnitude of the rate of dust loss is set by η.
Increasing η decreases the stellar mass at which the twist
occurs in the model MDSR. Increasing η also increases
the spread of optical depths in galaxies with higher stel-
lar masses independent of the value of ∆t adopted. This is
seen when comparing rows of Figure 7 (η increases from left
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Figure 7. The model MDSR as a function of the free parameters
η and ∆t in Equation 10. The colours correspond to the SFRs
shown in Figure 5c. The dotted lines indicate the stellar mass
and opacity at which the twist in the observed MDSR (Figure 1)
occurs.

to right). The dust loss term is (to first order) proportional
to ητΨ. The product of ητ sets the stellar mass at which
dust loss becomes significant relative to dust production.
Less massive galaxies have smaller τ and therefore increas-
ing η moves the twist to smaller stellar masses. Increasing
the value of η also leads to a larger spread in the optical
depth at higher stellar masses because η, together with ∆t,
sets the relative amount of dust lost for galaxies at the same
stellar mass.

The maximum value of η is limited by the fact that
galaxies cannot lose more dust than they produce. This leads
to the requirement that ητΨ . ṀR or ητ . ṀR/Ψ ∼ 0.4
for a Chabrier IMF. Panels c), f) and i) in Figure 7 show
that for η = 0.26 high mass galaxies lose too much dust
when compared to the observations in Figure 1. Thus the
observations constrain η such that 0.1 < η < 0.26.

The timescale of dust loss is set by ∆t and if it is shorter
than the timescale of dust production/accumulation then no
twist will be observed. For a twist to occur in the model
MDSR ∆t > 2 Gyr. Increasing ∆t from 2 to 3.5 Gyr de-
creases the stellar mass at which the twist occurs and slightly
increases the spread in the optical depth at higher stellar
masses. The timescale of dust loss, ∆t, is the same for all
galaxies but the timescale of dust production varies accord-
ing to SFH. At a fixed stellar mass galaxies with higher SFRs
have produced a greater fraction of their stars and dust more
recently in cosmic time because they are younger (see Figure
2). Thus there is a differential accumulation of dust depend-
ing on SFH. The differential accumulation of dust occurs on
shorter timescales for higher mass galaxies because higher
mass galaxies have higher SMRRs. Therefore, increasing ∆t
moves the twist to smaller stellar masses and slightly in-
creases the spread in optical depth. Increasing ∆t from 3 to
5 Gyr does not significantly alter the MDSR because galax-

Figure 8. The model MDSR as a function of the free parameters
η and α in Equation 11. The colours correspond to the SFRs
shown in Figure 5c. The dotted lines indicate the stellar mass
and opacity at which the twist in the observed MDSR (Figure 1)
occurs.

ies typically reach a steady state in their SMRR within a
few Gyr (see Figure 4).

In order to determine the best model parameters we at-
tempt to qualitatively reproduce the observed MDSR shown
in Figure 1. In particular, we choose parameters that best
reproduce the location of the twist and the scatter in dust
opacity for massive galaxies. A model with η = 0.17 and
∆t = 3.5 Gyr best reproduces the observed relation. By
varying the parameters we control the stellar mass at which
the twist occurs and the relative spread in optical depths ob-
served in high mass galaxies. The spread in the optical depth
at low stellar masses (i.e. stellar masses less than the stellar
mass where the twist occurs) is independent of our choice
of parameters. Because τ is small for lower mass galaxies
dust loss is inefficient and the spread in optical depth is set
by the difference in age of galaxies at a fixed stellar mass.
The model MDSR has a smaller spread in the values of τ
at stellar masses . 1010M⊙ when compared to the observed
MDSR. Varying the IMF (e.g., using Chabrier Steep instead
of Chabrier) or adding an additional dust loss term propor-
tional the SFR (see below) can ease some of this tension
between the model and observations at lower stellar masses.

The amount of dust produced is dependent on our
choice of IMF in our model. Therefore, we may expect that
the free parameters are as well. We perform a similar anal-
ysis using the Chabrier steep IMF which has a steeper high
mass slope leading to ∼ 20% less mass loss (see Figure 1
of Leitner & Kravtsov 2011). We are able to reproduce the
observed MDSR using the same analytical model. The best
value of η is slightly smaller. ∆t is independent of our choice
of IMF.
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5.4 Additional Parameters

We include an additional dust loss term to our model that
is directly proportional the SFR. The analytical model pre-
sented in the previous section accounts for the notable fea-
tures of the MDSR (Figure 1). However, additional physical
processes temporally coincidental with the SFR may also be
operating in galaxies. It is beyond the scope of this work to
produce a model accounting for all possible physical mech-
anisms affecting the dust content of star-forming galaxies
since the physics of dust production and evolution is still not
well understood. The additional term added to the model is
physically motivated and is meant to indicate the flexibility
of the model.

