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Late-time cosmic evolution of dust: solving the puzzle
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ABSTRACT
Dust is an essential ingredient of galaxies, determining the physical and chemical conditions in the interstellar medium. Several
complementary observational evidences indicate that the cosmic dust mass density significantly drops from redshift z = 1 to z =
0. Clearly, and for the first time during cosmic evolution, dust must be destroyed more rapidly than it is formed. By considering
the dust production/destruction processes acting in this cosmic time lapse, we find that the drop can be explained if dust is mainly
destroyed by astration (49 per cent contribution in the fiducial case) and supernova (SN) shocks within galaxies (42 per cent).
Our results further imply that on average each SN destroys only Md,sn = 0.45 M� of dust, i.e. 5–10 times less than usually
assumed, with a hard upper limit of Md,sn < 3.0 M� set by the available metal budget and maximal grain growth. The lower
efficiency might be explained by effective shielding of dust against shock processing in pre-SN wind shells.
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1 IN T RO D U C T I O N

Dust plays a crucial role in the thermal balance, dynamics, and
visibility of galaxies throughout cosmic times. Importantly, dust has a
strong influence on the physical processes of the insterstellar medium
(ISM) of galaxies in several ways.

Grain surfaces and the polycyclic aromatic hydrocarbons (PAH)
participate in a large number of chemical reaction networks in
different phases of ISM, and act as catalyst for important chemical
processes such as the formation of H2 (Tielens 2010), which in turn
drives molecular chemistry.

Dust governs the ISM thermal balance (Draine 2003; Galliano,
Galametz & Jones 2018) by providing photoelectric heating, and
cooling which can alter the shape of the initial mass function (IMF)
by favouring cloud fragmentation, thus inhibiting the formation
of massive stars and fostering the formation of low-mass stars
(Schneider et al. 2003; Omukai et al. 2005).

Finally, grains absorb the stellar ultraviolet light and re-radiate it
in the infrared (IR), shielding the dense gas, and by these means
triggering the formation of molecular clouds where new stars are
born.

In spite of the almost 80-yr history of dust studies, relatively little is
known about the origin and build-up history of the solid component of
the ISM. The naı̈ve expectation is that cosmic dust abundance should
be tied to the metal abundance. However, recent data (presented in
Section 2) suggest that this is not the case. Indeed in the last 7–
8 Gyr the dust abundance has significantly decreased (see fig. 12 of
Péroux & Howk 2020) despite of the increasing availability of heavy
elements, the primary components of dust grains.

� E-mail: andrea.ferrara@sns.it

Theoretically, a few studies have addressed the dust evolution
issue. Aoyama et al. (2018, see also Hou et al. 2019), by performing
cosmological simulations including dust evolution, found that the
cosmic dust density,1 �d(z), peaks at z ≈ 1. They suggest that
the slight decline afterwards is due to astration. A similar type of
simulation has been presented by Li, Narayanan & Davé (2019),
who found that the total �d (i.e. dust in galaxies and outside them)
always increases with time; however, the comoving dust mass density
excluding dust ejected out of galaxies via galactic winds peaks at z

= 2 and then declines. They interpret this trend as a result of the
reduced availability of gas-phase metals to be accreted on grains
due to the decreasing star formation rate at z <∼ 2. In another study
based on EAGLE (Schaye et al. 2015) simulations which assesses
the reliability of SED fitting to recover the input dust mass, Baes
et al. (2020) derived an evolution of �d(z) which fits well the flat
trend measured by Driver et al. (2018) data, but less so the steeper
decline originally found by Dunne et al. (2011).

In any case, the physical nature of the decline cannot be addressed
by current hydrodynamical cosmological simulations which lack the
detailed treatment of the dust formation/destruction processes, but
instead simply scale the dust content with the metal abundance.
While other numerical studies (e.g. Bekki 2015; McKinnon et al.
2018, 2019; Aoyama, Hirashita & Nagamine 2020; Osman, Bekki
& Cortese 2020) have included some of these processes, these
simulations concentrate on single, isolated galaxies, thus hampering
the ability to use such important results in a cosmological framework.

