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• observations show D ~ 0.5 × Z 
for many nearby galaxies

αCO From Dust In The Local Group 11

Fig. 6.— (Left) αCO as a function of metallicity. The gray region shows the range of commonly-used αCO for the Milky Way and
the dashed line indicates the value argued for by Draine et al. (2007) studying integrated photometry of SINGS galaxies. (Right) The
gas-to-dust ratio ratio δGDR as a function of the same metallicities. The dashed line indicates a linear scaling.

Fig. 7.— αCO as a function of metallicity. Blue measurements show αCO from virial mass calculations using high-resolution (! 30 pc
FWHM) CO mapping. Red measurements show αCO from infrared observations. The “ULIRGS” label indicates roughly the region of
parameter space occupied by the dense, excited gas in merger-induced starbursts (Downes & Solomon 1998).

5 Local Group Galaxies

(pre-Herschel)
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• How dusty are high-redshift 
galaxies? e.g., Walter et al. 2012; 
Kanekar  et al. 2013; Ouchi  et  al.  2013; 
Ota et al. 2014; Gonzalez-Lopez et al. 2014; 
Maiolino  et  al.  2015; Schaerer  et  al.  2015 
Cooray et al. 14, Capak et al. 15, Watson et 
al. 15, Scoville et al. 2015

• similar result at intermediate z 
(QSO, GRB; e.g. de Cia+13, Zafar & 
Watson 13)

• clear deviation from linear relation for nearby dwarf galaxies

Rémy-Ruyer et al.: Gas-to-Dust mass ratios in local galaxies over a 2 dex metallicity range

a) b)
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Fig. 4. (Top row): G/D as a function of metallicity for the 2 values of XCO: XCO,MW (a) and XCO,Z (b). The mean error for the data
points is shown in grey on the right of the plots. The colours code the reliability of the point depending if the gas mass is uncertain
(in blue), the dust mass is uncertain (in red) or if both are uncertain (in purple). The symbol traces the changes made in the Hi and
H2 masses (see text for details on the uncertainties and the changes on the gas masses). The dashed line represents the reference
scaling of the G/D with metallicity (not fit to the data). The dotted and dash-dotted lines represent the best power-law and best
broken power-law fits to the data. (Bottom row): Same as top row for XCO,MW (c) and XCO,Z (d), where the binned G/D values (see
text) have been added as pink filled circles. For clarity, the observed G/D values are now shown in grey. On the bottom panels the
relative dispersion in each bins, in terms of standard deviation, is shown and the colours show the number of galaxies in each bin.

a even weaker correlation (⇢ ⇠ 0.16) between these two quanti-
ties (see Fig. B.1).

As all of these parameters are themselves related to the
metallicity of the galaxy, the observed weaker correlations are
thus “secondary” correlations, resulting from the correlation be-
tween the metallicity and the other galactic parameters. This
means that, as far as these five parameters are concerned (metal-
licity, stellar mass, SFR, SSFR and morphological type), metal-
licity is the fundamental parameter driving the observed G/D
values. Thus in the following, we focus only on the relation be-
tween G/D and metallicity.

3.3. Empirical relations and scatter

To investigate the variation of the G/D with metallicity, we first
fit a power-law (dotted line in Fig. 4) through the observed G/D
values (excluding the limits): G/D / (O/H)↵. The fit is per-
formed with the IDL procedure mpfit7 and is shown in Fig. 4.
The fit is weighted by the individual errors bars of the G/D val-
ues and the number density of points to avoid being dominated
by the more numerous high-metallicity galaxies. We get a slope
for the power-law of ↵ = -1.6 ± 0.3 for XCO,MW and ↵ = -2.0

7 http://www.physics.wisc.edu/ craigm/idl/idl.html
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What sets the dust abundance in galaxies?

• prototypical example: low Z, dwarf galaxies such as I Zw 18 
(e.g., Galametz et al. 2011, Herrera-Camus et al. 2012)

• larger samples with Herschel (e.g., Remy-Ruyer et al. 2014)
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Rémy-Ruyer et al. 2014

• Herschel IR coverage
• 126 galaxies
• 2 dex metallicity range

• prototypical example: low Z, dwarf galaxies such as I Zw 18 
(e.g., Galametz et al. 2011, Herrera-Camus et al. 2012)

• larger samples with Herschel (e.g., Remy-Ruyer et al. 2014)

• How dusty are high-redshift 
galaxies? e.g., Walter et al. 2012; 
Kanekar  et al. 2013; Ouchi  et  al.  2013; 
Ota et al. 2014; Gonzalez-Lopez et al. 2014; 
Maiolino  et  al.  2015; Schaerer  et  al.  2015 
Cooray et al. 14, Capak et al. 15, Watson et 
al. 15, Scoville et al. 2015
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Importance of the D/Z ratio

What does it tell us about the physics of dust?
• importance of grain growth in the cold ISM
• stellar dust production / destruction
• role of dust-poor inflows & dusty outflows

Extract information about the chemical cycle of the ISM? 

Metals
• primary cooling agent
• required for ISM chemistry

Dust
• shielding agent
• cooling/heating
• catalysts for H2 formation
• radiation pressure

Star formation
• metal & dust production
• dust destruction
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• one-zone chemical model with equilibrium ansatz 

• dynamical, one-zone model with empirical constraints

How to analyze the dust evolution of galaxies?