We modify the analytical model for dust production
given in Equation 9 to include an additional term for dust
loss that scales only with the SFR with no time delay. This
is given by

Md ∝

∫ t

tf

[

ṀR(t
′)− η τ (t′)Ψ(t′ −∆t)− αΨ(t′)

]

dt′, (11)

where we have introduced a new free parameter α which is
a dust loss efficiency factor analogous to η but for a physical
mechanism that operates instantaneously and independent
of dust optical depth. The term αΨ could be interpreted
physically as either dust loss or dust destruction. Thermal
energy injected from Type II supernovae could drive out-
flows of dust in bubbles and along filaments of hot gas
and/or destroy dust through UV photodissociation, sput-
tering and/or shocks. Following Equation 10, we scale the

model given in Equation 11 by A/M
2/3
∗ .

In Figure 8 we plot the MDSR determined from the
three parameter model for various choices of the free pa-
rameters. Similar to the two parameter model, we find that
when ∆t & 3.5 Gyr, the model MDSR is insensitive to ∆t.
We fix ∆t = 3.7 Gyr and we adopt η = [0.10, 0.15, 0.20] and
α = [0.05, 0.10, 0.15]. We plot models with these parameters
in the 3 × 3 panels of the figure. In each panel the curves
plot τ as a function of stellar mass. As before, the curves are
colour-coded to match the SFRs shown in Figure 5c (e.g. the
red curves are the high SFR galaxies and black curves are
the low SFR galaxies).

The new model given by Equation 11 gives a MDSR
that is qualitatively similar to the model given by Equation
9. Increasing η decreases the stellar mass at which the twist
occurs independent of α. The effect of α is to increase the
spread in optical depth at a fixed stellar mass at all stellar
masses. In producing the model MDSR, we normalize the re-
lation such that the maximum observed optical depth is 1.9.
Increasing the total amount of dust loss across all galaxies
also increases the relative amount of dust loss for galaxies at
a fixed stellar mass. The increased spread in optical depth
in the model at all stellar masses eases some of the tension
between the model and observations at low stellar masses.

Galaxies cannot lose more dust than they produce thus,
to first-order, αΨ+ητΨ . ṀR or α+ητ . ṀR/Ψ ∼ 0.4. In
panel f) and i) the value of α+ητ is too large and some galax-
ies lose more dust than they produce leading to an unphysi-
cal negative optical depth. A model with η = 0.14, α = 0.12
and ∆t = 3.7 Gyr best reproduces the observed MDSR. The
primary result of this paper is shown in Figure 9 and can be
compared directly to the observed relation shown in Figure

1. We note that the model shown in Figure 9 is very similar
to the best model from Section 5.3 (i.e. η = 0.17, ∆t = 3.5
Gyr and α = 0).

5.5 Magnitude of Dust Loss

We are unable to estimate dust masses from our model since
we derive the optical depth and not dust mass. However,
we can estimate the fraction of dust lost (i.e., dust effluxed
and/or destroyed) to the amount of dust produced in the
model. For the two parameter model (Section 5.2) the frac-
tion is given by

Fη =

∫ t

tf
η τ (t′)Ψ(t′ −∆t) dt′

∫ t

tf
ṀR(t′) dt′

. (12)

The numerator is proportional to the amount of dust lost
and the denominator is proportional to the total amount of
dust produced. We refer to quantity given by Equation 12
as the slow loss term. In Figure 10 we plot Fη as a function
of stellar mass for the two parameter model. As before, the
curves are colour-coded to match the SFRs shown in Figure
5c. The fraction of dust lost, Fη, increases with stellar mass
because dust loss is dependent on dust opacity and more
massive galaxies are dustier. In this case, the magnitude of
dust loss in low-mass galaxies is negligible; a property that
is consistent with the galaxy formation model of (Wise et al.
2012). At a fixed stellar mass, galaxies with high SFRs lose a
smaller fraction of their dust; they are younger and therefore
have had less time to lose dust.