The reported decrease is not predicted by some semi-analytical
models (e.g. Popping, Somerville & Galametz 2017), but resembles

1The cosmic evolution of the cosmic dust mass density, �d, is defined as the
comoving density of dust in the Universe normalized by the critical density
at redshift zero, �d ≡ ρd/ρcr(z = 0).
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that obtained by Gioannini, Matteucci & Calura (2017), although
their model does not account for dust destruction in the hot intra-
cluster (ICM) and intragroup (IGrM) medium (see also Vijayan et al.
2019; Triani et al. 2020).

Notwithstanding these many modelling efforts, the current lack of
convergence in the predictions indicates that the important issue of
dust cosmic evolution is still, at best, poorly understood.

Our work is motivated by a single important question: why does the
dust abundance – for the first time during cosmic evolution – decrease
from z = 1 to z = 0 in spite of the increased availability of metals?
We answer this question by combining new/recent observational
data with simple but solid physical arguments. As a byproduct, we
set novel constraints on dust destruction efficiency. The strength of
the method is based on its simplicity. It complements more general
models that need to make a larger number of assumptions and/or do
not fully include dust physics.

2 C OSMIC DUST D ENSITY: O BSERVATIONS

The last decade has brought a wealth of new measurements of
�obs

d based on different techniques, which together draw a coherent
picture of the global evolution of the dust mass with cosmic times.
Initially, measurements came from IR spectral energy distribution
(SED) fits of the extinction of individual galaxies. We first describe
techniques measuring the amount of dust in galaxies. Making
educated assumptions on the slope of the opacity power law and
the dust temperature, the IR emission of galaxies has been widely
used to estimate their dust mass. The modelling of the IR SED has
been especially improved in the past few decades with the arrival
of far-IR (FIR; Spitzer, Herschel), submillimetre (SCUBA, BLAST),
and ALMA ground instrumentation, adding much better constraints
on the cold dust regime.

In a work of reference, Dunne et al. (2011) performed a measure-
ment of the evolution of the dust mass density from a large sample
of galaxies detected both at 250 μm in Herschel–ATLAS and in
the Sloan survey. They reproduced the SED from temperature-based
models fitted on the photometric data points. This work has been later
complemented with large spectroscopic samples (including GAMA)
and advanced SED fitting processes (see also Clemens et al. 2013;
Clark et al. 2015; Beeston et al. 2018; Driver et al. 2018; Bellstedt
et al. 2020). Here, we use the value of �obs

d =1.0+0.8
−0.5 × 10−6 at z = 0

derived from Driver et al. (2018), who despite a poorly constrained
dust temperature, have a large sample leading to high statistical
significance. We note that our results are largely unsensitive to this
choice though this is a conservative approach, as the value of �obs

d at
z = 0 derived by Dunne et al. (2011) is even lower.

Recently, Pozzi et al. (2019) derived the evolution of the dust
mass density from an FIR (160 μm) Herschel selected catalogue in
the COSMOS field, pushing estimates of �obs

d to z = 2.5. They also
find a broad peak at z = 1, with a �d decrease by a factor of ≈3
from z = 1 → 0. Alternatively, ALMA deep fields allow to stack
the contribution from, e.g. H-band selected galaxies and use the
continuum detection at 1.2 mm to derive the averaged dust mass in
redshift bins over large lookback times (Magnelli et al. 2020).

An alternative technique aims at estimating the total dust mass in
the Universe. To this end, a number of Herschel surveys has been
utilized to measure the FIR background anisotropy which captures
the full population of grains responsible for thermal dust emission in
galaxies. These measurements then provide an estimate of the global
quantity of dust in the Universe (De Bernardis & Cooray 2012;
Thacker et al. 2013). These observations recover remarkably well

the global evolution of �obs
d with cosmic times traced by individual

galaxies.
Lastly, a powerful approach to studying the dust content of the

Universe is provided by cold gas traced by quasar absorbers. Indeed,
the dust content of intervening gas has been assessed from the
analysis of unrelated background objects. Ménard et al. (2010)
derived an estimate for �obs

d using the reddening of SDSS quasars
due to foreground Mg II absorbers, extending such measurements to
higher redshift (see also Ménard & Fukugita 2012). This estimate
includes strong Mg II absorbers (with equivalent widths EW > 0.8
Å), which also trace the circumgalactic medium (CGM) of galaxies.
Peek, Ménard & Corrales (2015) provided further estimates of the
dust content of the CGM by integrating the stellar mass over the
galaxy stellar mass function of Wright, Driver & Robotham (2018).
These measurements provide an assessment of the dust content
of galaxies’ haloes and therefore is complementary to SED-fitting
techniques described above.