Co
m

pl
ex

ity

• dust production by stars (AGB stars, SN) [ � metal production ]
• dust destruction by SN shockwaves
• dust removal via star formation
• dust removal in outflows
• inflows from the cosmic web

Dust production & destruction:

• here: tacc ~ tacc,☉ Z☉ / Z (e.g., Inoue+11, Asano+13)

• can be calculated directly (collision theory, e.g., Dwek 1998, 
Weingartner & Draine 1999), but uncertain parameters

=> tacc rather uncertain: 105 yr (Dwek 1998) – 108 yr (Hirashita 2000)

Ṁdust / Mdust/tacc• dust growth in the interstellar medium:

e.g., Bekki 2015, McKinnon et al. 2015, 
Feldmann & Gnedin in prep

• cosmological, hydrodynamical simulation with live dust model
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One-zone models

The Astrophysical Journal, 772:119 (19pp), 2013 August 1 Lilly et al.

Figure 2. Illustration of the gas-regulated model, in which the SFR is regulated by the mass of gas in a reservoir within the galaxy. Gas flows in to the halo, some
fraction fgal of which also flows into the galaxy system at a rate Φ and adds to the gas reservoir. Stars continuously form out of the reservoir at a rate that is assumed
to be proportional to the mass of gas, characterized by a star formation efficiency ε or gas consumption timescale τ gas. A fraction of the stellar mass is immediately
returned to the reservoir, along with newly produced metals. Finally, some gas may be expelled from the system, and possibly from the halo, by a wind Ψ that is
assumed to be proportional to the SFR. The mass of gas in the reservoir is free to vary and this regulates the star formation. The picture on the right shows, in schematic
form, the net flows through the system. The division of the incoming flow Φ into three streams is determined by ε, λ, and the sSFR, which are assumed to vary on
timescales that are longer than the time the gas spends in the system. The duration that the gas is in the system is given by the gas consumption timescale τ gas.

increases. Adopting κ = 1 is a simple case that we adopt for
heuristic purposes.

We define the mass loss Ψ from the system, which we assume
increases (in a given system) linearly with the SFR, in terms of
a mass-loading factor λ, so that

Ψ = λ · SFR. (8)

Again, λ may well vary with the mass of the galaxy (and/or
epoch) due to the depth of the potential well, or other factors.
Note that the gas-to-stars ratio µ in the steady-state regulator
system depends only on the sSFR and on the star formation
efficiency ε, through Equation (7), and not on the level of mass
loss from the system. Again, the linearity of Ψ with respect
to the SFR in a particular galaxy is a simplifying, heuristic,
assumption. We will see that the outflow acts as a kind of
inefficiency in the system, and its exact form will not alter the
qualitative features of the model.

The simplest possible case would be one in which the ε and λ
of a given regulator system are both constant. We will refer to this
as an “ideal” regulator. In practice, we expect that ε and λ will
both depend on galactic mass, and possibly on epoch, and that
these parameters will change for a given galaxy as it increases
in mass, even if at fixed mass these parameters are constant
with epoch. However, provided that changes to the operation
of the regulator are slow compared with the gas consumption
timescale τ gas, the ideal case is a good basis for considering
these more realistic situations the outcome is perturbed (see
Sections 4 and 5).

The action of the basic (Equation (4)) is to regulate the SFR
in a galaxy via the amount of gas present. Variations in the infall
rate, over time or from galaxy to galaxy (or, equally well, varia-
tions in the star formation efficiency or wind mass-loading) will
quickly lead to changes in the gas reservoir, consequent adjust-
ment of the SFR, and thus regulation of the star formation rate.

Two simple diagrammatic representations of the gas-
regulated model are shown in Figure 2. The one on the left

is more pictorially realistic, while the one on the right shows a
more schematic representation of the flows through the system.
Gas flows into this reservoir from the outside, at a rate given by
Φ. In a given interval of time, some of the gas in the reservoir
forms stars, and a fraction (1−R) steadily builds up a population
of long-lived stars. Star formation may drive a wind Ψ out of
the galaxy, either back into the halo, or beyond (we will not be
concerned with this distinction). The mass of gas in the reservoir
of the system, mgas, is free to increase or decrease with time and
it is this change which gives the regulator its ability to regulate
the SFR of the galaxy. Changes in mgas must be associated with
a net flow into or out of the reservoir. We will not consider the
gas in the wider halo except to define the instantaneous inflow
Φ of gas into the galaxy to be some fraction fgal of the instan-
taneous inflow of baryons into the halo. The gas flowing into
the galaxy system from the surrounding halo may have some
prior chemical abundance Z0, and the gas flowing back out is
assumed to have a composition representative of the reservoir.
No attempt will be made to follow possible mixing of these two
flows in the surrounding halo environment.