We also calculate the fraction of dust lost to dust pro-
duced for the three parameter model using Equation 12 and

Fα =

∫ t

tf
αΨ(t′) dt′

∫ t

tf
ṀR(t′) dt′

. (13)

The numerator is proportional to the amount of dust lost
and the denominator is proportional to the total amount of
dust produced. We refer to the quantity given by Equation
13 as the fast loss term. We plot Fη, Fα and Fη + Fα for
our three parameter model discussed in Section 5.4 in Fig-
ure 11a, b and c, respectively. The fraction of dust lost in
the slow loss, Fη, for the three parameter model is ∼ 10%
less than for our two parameter model because η is ∼ 10%
smaller for the three parameter model. The amount of dust
lost in the fast loss component is nearly constant with stellar
mass because both the dust loss (numerator of Equation 13)
and dust production (denominator of Equation 13) are pro-
portional to the SFR. At a fixed stellar mass galaxies with
lower SFRs are older and therefore have recycled a larger
amount of their stellar mass back to the ISM. Thus, at a
fixed stellar mass, galaxies with low SFRs have formed a
greater amount of stars as compared to galaxies with high
SFRs since galaxies with high SFRs have recycled a rela-
tively smaller fraction of the material back to the ISM. The
amount of dust produced is proportional to the amount of
stellar mass recycled. Therefore, at a fixed stellar mass the
anti-correlation between Fα and SFR is due to the fact that
younger galaxies (those with high SFRs) have produced less
dust (see Figure 5a).
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Figure 9. a) The “best-fit" model MDSR for the model given by Equation 11 with η = 0.14, α = 0.12 and ∆t = 3.7 Gyr. b) The SFRs
corresponding to optical depths in shown in a).

Figure 11. Dust loss for the three parameter model given by Equation 11. Fractional loss is calculated using a) Equation 12 and b)
Equation 13. c) The sum of the fractional loss given in a) and b). The colours correspond to the SFRs shown in Figure 5c.

6 DUST EFFLUX AS THE PHYSICAL BASIS

OF THE SLOW FLOW MODEL

Thus far, dust loss in the Slow Flow model has not been
physically interpreted. In particular, the dust loss term pa-
rameterized by Equation 10 could physically represent dust
destruction and/or dust efflux. However, several lines of rea-
soning support an interpretation of dust efflux over dust de-
struction as the physical basis of the Slow Flow model.

The observed MZSR provides important constraints for
physically interpreting the Slow Flow model developed to
reproduce the MDSR. While dust may be destroyed, met-
als can not and therefore the observed MDSR is unlikely
to be explained by destruction processes unless the similar
trends observed in the MDSR and MZSR are taken to be
coincidental (see Zahid et al. 2013b). Furthermore, if dust
destruction were responsible for the MDSR we may expect
an opposite trend in the MZSR since destruction of dust par-

ticles would liberate the constituent metals, thus increasing
the gas-phase abundance while decreasing the dust opacity.
In light of similar trends in the MZSR derived by Yates et al.
(2012), the twist observed in the MDSR may be more natu-
rally explained by dust efflux rather than dust destruction.

It is important to note that the MZSR is dependent
on the methodology applied in deriving the physical prop-
erties of galaxies (c.f. Mannucci et al. 2010; Yates et al.
2012; Andrews & Martini 2013). In particular, there is
a well-known and long-standing discrepancy in metallic-
ities derived using various strong-line calibrations (e.g.
Kennicutt et al. 2003; Bresolin et al. 2004; Nagao et al.
2006; Kewley & Ellison 2008; Moustakas et al. 2010). For
the same galaxies, theoretical calibrations typically yield
abundances that are & 0.3 dex larger than empirical cal-
ibrations (Kewley & Ellison 2008). Much of the discrep-
ancy may be attributed to the method used in calibrating
the strong-line ratios. Empirical methods calibrate strong-
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Figure 10. The fraction of dust produced that is lost in the
Slow Flow for the model given by Equation 9. Fractional loss is
calculated using Equation 12. The colours correspond to the SFRs
shown in Figure 5c.

line ratios against the metallicities derived from temper-
ature sensitive auroral lines (i.e. the “direct" method).
Theoretical calibrations instead make use of photoioniza-
tion and stellar population synthesis models. The quali-
tatively different MZSRs determined from the SDSS data
derived by Mannucci et al. (2010), Yates et al. (2012) and
Andrews & Martini (2013) are largely due to the different
abundance calibrations applied in deriving the metallicities.
Yates et al. (2012) and Andrews & Martini (2013) derive
metallicities using purely theoretical and empirical meth-
ods, respectively. Mannucci et al. (2010) derive metallicities
using a semi-empirical calibration which combines both the-
oretical and empirical methods.

