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ABSTRACT

In this paper we consider the implications of the distriba$ of dust and metals in the disc of
M31. We derive mean radial dust distributions using a dugt cneated frontHerscheimages
of M31 sampling the entire far-infrared peak. Modified bllac#ies are fit to approximately
4000 pixels with a varying, as well as a fixed, dust emissiiigex (3). An overall metal
distribution is also derived using data collected from ftexdture. We use a simple analytical
model of the evolution of the dust in a galaxy with dust cdnitéd by stellar sources and
interstellar grain growth, and fit this model to the radiasdto-metals distribution across the
galaxy. Our analysis shows that the dust-to-gas gradieM8Bihis steeper than the metallicity
gradient, suggesting interstellar dust growth is (or hanpanportantin M31. We argue that
M31 helps build a case for cosmic dust in galaxies being thelref substantial interstellar
grain growth, while the net dust production from stars malirhged. We note, however, that
the dficiency of dust production in stars, e.g., in supernovadapeador stellar atmospheres,
and grain destruction in the interstellar medium may be degse in our simple model. We
can conclude that interstellar grain growth by accretidikédy at leastas important as stellar
dust production channels in building the cosmic dust corepbim M31.

Key words: ISM: clouds — dust, extinction — ISM: evolution — galaxiegolkition — galaxies:
individual: M31 — galaxies: ISM.

1 INTRODUCTION ISM, but the time-scale for such dust destruction is uncer-
The life-cvcle of dust is a complex process. It is expecteat th tain (McKee | 1989; Draine 1990). Shock destruction of dust
interstella:/ dust grains can groF\)N b)i3 accretion in thF()e inebrs grains is likely dficient for carbon dust, but that may not nec-
| di ISM: o oot 1993- Ormel Kt al 12009 essarily be the case for silicates (Jones, Tielens & Hotlehb
:_r mﬁ.t'ugK( ngf e'gc'l' thssen_ ‘Opb t rn:e e_tda. ? ¢ 1996; Jones 2004; Serra Diaz-Cano & Jdnes |2008; Jones & Nuth
trashiia & auo L2~ ) an ere 1S observational evidence 1o 2011; | Zhukovska & Henning 2013). fiicient dust destruction
suggest large grains are abundant in many Galactic mofecula on short time-scales also appears inconsistent with thg ver
clouds [(Kiss et all 2006; Ridderstad et al. 2006; Chapmah et a high dust masses detected in higbbjects [(Morgan & Edmunts
iggi);gf;(rjmznrln‘:ﬂ‘jgl?r; i;erltr)ﬁ?kriecrhetatarlﬁ(:)Zsor}t?g.r(yslc:f)rzmtot 2003;| Dwek et all. 2007; Gall, Andersen &HjCIn'fh 2011; Mattsso

) I - m . 2011). But at least the carbon dust grains are predicted
giant branch (AGB) stars (Mattsson & Hofrer 2011), and atso to survive in the ISM for typically not more than a few

oxygen-rich AGB stars (Hoiner 2008. Noriis eflal. 2012} bus hundred Myr [(Jones, Tielens & Hollenbach 1996; Johes |2004;

.mo.rde I|keI|y thTt Iarlge énter.stellzlir grains h ave g(rjown;qrsslzes Serra Diaz-Cano & Jones 2008; Jones & INuth 2011), which indi
|nst| € mo et(;u talr ¢ ouds stmce :;ttrg(_e gralnds p;]rottut_:e _Lhrgsmtﬁﬂ) cate a need for some kind of replenishment mechanism, cégil
notremain fhat farge due to sputiering and shattering I the dust component (Draine 1990, 2009; Mattssonlet all 2014)