Strict mass conservation, plus our definition of Φ in terms of
the increase in halo mass and fgal, enables us to write

Φ = (1 − R + λ) · SFR +
dmgas

dt
. (9)

In Davé et al.’s (2012) recent treatment, the dmgas/dt term in
Equation (9) is set to zero, since these authors assumed that the
gas reservoir has a fixed mass. Changes in mgas are a fundamental
part of the self-regulation of the galaxy in our model. Our gas-
regulator model will have a stable (or slowly evolving) gas ratio
µ if the sSFR is more or less constant. We will see below that
the gas reservoir can actually be the dominant endpoint for
incoming baryons at z ∼ 2 in galaxies of intermediate masses.
More importantly, we shall also see that it is the inclusion of this
variable reservoir term that leads to the implicit dependence of
gas metallicity on the SFR, which is otherwise not present.

5

Lilly et al. 2013

Ṁ
g

= Ṁ
g,in � (1�R) SFR� ✏

out

SFR

change in 
ISM mass

inflow star formation outflows

• treat galaxies as a single zone
• average over spatial variations

• extensively used to study chemical 
(dust/metals) evolution:

e.g., Dwek & Scalo 1980, Wang 1991, Dwek 1998, Hirashita & 
Ferrara 2002, Galliano, Dwek & Chanial 2008, Gall, Andersen & 
Hjorth 2011, Inoue 2011, Asano et al. 2013, Feldmann 2013, 
Lilly et al. 2013, Zhukovska 2014, Zahid et al. 2014, ...

• similar equations for
• metal masses in the ISM (y)
• dust masses (yd, tacc,      )✏SN
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Outflows

✏
out

=
Ṁ

gas,out

SFR

• consistent with observations of 
outflows (~104 K gas) from 
galaxies in the nearby Universe 
(e.g., Chisholm et al. 2014)

Gusty, gaseous flows of FIRE 11

Figure 5. Average mass-loading factor (⌘) from 4.0 > z > 2.0 (black), 2.0 > z > 0.5 (blue), and 0.5 > z > 0 (red) vs circular velocity (vc, Left) and halo
mass (Mh, Right) as they are at the midpoint of the interval in redshift space (zmed = 3 for high-z, zmed = 1.25 for med-z, zmed = 0.25 for low-z). Upside down
triangles show the halos in the zoom in region of m09, m10, and m11. m12v, m12i, and m12q are shown as triangles, except in the low-z data, where their
“main” halos are shown as upper limits (see text). Squares show z2h halos in the high-z sample. Open symbols indicate that the halo did not survive until the
end of the interval, but it survived at least as long as the midpoint of the interval. For ⌘ as a function of vc, we provide a broken power law fit including a
redshift evolution term (Equations 4 and 5), and evaluate it at z = 3 (black dotted line), z = 1.25 (blue dotted line), and z = 0.25 (red dotted line). The ⌘ vs
Mh fit is directly converted from the ⌘ vs vc fit (Equations 6 and 7).

cal quantities as measured at the midpoint of each interval in red-
shift (zmed = 3 for high-z, zmed = 1.25 for med-z, and zmed = 0.25
for low-z). We have considered other choices for the representative
redshift, such as the epoch when the cumulative time-integrated
flux of ejected material in each halo reaches 50% of its final value,
but found that our results were largely unchanged. Within each red-
shift interval, we elect to use a single epoch for all halos to simplify
interpretation.

In the figures and fits provided in the sections below, we
present ⌘ as measured by the ratio of integrated outflow and
star formation rates over the entire considered interval. Outflow
rates themselves were measured with the Instantaneous Mass Flux
method, and a radial velocity cut of vcut = 0 is used to define out-
flows. We also provide Table 2, which shows average values of ⌘
for the “main” halos in each simulation at various epochs using var-
ious measurement methods. All outflow rates were measured in the
0.25Rvir shell. Section 5.4 shows how these measurements differ at
various halo-centric radii. An alternative approach would be to in-
stead use a shell at a fixed physical radius at all times (i.e. a few
tens of kpc). However, using such a threshold would probe rather
different spatial regions when applied to our dwarf galaxies (poten-
tially outside Rvir), and to our most massive halos (close to galactic
edge). For now, we stick to using shells at a fixed fraction of Rvir,
as they can consistently be adapted to all halos at all epochs.

5.1 Fits of ⌘ for individual halos

We start by considering the relationship between ⌘ and the halo
circular velocity (vc =

p
GMh/Rvir), which evolves more slowly

with redshift than other halo properties (as previously mentioned,
the halo mass of m12i increases by a factor of ~10 between z = 4
and z = 2, while vc only increases by a factor of ~2). We show

Figure 6. Average mass-loading factor (⌘) vs stellar mass (M⇤), using the
same symbol and color conventions as Figure 5. A single power law fit
with no redshift dependence (Equation 8, dotted black line) describes the
data well, except for massive halos at low redshifts, where outflows are
diminished (red upper limits).

the average value ⌘ vs vc in the left panel of Figure 5. We can im-
mediately see that halos with low vc and halos with high vc may
be best described by different slopes. Our method for constructing
the fit for ⌘ vs. vc is as follows: We divide the sample into two
distinct populations, vc < 60km/s and vc > 60km/s. The choice
to use 60 km/s was arbitrary, but produced fits with relatively low

c� 0000 RAS, MNRAS 000, 000–000

Muratov et al. 2015

• hydrodynamical simulations find 
mass loading increases with 
decreasing stellar mass (e.g., Hopkins 
et al. 2011, Shen et al. 2012, Muratov et al. 2015)

✏
out

/ M�[0.3,0.5]
⇤

mass loading factor
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Equilibrium Model

Equilibrium ansatz: Z and D change only “slowly”

gas mass / gas accretion rate ≲ tage
metal yield

outflows changing ISM massesstar formation

(see Feldmann 2015)

hZi ⇠ y
SFR

Ṁgas,in
1.

hDi = f(Z,
SFR

Ṁgas,in

, . . . ) hDi(Z, . . .)2.

model parameters, e.g., y, yd, ...