Detailed discussions regarding the strengths and weak-
nesses of the various strong-line methods can be found in
e.g., Kewley & Ellison (2008) and Moustakas et al. (2010).
Theoretical methods are not susceptible to the observational
uncertainties associated with empirical methods and are ca-
pable of calibrating metallicities over the full range of ob-
served line ratios. However, theoretical methods are model
dependent and are subject the simplifying assumptions and
systematic uncertainties associated with the models. In con-
trast, empirical methods calibrate strong-line ratios against
metallicities derived from temperature sensitive auroral lines
(e.g. [OIII]λ4363). The direct method provides a well under-
stood scale for metallicity calibration. However, temperature
sensitive auroral lines are extremely weak and are typically
only observed in HII regions and galaxies with Z < Z⊙ and
with large observational uncertainties. More to the point,
the direct method is known to be susceptible to several sys-
tematic issues. Peimbert (1967) points out that temperature
fluctuations may lead to systematic underestimates of the
metallicity. More recently, the assumption that HII regions
are in thermodynamic equilibrium has also been challenged
(Nicholls et al. 2012, 2013; Dopita et al. 2013). These au-
thors argue that a breakdown of the assumption of equilib-
rium leads to an underestimate of the abundance, particu-
larly in metal-rich HII regions. Furthermore, Nicholls et al.

(2013) and Dopita et al. (2013) suggest that the use of old
atomic data also contributes to the abundance discrepancy.
Accounting for these two effects brings theoretically and
empirically determined metallicities into good agreement
(Dopita et al. 2013).

The suggestion that non-equilibrium electron energy
distributions may be at the heart of the abundance dis-
crepancy is promising. Astrophysical plasmas where in situ

measurements of electron energies can be made have non-
equilibrium energy distributions (Nicholls et al. 2012). This
suggests that perhaps metallicities determinations based on
theoretical models (i.e. Yates et al. 2012) may be more reli-
able. However, given that non-equilibrium processes remain
only one possible solution to the long-standing abundance
discrepancy problem, the MZSR derived by Yates et al.
(2012) remains uncertain. It is beyond the scope of this pa-
per to investigate these issues in detail but in light of this un-
certainty, the physical interpretation based on the observed
MZSR of dust efflux as the process responsible for dust loss
in the Slow Flow model remains tentative.

Lara-López et al. (2013) examine the relation between
stellar mass, specific-SFR and metallicity. They derive a re-
lation similar to MZSR first shown in Yates et al. (2012).
However, Lara-López et al. (2013) also examine the HI gas
content. They show that for massive galaxies the gas fraction
is positively correlated with metallicity and SFR. Metallicity
is a relative measure of the oxygen to hydrogen abundance
in the gas-phase. Therefore, the positive correlation between
metallicity, gas fraction and SFR suggests that galaxies with
high metallicities and high SFRs may also have greater mass
of metals. If the gas and dust are coupled, galaxies may also
efflux gas and metals. The observed positive correlation be-
tween metallicity, SFR and gas fraction for massive galaxies
supports the interpretation of dust efflux over dust destruc-
tion. It should be noted that Bothwell et al. (2013) have
also examined the relation between stellar mass, metallicity,
SFR and HI content and find similar results for less massive
galaxies. However, they do not report a positive correlation
between metallicity, SFR and HI gas content for massive
galaxies though this may be due to systematic effects at-
tributed to the metallicity calibration adopted in that study
(see Yates et al. 2012).

The dominant dust destruction mechanisms such as
UV photodissociation, sputtering and shocks in star-forming
galaxies are dependent on massive stars and therefore the
rate of dust destruction should be temporally coincidental
with the SFR. However, in order to reproduce the MDSR, a
significant temporal offset is required (∆t ∼ 3.5 Gyr), thus
favoring an interpretation where dust is effluxed rather than
destroyed. In Section 5.4, we develop a model with dust loss
proportional to only the SFR (Equation 11) without a tem-
poral offset. This fast flow term can be more readily inter-
preted as a dust destruction term. However, we emphasize
that this term is not necessary to reproduce the observed
MDSR (compare Figure 7 and 8).

7 MODEL ASSUMPTIONS

The numerical model we develop in Section 3, 4 and 5 to
reproduce the observed MDSR represents one possible im-
plementation. Here we revisit the basic galaxy properties we
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have assumed. These basic properties are required for any
model attempting to reproduce the MDSR in accordance
with the physical scenario described in Section 1.2.

