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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 redshiftz =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 My, = 0.45Mg of dust, i.e. 5-10 times less than usually
assumed, with a hard upper limit of Mg, < 3.0 Mg 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 INTRODUCTION

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 H, (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 naive 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.
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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,’ Qq(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 €4 (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 €24(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

I'The cosmic evolution of the cosmic dust mass density, g4, is defined as the
comoving density of dust in the Universe normalized by the critical density
at redshift zero, Q4 = pa/per(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 COSMIC DUST DENSITY: OBSERVATIONS

The last decade has brought a wealth of new measurements of
QS 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 pm 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 Q§*=1.0"0% x 10 ®atz =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 Q3™ 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 um) Herschel selected catalogue in
the COSMOS field, pushing estimates of Q5 to z = 2.5. They also
find a broad peak at z = 1, with a Q4 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
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the global evolution of Q3> 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 Q4 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 Mg1I absorbers (with equivalent widths EW > 0.8
A), 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.

Inall 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 Ay 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 (fy) 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 Qg}::, 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:

(o) = X(fa x N(Fe))

d SN(Fe) M

where the errors are estimated from the standard deviation, o :

o = (D= (™) fn = 1. @

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({’bs 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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Figure 1. Observations of dust-to-metal ratio in neutral gas traced by damped
Lyman-« 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, fg,
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), Q90 (their fig. 3), f** (their figs 10 and
11; see equation 1) and finally ngs (their fig. 12). The metallicity values for
stars (Q%’fi) and hot haloes (Q%”j‘) are directly taken from Péroux & Howk
(2020, their fig. 8). The expected quantities are derived from the following
equations in this work: €2, (equation 4), Q7 (equation 5), and 4 (equation
6). The last column refers to the difference between z ~ 0 and z ~ 1 values
defined as: AQ; = Qj(z ~ 0) — Q;(z ~ 1). A positive A; indicates an
increase of the quantity with cosmic time.

z~0 z~1 AQ,
Observed

+0.43 +0.36
<mean 0.17%977 0.842054

+0.14 +0.09
log [M/H] —0.267011 —0.2070:59
Qobs 50703 x 1074 64703 x 1074
i 030343 032483
Qg 1L0M08 x 107 16703 x 107 —0.670% x 1070

0.12 0.05
Zmean 0.1 Ot0A09 0'70t0.05
QP 3397545 x 1070 0917032 x 1075 424873 x 107°
QP 100532 x 1076 5272251070 4+4.8%30 x 107°
Expected
Zmean 0.0 1.0
Q. 3.76 x 1073 233 x 1073 +1.43 x 1073
Qz 1.24 x 1074 0.77 x 107* +0.47 x 107
Qq +(0.43,4.72) x 1073

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 AQS™ = —0.6 x 107°. 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
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quantitative predictions of the expected amount of dust at late cosmic
times.

3 EXPECTED DUST DENSITY

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

(l + Z)Z.7
1+ [(1+2)/2.955

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

dz’
H(Z)(1+2)
In the previous expression H(z) = Hy[Qun(1 + 2)° + Q41" is the
Hubble parameter; for consistency with data, we will adopt the
following values of the cosmological parameters (25, Q25, 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

pu(z) = (1 — R)%I(z) = 1.26 x 108Z(z)Mg Mpc 3, (5)
0

V(2) = Yo Mg yr~' Mpce™, (3)

P*(Z) = (1 - R)/ W(Z/) M@ MpC_3. (4)

where the Z(z) is the non-dimensional integral in equation (4);

further define 7% = Z(z = x), and note that (Z', 7°) = (2.33, 3.76),

and AT = 7° — 7' = 1.43. For the adopted cosmology, the stellar

density parameter is Q. = p./(3H /87 G) = 1073Z(z). The density

of stars formed from z = 1 to the present is AQ, = 1.43 x 1073,
The metal density associated with €2, is

Q, =y Q. =33 x 10°Z(2); (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, fy = 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
fa = 0.43 (Draine 2011). At higher redshifts f; in measured from
the gas depletion patterns in, e.g. damped Lyman o (DLA) systems
(Péroux & Howk 2020). In the redshift range 0 <z < 1, f;bs ~ 0.31
(see Fig. 1 and Table 1) in the cold, neutral medium out of which
stars form.

We note that f;’bs 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

Qq = faf2z7, @)

where, in general,® fy # £, To determine f;, we proceed as
follows.

The minimum value, £ 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 fé’bs refers to neutral gas only, while f3 and Qg denote the
total dust abundance in all phases.
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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 fy value of dust sources; errors on each individual A2

g) 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 (Mg s = 0.45 Mg).

12-40 M, form on average 0.3 Mg, of dust, 80 per cent of which is
typically destroyed by the reverse shock on site (Todini & Ferrara
2001; Bianchi & Schneider 2007; Lesniewska & Michatowski 2019).
The AGB stars (>2 M,) contribution per unit stellar mass formed for
Z > 0.2-0.3 Zg 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 yg = 0.3 M, which gives

d’"i“ = vyq/y = 0.09, where v=! = 102 My, is the number of SNe
produced per stellar mass formed, according to the adopted Chabrier
(2003, equation 17) IMF.