 
SFR

Ṁ
gas,in

!�1

= ✏
out

+ (1�R) + Ṁ
gas

/SFR
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Equilibrium prediction for the dust-to-gas ratio

� =
tdep,H2

tacc,� Z�

3280 R. Feldmann
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Figure 2. Equilibrium dust-to-gas and dust-to-metal ratios as function of the ratio between SFR and gas inflow rate (horizontal axis) and the ratio between
gas depletion time and dust growth time in the ISM (vertical axis). (Left-hand panel) equilibrium dust-to-gas ratio, equation (14), in units of Z!. The x-axis is
labelled with the ratio between SFR and gas inflow rate (bottom) and the corresponding equilibrium metallicity (top), respectively, see (6). (Right-hand panel)
dust-to-metal ratio as predicted by the equilibrium model, i.e. equation (14) divided by equation (6). The x-axis is labelled with the ratio between SFR and gas
inflow rate (bottom) and the corresponding mass loading factor of outflows (top), respectively, see equation (7). The solid line in both panels shows β = 0.
This line separates a parameter region of low D and low D/Z (to the left of the line) from a region of high D and high D/Z (to the right of the line). Dashed
lines show where β = ±2

√
αγ and indicate the width of the transition region. The dust-to-gas and dust-to-metal ratios increase with increasing gas-phase

metallicity, with decreasing mass loading factor, and with a decreasing dust formation time in the ISM.

processes are thus the prime candidates for ultimately driving the
metallicity, the dust-to-gas ratio, and the dust-to-metal ratios of
galaxies. We will continue this discussion in Section 4.

2.4 The Z–D relation in the equilibrium picture

Both the equilibrium metallicity and the equilibrium dust-to-gas
ratio of a given galaxy depend4 on a dimensionless parameter: r,
the ratio between SFR and gas inflow rate. The dust-to-gas and
dust-to-metal ratios further depend on the ratio γ between the gas
depletion time and the dust growth time in the ISM, see equation
(13).

We visualize the equilibrium predictions for D and D/Z in Fig. 2.
For a given value of γ , galaxies with small enough r (or small
enough Z) have low dust-to-gas and dust-to-metal ratios. In contrast,
galaxies with a large enough r (or large enough Z) have much
larger dust-to-gas and dust-to-metal ratios. The transition is sharp,
especially so for the dust-to-metal ratio.

In Fig. 3, we show the predictions of our equilibrium model for
the parameters specified in Section 2.2. We obtain a Z–D relation
by varying r and keeping all other model parameters (including
γ ) fixed. Hence, the Z–D relation emerges as a consequence of
the dependence of Z and D on r (at fixed γ ). Galaxies with suffi-
ciently large r have dust-to-gas ratios close to the depletion limit,
i.e. here D ≈ D+ ≡ f depZ. Galaxies with sufficiently small r (and
thus low Z) have low dust-to-gas ratios D ≈ D− ≡ yD

y
1−rZ
1−rD

Z. The
transition between low and high dust-to-gas ratios takes place at
Z ∼ Zcrit, or equivalently, for r̃ ∼ r̃crit. Zcrit and r̃crit both increase with
decreasing γ .

Variations of γ lead to scatter in the Z–D relation. For instance, at
a fixed metallicity, galaxies with longer H2 depletion times or with
shorter dust growth times in the ISM will have a larger dust-to-gas
ratio. It remains to be seen whether this mechanism causes most

4 In this subsection, we adopt the view that other important model param-
eters, e.g. the metal yield, the dust yield, or the inflow enrichment factors
rZ and rD are either constant or only evolve on sufficiently long ('r tdep)
time-scales.

of the scatter in the observed Z–D relation. Short-term fluctuations
in the gas accretion or outflow rates are plausible alternatives (e.g.
Zhukovska 2014).

In Fig. 3, we also compare the predictions of the equilibrium
model with the observational study by Rémy-Ruyer et al. (2014).
The authors fit a broken-power law to the Z–D relation based
on an observational sample of 126 nearby galaxies (their table 1,
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Figure 3. Relation between metallicity (normalized to Z! = 0.014) and
dust-to-gas ratio (normalized to DMW = 0.0064; Zubko, Dwek & Arendt
2004) as predicted by the equilibrium model, equations (6,14). Diamond
symbols show the position of (Zcrit, Dcrit). The dust-to-gas ratio is small
(≈D− ≡ yD

y
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Z; dotted line) at Z ( Zcrit, and close to the depletion limit
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metallicities, i.e. Zcrit increases, with decreasing γ (see legend). Dashed lines
(almost on top of the solid lines) are the approximations (equations 15, 16)
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fit to the dust-to-gas ratio of nearby galaxies by Rémy-Ruyer et al. (2014).
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mean of 0.37 dex (Rémy-Ruyer et al. 2014). The predicted and observed
Z–D relations are in good agreement for γ ∼ 3 × 104.
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• to test validity / accuracy of the equilibrium ansatz
• to study which processes (outflows, star formation, evolving 