(i) At a fixed stellar mass the current SFR is anti-

correlated to the age of the galaxy. This assumption is sup-
ported by observations which indicate that at a fixed stel-
lar mass the mass-weighted age of stars within a galaxy is
anti-correlated to its current SFR (see Figure 2). An anti-

correlation between current SFR and galaxy age is the natu-
ral consequence of a sufficiently long characteristic timescale
associated with the change in the average position of galax-
ies within the scatter of the MSR. In an accretion driven
star formation scenario, the gravitational accretion rate is
modulated by dark matter halos and should scale with the
halo virial time. By z = 0 this is several Gyr which could
help explain the observed anti-correlation between current
SFR and galaxy age. In any case, we have implemented the
observed SFR-age anti-correlation by assuming that galax-
ies populating the scatter of the MSR maintain a constant
offset from the mean relation as they evolve. This is the
easiest, albeit most restrictive, implementation to produce
the anti-correlation between galaxy age and current SFR.
It is beyond the scope of this work to explore alternative
approaches but we note that any implementations repro-
ducing the anti-correlation between galaxy age and current
SFR could produce a similar model MDSR.

(ii) The rate of dust production is proportional to the rate

at which mass is recycled by stars. We have assumed that
the dust production rate is directly proportional to the stel-
lar mass return rate. For reproducing the MDSR the exact
nature of the proportionality is not critical so long as at a
fixed stellar mass the relative quantity of dust produced is
larger (smaller) for galaxies that are older (younger) and
have returned more (less) stellar mass back to the ISM.

(iii) The rate of dust loss is dependent on the amount of

dust present and the rate at which high energy photons are

produced. We have implemented this by assuming that the
rate of dust loss is proportional to the product of the dust
opacity and SFR (see Equation 9). A dust loss rate that is
given as a product of a quantity that is proportional to the
high energy photon production rate and any other physical
parameter that scales with the stellar mass (e.g. metallicity,
dust mass or stellar mass itself) could produce a similar
model MDSR.

(iv) The timescale of dust loss is comparable but not iden-

tical to the timescale of dust production. The timescale of
dust production is dictated by the evolutionary timescale of
intermediate and high mass stars. We have taken the rate
of dust production to be directly proportional to the rate of
stellar mass recycling. If the dust production timescale is dif-
ferent from the simple assumption made, then the dust loss
timescale will change commensurately. This could happen,
for example, if one of the populations of stars considered
the dominant producers of dust in galaxies (i.e. intermedi-
ate mass AGB or type II SN) dominates over another in
terms of dust production.

If the four physical conditions enumerated above are repre-
sentative of the star-forming population of galaxies in the
local universe, then a model can be developed that will re-
produce the notable features of the observed MDSR shown
in Figure 1 and in accordance with the physical scenario

described in Section 1.2. We are not aware of any obser-
vational evidence that challenges these physical conditions,
though we emphasize that all the physical conditions are
not well established either. The physically motivated model
developed in this contribution presents an interesting falsi-
fiable hypothesis for the origin of the MDSR.

8 DISCUSSION

In Section 8.1 we discuss details of our model of stellar mass
growth and in Section 8.2 we discuss outflows in galaxies. We
consider some potential implications of our model in Section
8.3.

8.1 Stellar Mass Growth and the Scatter in the

Stellar Mass - SFR Relation

The anti-correlation between galaxy age and SFR at a fixed
stellar mass is a fundamental assumption of our model.
At stellar masses . 1010M⊙ the anti-correlation between
dust opacity and SFR is a direct consequence of the anti-

correlation between age and SFR. Galaxies with low SFRs
are older and therefore have had more time to produce and
accumulate dust. The remarkable agreement between our
model of the MDSR and the observed relation, in addition
to indications from the fossil record, suggest that our model
of stellar mass growth may be feasible. Thus, further in-
vestigation is warranted. The model of stellar mass growth
developed in this study begs a very important question: if
the scatter in the MSR is temporally correlated, what is the
physical mechanism responsible for such a mode of galaxy
evolution?