In all of these cases, the dust mass is derived assuming an extinction
curve and scaling the results based on the dust-to-gas ratio within
the Small Magellanic Cloud. Adopting Milky Way dust properties
increases the masses by a factor of ≈1.8. We note that Zafar et al.
(2011, 2013), De Cia et al. (2013), and Wiseman et al. (2017) show
that depletion-based AV estimates differ from reddening based (i.e.
SED fit) and postulate that extinction and reddening do not trace
the same type of dust. Wiseman et al. (2017) hint that reddening-
based measurements might differ, since reddening is measuring the
cumulative effect along the line of sight (Ménard & Fukugita 2012).

Until recently, models describing the chemical evolution in galax-
ies rely on dust studies in local metal-poor dwarfs (e.g. Rémy-Ruyer
et al. 2014; De Vis et al. 2019), which are usually adopted as a
benchmark case for the interstellar medium in galaxies at high
redshift (see also Shapley et al. 2020). An alternative approach
was proposed by Jenkins (2009), De Cia et al. (2016), Jenkins
& Wallerstein (2017), De Cia et al. (2018), De Cia (2018), and
Roman-Duval et al. (2019) who utilized multi-element methods to
correct elemental depletion to estimate the amount of the metals
locked into dust grains in neutral gas. These techniques enable to
derive the dust-to-metal ratio (fd) in quasar absorbers, extending such
measurements to lower metallicities than are currently available in
the local Universe and to higher redshifts than possible before. By
combining these estimates with measurements of �obs

gas , Péroux &
Howk (2020) uniquely derive the global dust density of the neutral
gas. The individual dust-to-metal ratio measurements are displayed
in Fig. 1 for z < 1.2. We compute the Fe-weighted mean dust-to-
metal ratios as follows:

〈f obs
d 〉 = �(fd × N (Fe))

�N (Fe)
, (1)

where the errors are estimated from the standard deviation, σ
′
:

σ ′2 =
(∑

(fd − 〈f obs
d 〉)2

)
/(n − 1). (2)

Therefore, the uncertainties do not take into account errors on the
slopes of depletions versus [Zn/Fe] (De Cia et al. 2016), and on the
contribution of carbon, an important contributor to dust mass. An
additional uncertainty not considered here is related to differential
carbon depletion with respect to other elements (Jenkins 2009).

Equation (1) represents the metal-weighted mean of the points
binned by redshift interval. The results indicate that f obs

d in the
cold phase remains constant over that redshift range. These values
are shown in Fig. 1 and tabulated in Table 1. Taken together, this
large set of observations depict a consistent picture (see fig. 12
of Péroux & Howk 2020). Notwithstanding a continuous rise in
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Cosmic dust evolution 4539

Figure 1. Observations of dust-to-metal ratio in neutral gas traced by damped
Lyman-α absorbers at z < 1.2 (Péroux & Howk 2020). The individual
measurements are shown by stars colour coded with metallicity, log [M/H].
The purple error bars indicate the Fe-weighted mean dust-to-metal ratio, fd,
for two redshift bins: 0 < z < 0.6 and 0.6 < z < 1.2.

Table 1. Observed and expected cosmic dust and metal budget at late
cosmic times. For the observed quantities, the redshift intervals are driven
by the availability of data. The observed gas and dust values refer to neutral
gas. They are recomputed refering to Péroux & Howk (2020) figures as
follows: log [M/H] (their fig. 7), �obs

gas (their fig. 3), f obs
d (their figs 10 and

11; see equation 1) and finally �obs
d (their fig. 12). The metallicity values for

stars (�obs
Z,∗) and hot haloes (�obs

Z,h) are directly taken from Péroux & Howk
(2020, their fig. 8). The expected quantities are derived from the following
equations in this work: �∗ (equation 4), �Z (equation 5), and �d (equation
6). The last column refers to the difference between z ∼ 0 and z ∼ 1 values
defined as: ��j = �j(z ∼ 0) − �j(z ∼ 1). A positive ��j indicates an
increase of the quantity with cosmic time.