ISM masses, ...) drive low D/Z ratios
• to gain additional insights in the evolution of properties not 

captured by the equilibrium ansatz

Main motivation:

Empirical, dynamical model

• evolve model forward with Z and D network

Method:
• pick z=0 galaxy of certain stellar mass

Lilly et al. 2013• evolve the observed sSFR(t) backward in time
Mg(t), Ṁg(t) Genzel et al. 2014• obtain                     from observed depletion times 

Hopkins et al. 2011
Chisholm et al. 2015• mass loading factor from simulations & observations

Ṁg,in(t) Ṁ
g

= Ṁ
g,in � (1�R) SFR� ✏

out

SFR• mass conservation equation provides
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The equilibrium view on dust and metals in galaxies 9

on self-consistent Hydrodynamical simulations of galactic winds
(Hopkins, Quataert & Murray 2012):

✏out = 2 fcomb

 
1,


M⇤

1010M�

��0.59
!
. (24)

fcomb(x, y) = x+y�(x�1+y�1)�1 provides a smooth transition
between high mass-loading factors for low M⇤ and our adopted
lower limit ✏out = 2 for large M⇤. A significant fraction of the
expelled material is expected to return, especially for more mas-
sive galaxies. We discuss some aspects of this “wind recycling” in
section 3.2.

The relative metal enrichment rZ of the inflowing gas is likely
smaller at higher redshift when material that had been expelled in
galactic fountains has not yet fallen back. We thus adopt a linear
scaling with redshift similar to the one proposed by Davé, Finlator
& Oppenheimer (2012) based on hydrodynamical simulations (but
without an explicit stellar mass dependence):

rZ = max (0, 0.25� 0.05 z) . (25)

While our choice is to some extent ad hoc, the precise value of rZ
plays little role as long as rZ ⌧ 1, see (5).

In order to numerically integrate equations (1 - 4, 7) we need
to specify some additional model parameters. We mostly stick to
our choices from section 2.4: R = 0.46, y = 6.9 ⇥ 10�2,
yD = 6.9⇥ 10�4, fdep = 0.7, rD = 0, and ✏SN = 10. To convert
between redshift and time we adopt a WMAP-9 cosmology (Hin-
shaw et al. 2013) with the following parameters: ⌦m = 0.2821,
⌦b = 0.0461, ⌦⇤ = 1�⌦m, �8 = 0.817, n = 0.965, H0 = 69.7
km s�1 Mpc�1, and fbar = 0.163.

In Fig. 4 we illustrate the evolution of various galaxy proper-
ties based on our one-zone dynamical model. Specifically, we plot
how baryonic masses, stellar masses, gas masses, molecular gas
masses, and SFRs change with time for galaxies with different stel-
lar masses and different QMS. We find that galaxies lower sSFRs
acquire their masses much earlier than galaxies with larger sSFRs.
For instance, a galaxy with a z = 0 mass of 1010 M� acquires
1/10-th (one half) of its final stellar mass (i) by z ⇠ 1.1 (z ⇠ 0.45)
if it lives on the main sequence, (ii) by z ⇠ 0.46 (z ⇠ 0.18) if
it lives a factor 3 above the main sequence, and (iii) by z ⇠ 2.4
(z ⇠ 1.0) if it lives a factor 3 below the main sequence. Hence,
even a small (but persistent) offset from the main sequence of star
formation has a large impact on the growth history of galaxies. The
mass assembly also depends on the final stellar mass, although only
weakly. For instance, a galaxy with a z = 0 mass of 109 M�
acquires 1/10-th (one half) of its final stellar mass by z ⇠ 0.90
(z ⇠ 0.38), i.e., at a slightly later time than a galaxy with a z = 0
mass of 1010 M�.

3.2 Predictions of the dynamical model

The dynamical model fits a number of observations by construc-
tion, e.g., the SFR - stellar mass relation or the evolution of the gas
depletion time. In this section, we test two genuine predictions of
the model against observational data: the stellar mass – ISM metal-
licity relation and the stellar mass – halo mass relation. We discuss
the Z – D relation in section 3.3.

We show in Fig. 5 the stellar mass – ISM metallicity rela-
tion as predicted by the dynamical model. In particular, we plot
12+log10(O/H) = 8.69+log10(Z/0.014) at z = 0 and z = 2.3
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Figure 5. Stellar mass - ISM metallicity relation as predicted by the dynam-
ical model of section 3.1 for our fiducial set of parameters. We compare the
model predictions for the z = 0 (solid lines) and z = 2.3 (dashed lines)
mass – metallicity relation with measurements for local galaxies (SDSS;
from Sanders et al. 2014) and star forming galaxies at z ⇠ 2.3 (Sanders
et al. 2014). The observational data uses the O3N2 metallicity indicator for
both low and high redshift galaxies to minimize biases that arise from the
metallicity calibration (Kewley & Ellison 2008). Blue, green, and red lines
show samples binned according to their sSFR: QMS = 3, 1, 1/3 (at z = 0)
and QMS = 0.75, 1, 1.5 (at z = 2.3). The lower range of QMS at z = 2.3
was chosen to roughly mimic the spread in SFRs in the observational data
set by Sanders et al. (2014). The dynamical model reproduces the observed
stellar-mass metallicity relation in shape, normalization, and redshift evo-
lution. Furthermore, it predicts a dependence on the offset from the main
sequence of star formation in (at least qualitative) agreement with observa-
tions (Mannucci et al. 2010; Andrews & Martini 2013; Lara-López et al.
2013; Sanders et al. 2014).