8.2 Outflows in Normal Star-Forming Galaxies

In our Slow Flow model dust mass loss scales with the
opacity and SFR. Given the (few) Gyr timescales for
dust mass loss inferred from our model, we favor radi-
ation pressure acting over long periods of time as the
physical basis of the model. Radiation pressure acting on
dust grains has been considered both in numerical models
(Chiao & Wickramasinghe 1972; Ferrara 1993; Davies et al.
1998; Murray et al. 2005, 2011) and cosmological simula-
tions (Aguirre et al. 2001; Hopkins et al. 2012) as a possi-
ble physical mechanism for driving outflows. However, a de-
tailed physical model for a sustained radiation field interact-
ing with dust grains over long periods of time incorporating
some degree of dynamical coupling of dust grains to ambient
gas remains to be developed. The analytical model presented
in this paper provides constraints for a more rigorous phys-
ical model.

In our model the dominant mechanism for establishing
a twist in the MDSR is radiation driven outflows. A simple
back-of-the-envelope estimate of the average outflow veloc-
ity can be derived by assuming a distance dust travels before
it is out of the line-of-sight, Dd, in a time ∆t. The average
outflow velocity, v̄, is then given by v̄ = Dd/∆t. Adopting a
fiducial value of 10 kpc for Dd and ∆t = 3.5 Gyr determined
from our model we get that v̄ ∼ 3 km s−1. If material is
ejected and re-accreted back into the galaxies as some mod-
els suggest (Davé et al. 2011), then dust may be driven out
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at substantially higher velocities in which case v̄ represents
a “drift" velocity at which a net loss of dust occurs.

In the Slow Flow scenario magnetic fields may
play an important role in the mass loss process.
Chiao & Wickramasinghe (1972) consider a physical sce-
nario of dust driven out of galaxies along magnetic field lines
by radiation pressure from stars. They argue that the Lar-
mor radius of charged dust particles in typical ISM condi-
tions is significantly smaller than the disk thickness. There-
fore, the motion of dust grains is tied to magnetic field lines.
They consider the net outward force from radiation pres-
sure balanced against the drag force from the inter-cloud
medium. They calculate the drift velocity is

u = 0.82

(

0.01 cm−3

ni

)(

104 K

T

)1/2

sin θ [km s−1]. (14)

Here u is the drift velocity, ni is the number density of par-
ticles in the inter-cloud medium, T is the temperature and
θ is the inclination angle of the magnetic field with respect
to the galactic plane. For the prevailing physical conditions
in most star-forming galaxies and assuming a reasonably
inclined magnetic field with respect to the galactic plane,
the drift velocity of dust grains driven by radiation pressure
along magnetic field lines is on the order of a ∼ 1 km s−1.
This is on the same order of magnitude as the drift velocity
inferred from our model.

In our model a large fraction of the dust produced by
a galaxy can be expelled in a slow flow (see Figures 10 and
11a). The degree to which dust is dynamically coupled to the
ambient gas in the ISM of galaxies is uncertain. Both col-
lisions of dust particles with gas or coulomb interactions of
charged particles with ions could provide a mechanism for
transferring momentum from the dust to the gas (Ferrara
1993; Davies et al. 1998; Draine 2004). If the dust and gas
are strongly coupled then a significant fraction of the gas in
star-forming galaxies could be expelled via the Slow Flow
mechanism. In Zahid et al. (2013b) we argue that the ex-
tension of the MDSR to the quiescent population of galaxies
suggests that the physical mechanism responsible for the ob-
served MDSR may be related to the shutting down of star-
formation in galaxies. The expulsion of large quantities of
gas driven by interaction with charged dust particles accel-
erated by radiation pressure from stars presents a potential
physical basis for such a scenario.

From ∼ 110, 000 star-forming galaxies in the SDSS
DR7, Yates et al. (2012) have observed a “twist" in the stel-
lar mass, metallicity and SFR relation. The twist occurs at
a similar stellar mass as the observed twist in the MDSR
of star-forming galaxies. Given that dust and metal content
are strongly correlated, we argue that the twist in the stel-
lar mass, metallicity and SFR relation is likely a result of
the same physical mechanism responsible for the twist in
the dust relation (i.e. the Slow Flow mechanism). At a stel-
lar mass of ∼ 1011M⊙, low SFR galaxies lose ∼ 50% of dust
they produce in the Slow Flow (see Figure 10 or 11a). This is
a factor of ∼ 2 more dust than their high SFR counterparts
. Similar values for the oxygen mass loss are likely required
to explain the twist observed in stellar mass, metallicity and
SFR relation. For this to be the case, a relatively strong dy-
namical coupling between the dust and oxygen in the gas is
required.