z ∼0 z ∼1 ��j

Observed
zmean 0.17+0.43

−0.17 0.84+0.36
−0.24

log [M/H] −0.26+0.14
−0.11 −0.20+0.09

−0.09

�obs
gas 5.0+0.2

−0.3 × 10−4 6.4+0.5
−0.4 × 10−4

f obs
d 0.30+0.05

−0.05 0.32+0.02
−0.02

�obs
d 1.0+0.8

−0.5 × 10−6 1.6+0.3
−0.2 × 10−6 −0.6+0.8

−0.5 × 10−6

zmean 0.10+0.12
−0.09 0.70+0.05

−0.05

�obs
Z,∗ 3.39+1.18

−0.82 × 10−5 0.91+0.95
−0.28 × 10−5 +2.48+1.51

−0.87 × 10−5

�obs
Z,h 10.0+3.5

−2.6 × 10−6 5.2+2.2
−1.5 × 10−6 +4.8+4.1

−3.0 × 10−6

Expected

zmean 0.0 1.0
�∗ 3.76 × 10−3 2.33 × 10−3 +1.43 × 10−3

�Z 1.24 × 10−4 0.77 × 10−4 +0.47 × 10−4

�d +(0.43, 4.72) × 10−5

the metal content of the Universe, the data indicate a surprising
global decrease of the dust mass density from z = 1 → 0, of
the order of ��obs

d = −0.6 × 10−6. This trend is readily apparent
in all the results described above despite the many observational
methods utilised. To investigate this issue, we next turn into making

quantitative predictions of the expected amount of dust at late cosmic
times.

3 EXPECTED DUST D ENSI TY

The basic ingredient of the calculation is represented by the cosmic
star formation history (CSFH), ψ(z). Adopt the analytical fit to the
available data provided by Madau & Dickinson (2014)

ψ(z) = ψ0
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M� yr−1 Mpc−3, (3)

with ψ0 = 0.015. We can then compute the stellar mass density at
any given redshift, z, by integrating

ρ∗(z) = (1 − R)
∫ ∞

z

ψ(z′)
dz′

H (z′)(1 + z′)
M� Mpc−3. (4)

In the previous expression H(z) = H0[�m(1 + z)3 + �
]1/2 is the
Hubble parameter; for consistency with data, we will adopt the
following values of the cosmological parameters (�m, �
, h) =
(0.3, 0.7, 0.7). The return fraction of gas from stars appropriate
for a Chabrier initial mass function and instantaneous recycling
approximation is R = 0.41. The previous expression can be cast
in a more handy form

ρ∗(z) = (1 − R)
ψ0

H0
I(z) = 1.26 × 108I(z)M� Mpc−3, (5)

where the I(z) is the non-dimensional integral in equation (4);
further define Ix ≡ I(z = x), and note that (I1,I0) = (2.33, 3.76),
and �I ≡ I0 − I1 = 1.43. For the adopted cosmology, the stellar
density parameter is �∗ = ρ∗/(3H 2

0 /8πG) = 10−3I(z). The density
of stars formed from z = 1 to the present is ��∗ = 1.43 × 10−3.

The metal density associated with �∗ is

�Z = y �∗ = 3.3 × 10−5I(z); (6)

we have assumed a metal yield y = 0.033 ± 0.01, with errors
accounting for uncertainties in the nucleosynthetic yields (Peeples
et al. 2014; Vincenzo et al. 2016).

Finally, the dust mass can be computed by knowing the dust-to-
metal ratio, i.e. the fraction of metals locked into dust, fd = D/Z,
where D and Z are the dust-to-gas ratio and gas metallicity, respec-
tively. In the Milky Way,D = 1/162 (Zubko, Dwek & Arendt 2004);
assuming solar metallicity, Z = 0.0142 (Asplund et al. 2009), then
fd = 0.43 (Draine 2011). At higher redshifts fd in measured from
the gas depletion patterns in, e.g. damped Lyman α (DLA) systems
(Péroux & Howk 2020). In the redshift range 0 < z < 1, f obs

d ≈ 0.31
(see Fig. 1 and Table 1) in the cold, neutral medium out of which
stars form.