for a range of stellar masses and sSFRs. The ISM metallicities in-
crease with decreasing redshift in good agreement with observa-
tional data (Sanders et al. 2014). Furthermore, we reproduce the
observed trend of galaxies with larger sSFR having lower metallic-
ities (e.g., Mannucci et al. 2010; Andrews & Martini 2013; Lara-
López et al. 2013; Sanders et al. 2014).

The dynamical model predicts that offsets from the main se-
quence of star formation affect the ISM metallicity more strongly
at higher redshift. In Fig. 5 we vary QMS by a factor 3 at z = 0
and by 6 50% at z = 2.3, yet the change in metallicity is similar
(⇠ 0.04�0.05 dex). The equilibrium framework offers an explana-
tion for this result via equation (6). The normalization of the main
sequence of star formation increases with redshift. Hence, the ratio
between SFR and gas inflow rate, r, becomes more sensitive to the
first term in the brackets in the equation, i.e., the term proportional
to the sSFR, at higher z. The ISM metallicity is controlled by the
value of r, or more precisely by r/(1� rZ), via (5).

The stellar mass – halo mass relation provides a further test
of our dynamical model. Observationally, this relation can be de-
rived from, e.g., galaxy clustering (e.g., Yang, Mo & van den Bosch
2003; Zehavi et al. 2004; Skibba & Sheth 2009), weak lensing (e.g.,
Mandelbaum et al. 2006), satellite kinematics (e.g., Carlberg et al.
1996; More et al. 2011), or abundance matching (e.g., Kravtsov &
Klypin 1999; Conroy, Wechsler & Kravtsov 2006; Guo et al. 2010;
Moster, Naab & White 2013; Behroozi, Wechsler & Conroy 2013).
Conciliating the predictions of galaxy evolution models with the
observed stellar mass – halo mass relation proved challenging for
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We show in Fig. 5 the stellar mass – ISM metallicity rela-
tion as predicted by the dynamical model. In particular, we plot
12+log10(O/H) = 8.69+log10(Z/0.014) at z = 0 and z = 2.3

Sanders et al. 2014 z~2.3

SDSS z<0.1

dyn. model z=2.3

dyn. model z=0

log
10

 M
star

 [ M
sun

 ]

1
2
 +

 lo
g

1
0
(O

/H
)

9 9.5 10 10.5 11

8

8.2

8.4

8.6

8.8

Figure 5. Stellar mass - ISM metallicity relation as predicted by the dynam-
ical model of section 3.1 for our fiducial set of parameters. We compare the
model predictions for the z = 0 (solid lines) and z = 2.3 (dashed lines)
mass – metallicity relation with measurements for local galaxies (SDSS;
from Sanders et al. 2014) and star forming galaxies at z ⇠ 2.3 (Sanders
et al. 2014). The observational data uses the O3N2 metallicity indicator for
both low and high redshift galaxies to minimize biases that arise from the
metallicity calibration (Kewley & Ellison 2008). Blue, green, and red lines
show samples binned according to their sSFR: QMS = 3, 1, 1/3 (at z = 0)
and QMS = 0.75, 1, 1.5 (at z = 2.3). The lower range of QMS at z = 2.3
was chosen to roughly mimic the spread in SFRs in the observational data
set by Sanders et al. (2014). The dynamical model reproduces the observed
stellar-mass metallicity relation in shape, normalization, and redshift evo-
lution. Furthermore, it predicts a dependence on the offset from the main
sequence of star formation in (at least qualitative) agreement with observa-
tions (Mannucci et al. 2010; Andrews & Martini 2013; Lara-López et al.
2013; Sanders et al. 2014).
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Figure 5. Stellar mass - ISM metallicity relation as predicted by the dynam-
ical model of section 3.1 for our fiducial set of parameters. We compare the
model predictions for the z = 0 (solid lines) and z = 2.3 (dashed lines)
mass – metallicity relation with measurements for local galaxies (SDSS;
from Sanders et al. 2014) and star forming galaxies at z ⇠ 2.3 (Sanders
et al. 2014). The observational data uses the O3N2 metallicity indicator for
both low and high redshift galaxies to minimize biases that arise from the
metallicity calibration (Kewley & Ellison 2008). Blue, green, and red lines
show samples binned according to their sSFR: QMS = 3, 1, 1/3 (at z = 0)
and QMS = 0.75, 1, 1.5 (at z = 2.3). The lower range of QMS at z = 2.3
was chosen to roughly mimic the spread in SFRs in the observational data
set by Sanders et al. (2014). The dynamical model reproduces the observed
stellar-mass metallicity relation in shape, normalization, and redshift evo-
lution. Furthermore, it predicts a dependence on the offset from the main
sequence of star formation in (at least qualitative) agreement with observa-
tions (Mannucci et al. 2010; Andrews & Martini 2013; Lara-López et al.
2013; Sanders et al. 2014).