Taken at face value, the slow flow properties in-

ferred from our model suggest a qualitatively different
type of outflow than those observed in starburst, post-
starburst and luminous infrared galaxies in the nearby uni-
verse (Rupke et al. 2005; Martin 2006; Rich et al. 2010;
Tremonti et al. 2007; Sharp & Bland-Hawthorn 2010) or
star-forming galaxies at higher redshifts (Shapley et al.
2003; Weiner et al. 2009; Steidel et al. 2010). In these galax-
ies outflows with velocities on order ∼ 1000 km/s are ob-
served driven by energy and/or momentum from vigorous
star formation. The mass loading of the wind is typically on
order unity or greater. Outflows have also been observed in
the stacked spectra of normal star-forming galaxies in the lo-
cal universe (Chen et al. 2010). In these normal star-forming
galaxies, the outflow velocities inferred from the NaD ab-
sorption line range from ∼ 120− 160 km s−1 .

Hopkins et al. (2012) consider several independent feed-
back mechanisms in their cosmological simulations. They
conclude that multiple feedback processes acting on different
spatial and temporal scales are required to produce realistic
outflows. In particular they find that in normal star-forming
galaxies such as the Milky Way, gas is largely driven out by
heating of the ISM by supernovae and shocked stellar winds.
Radiation pressure does drive some cold gas out of the ISM
but the fraction is small. We note that Hopkins et al. (2012)
run their observations over a few orbital periods (∼0.5 Gyr),
future simulations run over longer timescales could provide
an important test for the model presented here.

Our three parameter model suggests that there is room
for additional, independent physical mechanisms for driving
out (or destroying) dust in star-forming galaxies. The three
parameter model incorporates an additional feedback term
that is simply proportional to the SFR. This term could
be physically interpreted as energy injection from SN and
shocks driven by stellar winds. In this physical picture, ther-
mal energy is deposited directly into the ISM and no cou-
pling between dust and gas is required in order to drive
outflows. It may be the case that though a substantial frac-
tion of the dust is lost in the slow flow, the coupling of dust
and gas is weak leading to very little gas entrainment. Our
three parameter model allows for ∼ 30% − 40% of the dust
produced by galaxies at all stellar masses to be driven out
by heating of the ISM (see Figure 11b) while still producing
the twist in the MDSR. The velocity and mass loading of
this type of outflow could be significantly larger than the
slow flow since the timescale is instantaneous and, to first-
order, we expect the ambient dust-to-gas ratio (∼0.01) for
the outflowing material.

8.3 Mass Transport

Dust driven outflows offer an attractive physical mecha-
nism to explain the dust observed outside of galaxies. Us-
ing spectropolarimetric observations, Yoshida et al. (2011)
directly observe dust in the wind of M82. Additionally,
the presence of dust around galaxies is established by di-
rect observations of polycyclic aromatic hydrocarbon fea-
tures (Engelbracht et al. 2006; Roussel et al. 2010), in the
serendipitous alignment of a galaxy pair where extended
dust disk is observed (Holwerda et al. 2009) and statisti-
cal studies of extinction of background galaxies by fore-
ground galaxy halos (Zaritsky 1994; Ménard et al. 2010).
Excess reddening is observed on scales ranging from a few
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kpc to a few Mpc. Fukugita (2011) argues that the total
amount of dust produced in the history of the universe is
consistent with the amount observed inside and outside of
galaxies suggesting that only a small fraction of dust pro-
duced is destroyed. From this analysis it is estimated that
a large fraction (∼ 60%) of the total dust in the universe
is distributed in the halos of galaxies and the intergalactic
medium (also see Ménard & Fukugita 2012).

In Zahid et al. (2012b) we conduct a census of oxygen
in star-forming galaxies in the local universe. We find that
a large fraction of oxygen produced in galaxies is not ac-
counted for by oxygen locked up in stars and in the ISM.
The “deficit" of oxygen observed is consistent with the esti-
mated oxygen content of the halos of star-forming galaxies
(Tumlinson et al. 2011). A robust conclusion of Zahid et al.
(2012b) is that the oxygen deficit scales with stellar mass
such that high mass galaxies are missing a larger fraction of
their oxygen as compared to lower mass galaxies. The mag-
nitude of dust mass loss and its scaling with stellar mass
presented in this study is consistent with the inferred oxy-
gen deficit in local star-forming galaxies. The Slow Flow
mechanism may provide a physical basis for understanding
the oxygen census of local star-forming galaxies presented
in Zahid et al. (2012b).