We note that f obs
d combines the effects of dust production,

growth, and destruction, while we aim here at isolating the first
process. Hence, we write the dust density associated with the metal
density as

�d = fd�Z, (7)

where, in general,2 fd 
= f obs
d . To determine fd, we proceed as

follows.
The minimum value, f min

d , is obtained by neglecting growth after
grains are injected in the ISM by sources [supernovae (SNe) and
asymptotic giant branch (AGB) stars]. SNe with progenitor mass

2We stress that f obs
d refers to neutral gas only, while fd and �d denote the

total dust abundance in all phases.
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4540 A. Ferrara and C. Peroux

Figure 2. Sketch of dust production and destruction mechanisms and corresponding yields described in Section 4. The diagonally hatched blue region in the
production histogram denotes the uncertainty on the fd value of dust sources; errors on each individual ��

(i)
d contribution are given in Table 1 and in Section 4.

Relative contributions to the destruction budget refer to the fiducial, low SN destruction efficiency case (Md,sn = 0.45 M�).

12–40 M� form on average 0.3 M� of dust, 80 per cent of which is
typically destroyed by the reverse shock on site (Todini & Ferrara
2001; Bianchi & Schneider 2007; Leśniewska & Michałowski 2019).
The AGB stars (>2 M�) contribution per unit stellar mass formed for
Z > 0.2–0.3 Z� is ≈4 times higher than the SN one (Zhukovska, Gail
& Trieloff 2008; Dell’Agli et al. 2017; Valiante et al. 2017). Hence,
the combined effective dust yield per SN is yd = 0.3 M�, which gives
f min

d = νyd/y = 0.09, where ν−1 = 102 M� is the number of SNe
produced per stellar mass formed, according to the adopted Chabrier
(2003, equation 17) IMF.

Larger values of fd might arise as a result of grain growth, which
depends on ambient conditions (Asano et al. 2013; Ferrara, Viti
& Ceccarelli 2016), and it is very difficult to estimate reliably.
The maximum f max

d = 1 value is obtained when all the metals
are depleted (maximal growth efficiency). Note that typical values
observed in galaxies fall conveniently in the range f min

d < f obs
d <

f max
d . To account for dust growth uncertainties, we write the dust

density as

�d = (f min
d , f max

d )�Z = (0.3, 3.3) × 10−5I(z). (8)

Fig. 2 shows the detailed balance of dust production and de-
struction (discussed in the next section) mechanisms, and their
relative importance. As I(z) is a decreasing function of redshift,
the expected cosmic dust content should steadily increase with time,
reaching �d = (1.13, 12.41) × 10−5 at z = 0, with a variation
��+

d = +(0.43, 4.72) × 10−5 from z = 1 in the case of (zero,
maximal) dust growth efficiency.

This conclusion is in striking contrast with observations, which
indicate a decrease of �d from z = 1 → 0 (��obs

d = −0.6 × 10−6,
see Table 1). Clearly, and for the first time during cosmic evolution,
dust must be destroyed more rapidly than it is formed during this
time span of 7.8 Gyr (Gjergo et al. 2020).

4 DUST D ESTRUCTI ON

We now consider the various dust destruction processes at play.
Before we proceed, we justify the assumption we will make that fd

= 0 in hot (T � 105 K) gas, such as the ICM/IGrM, or in SN-driven
galactic outflows. In these environments dust is destroyed by thermal
sputtering with ions and electrons of the plasma. The rate at which
the grain radius decreases is described by a simple fit to the numerical
results by Draine & Salpeter (1979a), Tsai & Mathews (1995), and
Dwek, Foster & Vancura (1996):

da

dt
= −AnT

−1/4
6 e−BT

−1/2
6 , (9)

where a is the grain size, n and T6 = T /106 K are the gas density
and temperature; we have adopted material-averaged values for the
constants (A, B) = (1.2 × 10−5 μm yr−1, 3.85). From equation (9),
the survival time of a typical grain (a = 0.1μm) in a T = 106 K
gas is τ s = (0.4/n) Myr. Provided n > 5 × 10−5 cm−3, which applies
to ICM/IGrM, grains produced at z = 1 are destroyed by thermal
sputtering well before z = 0. While the details of the process depend
on the exact gas temperature, grain size distribution, and residence
time, assuming fd = 0 in the hot cosmic gas appears warranted.