In theory, shock-waves from supernovae (SNe) should
destroy dust grains as these waves propagate through the |t is now established that core-collapse SNe affécient
dust and molecular factories (Rho etlal. Z009; Kamenetzky et
2013) with large masses of cold dust detected in SN ejecta
* E-mail: mattsson@dark-cosmology.dk (see, e.g.. Morgan etlal. 2003; Dunne et al. 2009; Matsuwah et
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2011; Gomez et al. 2012; Indebetouw €t al. 2014) althougtethe
are significant uncertainties associated with conversimomf

fluxes to dust masses. It is also unclear how much of the
dust actually survives and mixes with the ISM. Theoretial r

much improved. The launch of the European Space Agettsrs
schel Space Observatomyhich observes in the range 5%71um
(Pilbratt et al.l 2010) with unprecedented sensitivity amdjdar
resolution at these wavelengths, has produced a censutagfeg

sults suggest 90% of the dust produced in SNe is destroyed as seen through thadust massTheHerscheExploitation of Local
by the reverse shock before it reaches the ISM, depending Galaxy Andromeda (HELGA) is a survey covering &.5° x 2.5°

on the interstellar gas density and the grain size disiohut
(Bianchi & Schneider 2007). Uncertain destruction ratbs, lack

of suitable (young, resolved) remnants, in combinatiorhvpios-
sible foreground (or background) contamination from ueted
dust clouds along the line of sight, makes iffidult to confirm
whether massive-star SNe are dominant dust producers ax-gal
ies. Thus, even if the seed grains must be produced by stars, i
terstellar grain growth may still be needed (e.g. Dunne.&Gil1;
Mattsson, Andersen & Munkhammiar 2012; Asano ét al. 2013), no
only as a replenishment mechanism, but als@foducingthe bulk

of the cosmic dusinass Independent estimates of théeiency of
interstellar grain growth are thus still important.

The dust-to-metals ratio in a galaxy may change over time
as the galaxy evolves, and this can be followed using sim-
ple analytical relations based on closed-box chemicalutiol
models with ‘instantaneous-recycling’ (Edmunds 2001 ; t¥in
2011; Mattsson, Andersen & Munkhamimar 2012), or more com-
plex modelling (e.g.. Dwek 1998). Regardless of the coniplex

area centred on M31 (further details of the HELGA survey can b
found in|Fritz et all 2012). Recently, Smith el al. (2012)disee
HELGA observations to investigate the distribution of demstis-
sion in M31 on spatial scales &f140pc, creating maps of the
dust surface density and the dust emissivity index acrasslitk.
Draine et al. [(2014) have also usétkrscheldata (Groves et al.
2012, Krause et al., in preparation) to constrain a detailast
model of M31. The unprecedented quality and spatial defdfi®
HELGA dust map makes M31 the only large spiral galaxy with a
well-constrained detailed dust distribution to date.

In this paper we use the HELGA dust map of M31 in com-
bination with oxygen abundances obtained directly or exctly
from the literature (Sectiol 2). M31 is a good test case sihee
HELGA data provide extraordinary spatial resolution andaie
and the metallicity of the disc can (due to its proximity) e
strained by both metallicities of stars and planetary redubs
well as Hu regions. Using a simple, well tested model of galactic
dust evolution (Sectidnl 3), we evaluate the importance tef stel-

of the model, these works show that the dust abundance may notlar grain growth relative to stellar dust production in owarest

necessarily follow the metal abundances in the ISM givetedi

ent sources of dust and destruction. Because of the steilar o
gin of both metals and dust grains, the dust-to-metals gradi
along a galactic disc can therefore be regarded as a diagfmst
net dust growth or net destruction of dust in the ISM. Much of
the dust mass may be the result of grain growth in the ISM and

neighbour (Sectiof]4).

2 OBSERVATIONAL DATA AND TRENDS
Here we take a closer look at the HELGA data, derived by

passage of shocks from SNe may lead to destruction by sputter ISmith et al. |(2012) and evaluate the average radial trendisisif

ing. If growth is dominating in the ISM the dust-to-metalsdi
ent is negative and if destruction is dominating it will besjtive
(Mattsson, Andersen & Munkhammar 2012). If only stars poadu
all the dust (as well as metals) and there is no destructiausf
in the ISM, the dust-to-metals gradient is essentially Tae chal-
lenge is acquiring data with enough accuracy, resolutiahsamsi-
tivity to perform this kind of test.