for a range of stellar masses and sSFRs. The ISM metallicities in-
crease with decreasing redshift in good agreement with observa-
tional data (Sanders et al. 2014). Furthermore, we reproduce the
observed trend of galaxies with larger sSFR having lower metallic-
ities (e.g., Mannucci et al. 2010; Andrews & Martini 2013; Lara-
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and by 6 50% at z = 2.3, yet the change in metallicity is similar
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first term in the brackets in the equation, i.e., the term proportional
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value of r, or more precisely by r/(1� rZ), via (5).
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The dynamical model reproduces scaling relations

Dynamical model matches:

• total/molecular fgas, gas-to-stellar ratios
• mass – metallicity relation and its evolution
• stellar mass – halo mass relation and its 

evolution (for Mhalo < 1012 M☉)

By construction:
• main sequence evolution
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Figure 8. Dust-to-metal ratio vs ISM metallicity (converted to oxygen-abundance) at z = 0. Green solid lines show predictions of the dynamical model
introduced in section 3.1 for tISM = 1.5 ⇥ 104 yr and QMS = 1. The plotted dust-to-metal ratios are normalized to their value at solar metallicity
(D/Z)� ⇠ fdep = 0.7. (Top left) Predictions of the equilibrium approach, (5, 12), are shown by dashed lines. The H2 depletion time at z = 0, see
equation (21), and the aforementioned value of tISM are used to calculate �. Red and blue lines show results for galaxies offset from the main sequence of
star formation, specifically for QMS = 1/3 and QMS = 3, respectively. (Top right) same as left panel, but equilibrium dust-to-gas ratios are computed after
rescaling � by a factor 0.7. This small adjustment improves the agreement of the equilibrium approach with the predictions of the dynamical model during the
transition phase from low to high D/Z. (Bottom left) Same as top left but red and blue lines now show the effect of varying tISM by a factor 2. (Bottom right)
Same as bottom left but with � replaced by 0.7� as in the top right panel. Black symbols in each of the four panels are measurements of Z and D/Z in nearby
galaxies (Galametz et al. 2011; Kennicutt et al. 2011; Rémy-Ruyer et al. 2014), see legend. These D/Z values are normalized to the D/Z value at solar
metallicity adopted by Rémy-Ruyer et al. (2014): (D/Z)� ⇠ 0.44. Error bars indicate the uncertainties in the measurement of D. Metallicities are derived
using the R23 method with the Pilyugin & Thuan (2005) calibration and are uncertain at a level of ⇠ 0.1 dex (see Rémy-Ruyer et al. 2014 for details). The
shaded region (the same as in Fig. 3) is a fit to the observational data by Rémy-Ruyer et al. (2014). Both the dynamical model and the equilibrium approach
reproduce the observed scaling of D/Z with ISM metallicity. Modest variations of tISM and QMS among galaxies can explain the scatter at low metallicities,
but are probably not responsible for the scatter at Z & 1/3Z�.

voirs we show in Fig. 9 the ratio

✏out r =
✏out SFR

Ṁg,in

between the outflow rate and the gas inflow rate. The results pre-
sented in Fig. 9 are based on the dynamical model of section 3.1 for
our fiducial choice of parameters. Note that Ṁg,in ⇠ ✏outSFR +
Ṁg, i.e., ✏out r measures how inflowing gas is distributed among
the outflow and reservoir channels. If almost all of the inflowing
gas is expelled (and the gas reservoir remains effectively constant),
the value is about 1. Galaxies with negligible inflow rates have large
ratios � 1. In this case, outflows lead to a fast reduction of the ISM
mass. In contrast, a ratio below 0.5 indicates that Ṁg/SFR > ✏out,
i.e., r is driven by a growing ISM reservoir.

Fig. 9 shows that low mass galaxies have ✏out � Ṁg/SFR,
i.e., they are outflow dominated. Gas inflows and outflows in low
mass galaxies are tightly coupled since z ⇠ 3. The physical picture
is thus as follows:

• The expulsion of a large fraction of the inflowing gas limits
the mass of the ISM and, thus, the SFR in low mass galaxies. In
other words, stronger outflows allow for a larger inflow rate at a
fixed SFR (and at a fixed stellar mass for a given QMS). Outflows
are thus directly responsible for the low values of r in low mass
galaxies.
• The inflowing material is dust- and metal-poor compared with

the ISM. Hence, a large gas inflow rate results in a strong dilution
of any existing amount of metals and dust in the ISM. Outflows

c� 0000 RAS, MNRAS 000, 000–000

The Z - D relation revisited

• Equilibrium ansatz describes the Z - D relation qualitatively correct
• Some difference to dynamical model during the transition
•tacc,☉ ~ 106 yr