Let us go back to the three main dust destruction processes and
quantify their impact. These are: (a) astration, (b) thermal sputtering,
(c) SN shocks; they are discussed separately in the following. Their
combined action must lead to a decrease the dust mass density at z

= 0 to the observed value �obs
d = 10−6.

4.1 Destruction by astration

Astration involves the incorporation of gas and dust into a stellar
interior during star formation. As stars forms in cold, neutral gas,
we assume that the stellar build-up material has fd = f obs

d = 0.31.
The data in Table 1 show that the increase of metals in stars is
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��obs
Z,∗ = 2.48 × 10−5. Then, the (negative) variation of dust density

due to astration is

��
(a)
d = −f obs

d ��obs
Z,∗ = −7.7+4.9

−3.0 × 10−6. (10)

Astration contributes (11–49) per cent (for a high or low SN dust
destruction efficiency, respectively; see Section 4.4) to the total
amount of dust destruction; the rest must be removed by the other
two mechanisms.

4.2 Destruction by hot gas

As already mentioned, we assume that as dust gets embedded in the
hot phase, it is – for our purposes – instantaneously and completely
eroded by sputtering. This implies that dust associated with metals
contained in the hot cosmic gas at z = 0 must be removed from the
total budget. The metal content of hot gas has increased from z = 1
→ 0 by ��obs

Z,h = 4.8 × 10−6 (see Table 1). This term contributes a
negative variation equal to

��
(b)
d = −f obs

d ��obs
Z,h = −1.4+1.3

−1.0 × 10−6, (11)

corresponding to a mere (2–9) per cent of the total dust destruction
budget.

4.3 Destruction by SN shocks in galaxies

Finally, we consider dust destruction by SN shocks in the ISM of
galaxies, which we identify here with the cold, neutral gas. Recent
detailed numerical simulations of dust production and destruction in
SN explosions (Martı́nez-González et al. 2019) find that, once the
presence of a pre-SN wind-driven cavity is properly included, dust
destruction is strongly suppressed. The physical reason for this is that
the dust is collected in a dense shell by the wind; the shell represents
an almost insurmountable barrier that prevents the SN blast wave
from processing the majority of the ambient dust protected by the
shell. As a result, under typical ambient conditions (gas density3

n ≈ 1 cm−3), the amount of dust destroyed4 per SN event is Md,sn =
0.45 M�.

An alternative calculation, which however does not include the
effects of the wind-driven shell discussed above, might be performed
as follows. First, dust sputtering requires projectiles (electrons, ions)
with kinetic energies Et > 100 eV (Draine & Salpeter 1979b), which
can be produced by shocks with velocities vs � 200 km s−1 . As the
transition from the energy-conserving, Sedov–Taylor phase to the
radiative one occurs at vs = 200(n2E51)1/14 km s−1 (McKee 1989),
we conclude that dust destruction essentially terminates with the
first phase, unless the density is very high (typically, though, the
diffuse gas component in galaxies has the largest filling factor; hence,
expansion primarily occurs in low density gas). The mass swept-up
by the shock, Me, as a function of vs is

Me(vs) = E

σv2
s

= 6800
E51

v2
s7

M�; (12)

3Cases with n = 103 cm−3 have also been explored, showing an ∼25 per cent
decrease in the amount of dust destroyed.
4Hu et al. (2019) performed similar simulations finding Md,sn ≈ 5 M� for n =
1 cm−3. They do not treat the pre-SN wind-driven cavity self-consistently,
but when they allow SNe to occur in hot (T > 104 K) bubbles carved by
previous SN explosions, the destruction rate is decreased by a factor ≈2.5.
We point out that reduced destruction due to the pre-SN wind affects each
SN, not only those exploding in pre-existing hot bubbles.

where σ = 0.736, E51 = E/1051erg = 1 is the explosion en-
ergy, and vs7 = vs/100 km s−1 . Hence, Me(vs) = 1700 M� for vs =
200 km s−1 . The dust destruction efficiency, γ d(vs), by a shock
depends on its velocity. For n = 0.25 cm−3, Slavin, Dwek & Jones
(2015) give the following fit to their numerical results, valid for 1.85
< vs7 < 5:

γd = −1.9 + 2.02vs7 − 0.641v2
s7 + 0.092v3

s7 − 0.05v4
s7. (13)

By mass-averaging γ d using expression equation (12), we find γ̄d =
0.41. Hence, the dust mass destroyed per SN in this case, assuming
solar metallicity gas, would be Md,sn = γ̄d DMe(vt) = 4.3 M�, i.e.
a factor about 10 times higher than obtained by Martı́nez-González
et al. (2019). Given these uncertainties we will use these values to
bracket our results.