Larger values of f3 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 fi"* =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"" < £ <
fi"*. To account for dust growth uncertainties, we write the dust
density as

Qa4 = (fM™, f9Q, = (0.3,3.3) x 107°Z(2). ®)

Fig. 2 shows the detailed balance of dust production and de-
struction (discussed in the next section) mechanisms, and their
relative importance. As Z(z) is a decreasing function of redshift,
the expected cosmic dust content should steadily increase with time,
reaching Q4 = (1.13, 12.41) x 1075 at z = 0, with a variation
AQT = +(0.43,4.72) x 1075 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 Q24 fromz=1— 0 (AQ;I’bs =—0.6 x 1079,
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).
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4 DUST DESTRUCTION

We now consider the various dust destruction processes at play.
Before we proceed, we justify the assumption we will make that fy
=0inhot (T = 10° 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
where a is the grain size, n and Ty, = T /10°K are the gas density
and temperature; we have adopted material-averaged values for the
constants (A, B) = (1.2 x 107> um yr~!, 3.85). From equation (9),
the survival time of a typical grain (¢ = 0.1 um) in a 7 = 10° K
gas is 7, = (0.4/n) Myr. Provided n > 5 x 10~ 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 f; = 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 Q3> = 107°.

—12

= —AnT, e T 9)

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 f4 = fbs =0.31.
The data in Table 1 show that the increase of metals in stars is
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AQ‘;Z = 2.48 x 107, Then, the (negative) variation of dust density
due to astration is

AQY = — fAQYS = —7.75) x 107°. (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
— 0by AQP} = 4.8 x 107° (see Table 1). This term contributes a
negative variation equal to

AQY = — fPAQP, = — 1413 x 107°, (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 (Martinez-Gonzdlez 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 density?
n ~ 1 cm™%), the amount of dust destroyed* per SN event is Mg, =
0.45 Mg.

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 E, > 100 eV (Draine & Salpeter 1979b), which
can be produced by shocks with velocities vg > 200km s~ . As the
transition from the energy-conserving, Sedov—Taylor phase to the
radiative one occurs at v, = 200(n*Es;)"/"* kms™! (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, M., as a function of vy is

E Es;
Mo(v) = — = 6800—2- Mo (12)
O Ug Vg7

3Cases with n = 103 cm™3 have also been explored, showing an ~25 per cent
decrease in the amount of dust destroyed.

4Huetal. (2019) performed similar simulations finding My sy & 5 Mg forn =
1ecm™3. They do not treat the pre-SN wind-driven cavity self-consistently,
but when they allow SNe to occur in hot (I > 10* 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.
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where ¢ = 0.736, Es; = E/10°'erg=1 is the explosion en-
ergy, and vg; = vs/lOOkIns’1 . Hence, M.(vs) = 1700 M, for vy =
200kms~'. The dust destruction efficiency, yq4(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
<vg <5:

Ya = —1.9 +2.02vg — 0.641v2 + 0.092v7, — 0.050%. (13)

By mass-averaging y 4 using expression equation (12), we find y3 =
0.41. Hence, the dust mass destroyed per SN in this case, assuming
solar metallicity gas, would be My ¢, = 7a D M.(v) = 4.3 Mg, i.e.
a factor about 10 times higher than obtained by Martinez-Gonzalez
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 AN =
VAP, = 1.26 x 103vAZ = 1.8 x 10° Mpc_3, or

AQY = —My W AN P = —(6.5 —62.3) x 107°, (14)

depending on the adopted value of M ,.

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

AQ7 = TAQY = —(0.91793 + 1.45 My ) x 1075, (15)

where Mg, is in solar masses, and i = (a,b,c). This value must
balance the dust mass produced in 0 < z < 1, AQJ, augmented
by the observed dust decrease during the same epoch, AQSY™ =
—0.670% x 107

AQY — AQP + AQy = 0. (16)

From equations (15) and (16), we can then conclude that: (a) if
dust growth does notoccur (fy = fMi"), then AQy > AQS™ — AQT
within errors, implying that observed €24 decrease can be explained
by astration and sputtering in hot gas only, without the need for dust
destruction by SNe (i.e. Mg = 0); (b) the low-efficiency SN de-
struction (Mg g, = 0.45 M) would yield AQ7 = —1.56793 x 1075,
which falls exactly in the middle of the allowed production/growth
range. Then, by combining equations (16) and (8), we get a nominal
value f3 = 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 (fg = f{"** = 1), we can get a hard upper limit
on Mg, < 3.0 Mg. Larger values, such as those (4.3 M) predicted
by the high SN destruction efficiency case, would produce a steeper
Qg decrease at late times, and are therefore inconsistent with the
data.

5 IMPLICATIONS FOR DUST PHYSICS

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 Mg of dust. This upper limit assumes
that all the metals are locked into dust; most likely, the actual value
is a factor 4-5x lower, in agreement with recent theoretical findings
(Martinez-Gonzélez 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 SUMMARY

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 Q4 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 Q4 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 2210 times lower than usually adopted
(i.e. 0.45 versus 4.3 Mg of destroyed dust/SN) as suggested by
recent hydrodynamical simulations (Martinez-Gonzélez 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 My, < 3.0 Mg on the dust mass destroyed per SN.
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