The physical transport of dust and metals may help
to explain several observations. In spiral galaxies, the
flat oxygen abundance gradients observed out to sev-
eral optical radii are inconsistent with in situ formation
of oxygen (Bresolin et al. 2009b; Werk et al. 2010, 2011;
Bresolin et al. 2012). A plausible explanation is the trans-
port of oxygen from the inner parts of galaxies. Such a
mechanism would also be consistent with the ubiquitous
presence of oxygen in the halos of star forming galaxies
(Tumlinson et al. 2011).

The slow flow may also have an effect on local prop-
erties of galaxies. Bresolin et al. (2009a) show that the
metallicities inferred from temperature sensitive [OIII]λ4363
line and those determined from B and A supergiants by
Kudritzki et al. (2008) agree well in NGC 300. If coulomb
interactions are responsible for exchange of momentum be-
tween dust and gas, then a preferential loss of more ion-
ized species may occur in dustier HII regions. If this is the
case, our model suggests that at higher metallicities, the
metallicities inferred for HII regions may be systematically
lower than stellar metallicities due to the efficient loss of
metals from HII regions with higher dust opacities. How-
ever, this would depend on the velocities and timescales
of outflows in HII regions which currently are not well
constrained. Indication of this effect may already be seen
in M81 (Patterson et al. 2012; Kudritzki et al. 2012), the
Orion nebula (Simón-Díaz & Stasińska 2011), in the cen-
tral region of M33 (Urbaneja et al. 2005; U et al. 2009;
Bresolin et al. 2010) and in M31 (Zurita & Bresolin 2012).

9 SUMMARY

We develop a physically motivated model to reproduce and
explain the observed relation between stellar mass, dust
opacity and SFR (MDSR). In our model, galaxies contin-
uously evolve along the observed MSR. The scatter in the
MSR is populated by galaxies in a temporally correlated

manner. As they build up their stellar mass, they produce
dust and become more opaque. Radiation from massive stars
efficiently couples to dust in systems with high opacity and
over long periods of time slowly drives out dust and presum-
ably gas that may be dynamically coupled to the dust. Mod-
els for stellar mass growth whereby star-forming galaxies
continuously evolve along the MSR and models of radiation
pressure acting on dust grains have both been investigated in
the literature. This paper is the first to put these together in
a self-consistent model. We refer to this self-consistent model
incorporating both stellar mass growth and radiation pres-
sure driven outflows, given by Equation 10, as the Slow Flow

model. We summarize the salient features of our model:

• Normal star-forming galaxies evolve along the observed
stellar mass-SFR relation. The ∼ 0.25 dex 1σ scatter in
the relation is temporally correlated for individual galax-
ies. Thus, for galaxies at the same stellar mass, the age of a
galaxy is anti-correlated with SFR such that older galaxies
have lower current SFRs.

• Stellar mass recycling is time dependent and the dust
production rate is proportional to the stellar mass recycling
rate. At the fixed stellar mass, older galaxies have recycled
a larger fraction of their gas back to the ISM and thus pro-
duced a greater amount of dust. Also, older galaxies have
lower current SFRs at a fixed stellar mass. Therefore, the
anti-correlation between dust opacity and SFR at stellar
masses . 1010M⊙ is naturally explained as an age effect.

• Radiation pressure acting on dust grains over long peri-
ods is capable of driving dust out of the ISM of star-forming
galaxies. As galaxies grow in stellar mass they become
dustier. At a stellar mass ∼ 1010M⊙ star-forming galaxies
become optically thick and radiation efficiently drives dust
out of galaxies on a few Gyr timescales.

• The dust production rate is proportional to the stellar
recycling rate and thus is positively correlated with the SFR.
The timescale for dust loss is long and therefore at stellar
masses & 1010M⊙, galaxies with high SFRs accumulate dust
more rapidly than they expel it. The accumulation of dust in
rapidly star-forming galaxies naturally explains the positive

correlation between dust opacity and SFR at stellar masses
& 1010M⊙.

The results presented in this paper offer interesting new
evidence that outflows of gas and dust play an important
role in the evolution of normal star-forming galaxies in the
local universe. We demonstrate that considerations for time
dependent stellar mass loss are important for understanding
the properties of star-forming galaxies. Despite being quite
simple, our model gives us a potentially powerful tool for in-
terpreting the observed relation between stellar mass, dust
opacity and SFR. A detailed model of the physical processes
outlined in this paper needs to be worked out and observa-
tions of outflows in normal star-forming galaxies are required
to establish and constrain the model.
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