The number density of SN exploded in 0 < z < 1 is �N =
ν�ρ∗ = 1.26 × 108ν�I = 1.8 × 106 Mpc−3, or

��
(c)
d = −Md,sn�Nρ−1

cr = −(6.5 − 62.3) × 10−6, (14)

depending on the adopted value of Md,sn.

4.4 Total dust destruction

Fig. 2 displays the results in graphic form. In summary, processes
(a)–(c) account for a total dust destruction corresponding to

��−
d ≡ �i��

(i)
d = −(0.91+0.5

−0.3 + 1.45 Md,sn) × 10−5, (15)

where Md,sn is in solar masses, and i = (a,b,c). This value must
balance the dust mass produced in 0 < z < 1, ��+

d , augmented
by the observed dust decrease during the same epoch, ��obs

d =
−0.6+0.8

−0.5 × 10−6:

��+
d − ��obs

d + ��−
d = 0. (16)

From equations (15) and (16), we can then conclude that: (a) if
dust growth does not occur (fd = f min

d ), then ��−
d � ��obs

d − ��+
d

within errors, implying that observed �d decrease can be explained
by astration and sputtering in hot gas only, without the need for dust
destruction by SNe (i.e. Md,sn = 0); (b) the low-efficiency SN de-
struction (Md,sn = 0.45 M�) would yield ��−

d = −1.56+0.5
−0.3 × 10−5,

which falls exactly in the middle of the allowed production/growth
range. Then, by combining equations (16) and (8), we get a nominal
value fd = 0.34, a value tantalizingly close to the observed one (0.31);
(c) assuming that all the newly produced metals in 0 < z < 1 are
incorporated into dust (fd = f max

d = 1), we can get a hard upper limit
on Md,sn < 3.0 M�. Larger values, such as those (4.3 M�) predicted
by the high SN destruction efficiency case, would produce a steeper
�d decrease at late times, and are therefore inconsistent with the
data.

5 IMPLI CATI ONS FOR DUST PHYSI CS

Most likely, the usually adopted destruction rates in SN shocks
have been significantly overestimated as they result in an apparent
inconsistency with the observed cosmic dust evolution. From our
calculation, combined with the available data, we conclude that each
SN can destroy at most 3.0 M� of dust. This upper limit assumes
that all the metals are locked into dust; most likely, the actual value
is a factor 4–5× lower, in agreement with recent theoretical findings
(Martı́nez-González et al. 2019).

At the same time, Ferrara et al. (2016) noted that dust growth,
particularly at high-z, is problematic and invoked solutions in which
a lower growth rate is balanced by a reduced destruction rate as we
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suggest here. Finally, we notice that our empirical argument, based on
dust cosmic evolution, resonates with theoretical down-revaluations
of the dust destruction rates by SN presented by Jones & Nuth (2011).

6 SU M M A RY

We have investigated the evolution of the cosmic dust density in the
last ≈8 Gyr. During this time stretch (corresponding to z = 1 → 0),
observations show that �d has decreased by about 37.5 per cent in
spite of the fact that the cosmic metal abundance has increased by
about a factor 1.6. Thus, dust must have been efficiently destroyed
during this period.

By evaluating different dust destruction mechanisms, we conclude
that astration and SN shocks in the ISM of galaxies are the dominant
factors, with sputtering in hot gas playing a sub-dominant role. All
these processes were obviously at work also at z > 1, but the decrease
of �d at later times is driven by the declining cosmic star formation
rate and associated metal production.

An implication of our study is that the dust destruction efficiency
required to explain the data is ≈10 times lower than usually adopted
(i.e. 0.45 versus 4.3 M� of destroyed dust/SN) as suggested by
recent hydrodynamical simulations (Martı́nez-González et al. 2019)
leading to a reduced efficiency caused by the shielding effects of
pre-SN wind-driven shells. By assuming a maximally efficient grain
growth in the ISM, we find that the available metal budget sets a hard
upper limit Md,sn < 3.0 M� on the dust mass destroyed per SN.