tacc,☉ Z☉
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Figure 10. Dust-to-metal ratio vs ISM metallicity (converted to oxygen-
abundance) at z = 0 (solid lines) and at z = 2 (dashed lines) as predicted
by the dynamical model introduced in section 3.1. We show the model re-
sults for tISM = 1.5 ⇥ 104 yr (green lines; our fiducial value to match
z = 0 observations, see Fig. 8) and tISM = 700 yr (red lines). The dust-
to-metal ratios are normalized to their value at solar metallicity. Triangles
with error bars show the dust-to-metal ratio of z ⇠ 1 � 4 host galaxies
of gamma-ray bursts (De Cia et al. 2013) and QSO absorbers (Noterdaeme
et al. 2008). The dust-to-metal ratios are derived from the relative depletion
of Zn and Fe using optical/UV absorption line spectroscopy, while metal-
licities are based on the Zn/H ratio, see De Cia et al. (2013) for details. The
shaded region is the broken power-law fit by Rémy-Ruyer et al. (2014) to
the Z – D/Z relation of z = 0 galaxies, see Fig. 8. The dynamical model
predicts little evolution of the Z – D/Z relation between z = 0 and z = 2
as long as the ratio between tISM and tdep,H2 is approximately redshift
independent. This assumption is apparently in conflict with observations of
high redshift damped Lyman-↵ absorbers that require lower tISM and/or a
larger tdep,H2 .

To illustrate this latter point we show in Fig. 10 the predicted
Z – D relation of main sequence galaxies at both z = 0 and z = 2
based on our dynamical model. Clearly, the Z – D relation evolves
little with redshift as long as tISM at z = 2 is close to its fiducial
value at z = 0 (⇠ 1.5⇥ 104 yr). Interestingly, UV/optical absorp-
tion line spectroscopy of z ⇠ 1 � 4 host galaxies of gamma-ray
bursts and QSO absorbers find large D/Z values even in galaxies
with Z ⇠ 1/10 Z� (De Cia et al. 2013). A similar conclusion
was reached based on optical/UV extinction measurements (Za-
far & Watson 2013). These observations suggest that the ratio be-
tween the H2 depletion time and the dust growth time in such high-
redshift systems is larger by at least an order of magnitude. Given
the slow evolution of the H2 depletion time with redshift, equation
(21), these measurements point to potentially much shorter dust
growth times in the ISM of high redshift galaxies.

High sensitivity radio arrays, such as ALMA or NOEMA,
have the capacity to trace gas and dust based on their CO, CII, and
infrared emission out to high redshift. Data taken with such obser-
vatories, supplemented with rest-frame UV/optical spectra, should
be able to pin down the functional form of the Z – D relation as
function of redshift, galaxy type, and local environment. Such ob-
servations will thus provide important insights into the interplay
between star formation and ISM chemistry in various galactic en-
vironments.
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Sanders et al. 2014 and Rémy-Ruyer et al. 2014, respectively,
in form of an easily accessible ASCII table. RF acknowledges
support for this work by NASA through Hubble Fellowship grant
HF-51304.01-A awarded by the Space Telescope Science Institute,
which is operated by the Association of Universities for Research
in Astronomy, Inc., for NASA, under contract NAS 5-26555. This
work made extensive use of the NASA Astrophysics Data System
and arXiv.org preprint server.

REFERENCES

Allende Prieto C., Lambert D. L., Asplund M., 2001, ApJ, 556,
L63

Andrews B. H., Martini P., 2013, ApJ, 765, 140
Asano R. S., Takeuchi T. T., Hirashita H., Inoue A. K., 2013,

Earth, Planets, and Space, 65, 213
Barlow M. J., 1978, MNRAS, 183, 367
Behroozi P. S., Wechsler R. H., Conroy C., 2013, ApJ, 770, 57
Bigiel F., Leroy A., Walter F., Brinks E., de Blok W. J. G., Madore

B., Thornley M. D., 2008, AJ, 136, 2846
Bolatto A. D., Wolfire M., Leroy A. K., 2013, ARA&A, 51, 207
Bothwell M. S., Maiolino R., Kennicutt R., Cresci G., Mannucci

F., Marconi A., Cicone C., 2013, MNRAS, 433, 1425
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The Z - D relation at higher redshift

• little difference expected unless model parameters evolve strongly with z

• intriguing: QSO & GRB observations indicate ~MW D/Z ratios even at low Z
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Outflow rate ~ Inflow rate
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How does it all fit together?

• large outflow mass loading
• large outflow & large inflow rates (~equilibrium)
• inflow of metal-poor, dust-poor gas 

=> dilution of pre-existing dust & metals
• Z << Zcrit; grain growth unimportant
• D/Z small

Low mass galaxy:

High mass galaxy: • low outflow mass loading
• dilution of gas metallicity is small => Z >> Zcrit

• grain growth efficient
• D/Z near the depletion limit
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Conclusions

• D & Z of galaxies can be modeled based on an equilibrium ansatz: 

• Naturally predicts low D/Z at low Z and high D/Z at high Z

• critical metallicity: grain growth balanced by dust dilution 
(SN destruction only secondary effect)

• Empirical dynamical model reproduces several core observations

• Good agreement between dynamical model and equilibrium approach

• The stellar mass dependence of galactic outflows drives the evolution 
of Z, D, and D/Z in galaxies.

Ḋ ⌘ 0 Ż ⌘ 0&

Thank you!

see Feldmann 2015, MNRAS, 449 [ arxiv: 1412.2755 ]