AC K N OW L E D G E M E N T S

We thank V. D’Odorico, G. Popping, and L. Sommovigo for
insightful comments. AF acknowledges support from the ERC Ad-
vanced Grant INTERSTELLAR H2020/740120. Any dissemination
of results must indicate that it reflects only the author’s view and
that the Commission is not responsible for any use that may be
made of the information it contains. Generous support from the
Carl Friedrich von Siemens-Forschungspreis der Alexander von
Humboldt-Stiftung Research Award is kindly acknowledged (AF).
AF thanks the European Southern Observatory (ESO) and Max-
Planck for Astrophysics (MPA) in Garching for a warm hospitality
during part of this research. CP is grateful to the Alexander von
Humboldt-Stiftung for the granting of a Bessel Research Award. CP
is indebted to the Max-Planck for Astrophysics (MPA) in Garching
for a fruitful visit. All plots in this paper were built with the
MATPLOTLIB (Hunter 2007) package for PYTHON.

DATA AVAILABILITY

Data available on request.

RE FEREN C ES

Aoyama S., Hou K.-C., Hirashita H., Nagamine K., Shimizu I., 2018,
MNRAS, 478, 4905

Aoyama S., Hirashita H., Nagamine K., 2020, MNRAS, 491, 3844
Asano R. S., Takeuchi T. T., Hirashita H., Inoue A. K., 2013, Earth Planets

Space, 65, 213
Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, ARA&A, 47, 481
Baes M. et al., 2020, MNRAS, 494, 2912
Beeston R. A. et al., 2018, MNRAS, 479, 1077
Bekki K., 2015, ApJ, 799, 166
Bellstedt S. et al., 2020, MNRAS, 498, 5581
Bianchi S., Schneider R., 2007, MNRAS, 378, 973
Chabrier G., 2003, PASP, 115, 763

Clark C. J. R. et al., 2015, MNRAS, 452, 397
Clemens M. S. et al., 2013, MNRAS, 433, 695
De Bernardis F., Cooray A., 2012, ApJ, 760, 14
De Cia A., 2018, A&A, 613, L2
De Cia A., Ledoux C., Savaglio S., Schady P., Vreeswijk P. M., 2013, A&A,

560, A88
De Cia A., Ledoux C., Mattsson L., Petitjean P., Srianand R., Gavignaud I.,

Jenkins E. B., 2016, A&A, 596, A97
De Cia A., Ledoux C., Petitjean P., Savaglio S., 2018, A&A, 611, A76
De Vis P. et al., 2019, A&A, 623, A5
Dell’Agli F., Garcı́a-Hernández D. A., Schneider R., Ventura P., La Franca

F., Valiante R., Marini E., Di Criscienzo M., 2017, MNRAS, 467, 4431
Draine B. T., 2003, ARA&A, 41, 241
Draine B. T., 2011, Physics of the Interstellar and Intergalactic Medium,

Princeton Series in Astrophysics, Princeton, USA
Draine B. T., Salpeter E. E., 1979a, ApJ, 231, 438
Draine B. T., Salpeter E. E., 1979b, ApJ, 231, 77
Driver S. P. et al., 2018, MNRAS, 475, 2891
Dunne L. et al., 2011, MNRAS, 417, 1510
Dwek E., Foster S. M., Vancura O., 1996, ApJ, 457, 244
Ferrara A., Viti S., Ceccarelli C., 2016, MNRAS, 463, L112
Galliano F., Galametz M., Jones A. P., 2018, ARA&A, 56, 673
Gioannini L., Matteucci F., Calura F., 2017, MNRAS, 471, 4615
Gjergo E., Palla M., Matteucci F., Lacchin E., Biviano A., Fan X., 2020,

MNRAS, 493, 2782
Hou K.-C., Aoyama S., Hirashita H., Nagamine K., Shimizu I., 2019,

MNRAS, 485, 1727
Hu C.-Y., Zhukovska S., Somerville R. S., Naab T., 2019, MNRAS, 487,

3252
Hunter J. D., 2007, Comput. Sci. Eng., 9, 90
Jenkins E. B., 2009, ApJ, 700, 1299
Jenkins E. B., Wallerstein G., 2017, ApJ, 838, 85
Jones A. P., Nuth J. A., 2011, A&A, 530, A44
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