InMattsson & Andersen (2012), this diagnostic was used on a
small sample of galaxies from ti8pitzernfrared Nearby Galaxies
Survey (SINGS), where dust gradients were found to be tiigica
steeper than the corresponding metallicity gradientsgesting
very little dust destruction and significant non-stellastproduc-
tion for most of these galaxies. The dust properties of th¢GS
sample were derived from a set of ultraviolet (UV) and inéca(IR)
radial profiles obtained witlGALEX and Spitzercombined with
optical data (SDS8griz) — in total 17 diferent photometric bands
(Munoz-Mateos et al. 2009a,b). Dust masses were obtainéit by
ting standard spectral energy distribution (SED) modet®ating
tolDraine & L| (2007) to the SEDs. However, the dust massegwer
derived from SEDs which lacked the long wavelength (beydl 1
um) observational data necessary to derive accurate duses)as
with possibility of considerable errors beyond the meanert er-
rors, i.e., a model-dependent uncertainty due toffitgant con-
straints from the data. Moreover, it should be noted thairtfa-
mation regarding the dust distribution in the galaxy dises Wm-
ited as it was derived from surface brightness profiles. Bigiag
trend in dust-to-gas ratio versus metallicity has alsonmtdgédeen
found on a global scale (Rémy-Ruyer et al. 2014), whichdeugp-
port to the interpretation of Mattsson & Andersen (2012).

In the case of M31 (NGC 224; Andromeda) the situation is

Hy ST

emission across M31. We combine these results with a denivat
of the metallicity gradient based on a compilation of oxygénn-
dance data from hi regions, stars and planetary nebulae to inves-
tigate the dust-to-metals gradient.

2.1 The dust and gas data sets

Herschelobservations of M31 were taken in parallel-mode with
the PACS |(Poglitsch et al. 2010) and SPIRE ffariet al.| 2010)
instruments observing at 100, 160, 250, 350 and/BAGimulta-
neously. Full details of the observing strategy and dataatoh

can be found in_Fritz et al. (2012). The final maps at each wave-
length were created with pixel sizes of 2, 3, 6, 8 and 12 anasic
spatial resolution of 12.5, 13.3, 18.2, 24.5, 36.0 arcséonfidth

at half-maximum for the 100, 160, 250, 350 and F@®maps, re-
spectively. In addition to thelerscheldata, the 7@m SpitzeMIPS

map published in_Gordon etlal. (2006) was also used as an upper
limit to constrain the shorter wavelength end of the SED.

Smith et al. |(2012) used this data set to create a dust surface
density map of M31 by modified-blackbody fits to the FIR-SED fo
each pixel (using the 7@m data as an upper limit to the hot dust
component). Only pixels witl 50- were used in the fits. The flux
per unit area in each pixel was modelled as

_ KvEdBv(Td)

@)

whereB, is the Planck distribution and the emissiyiigsorptivity
of the dust grains is a power law = ko(v/v)’. They assumed a
value for the cofficientx, = «(350um) of 0.192 n? kg™, which
corresponds to a typical interstellar dust compositionaiir
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2003). Keepingk, unchanged is, in principle, physically incon-
sistent. But we chose to do so because it yields a consesvativ
slope of the dust profiBaA distance 0.785 Mpc was also assumed
(McConnachie et al. 2005). In the SED fitting, Smith etlal.1(2D
initially used a fixed value of the dust emissivity indgx= 1.5
(the slope of the long-wavelength tail of th&eetive absorptiv-
ity/emissivity of the dust component) across the whole galaxty, b
found that with a fixed value it was impossible to adequatethé
SEDs B was therefore allowed to vary across M31 [see Smithlet al.
(2012), fig. 7] with an estimated error fhin any pixel of £0.31.
It is worth noting that there is a degeneracy betwegmand the
dust-mass densit}y in the above model. It is quite likely (if not
certain) that variations i correspond to variations ik, which
means that the assumegican put a bias on the resultant dust den-
sity X4. The decrease @fwith increasing galactocentric distance in
M31 can therefore mean that we are underestimating the cast m
in its central parts. We will return to this issue later.

Smith et al.l(2012) also created a dust-to-gas map of M31. The
gas map was obtained by combining the atomig @thd molecu-
lar (Hy) maps (the sum of which is adopted as the ‘gas mass’).
The atomic hydrogen was derived from the rHoment-zero map
presented in Braun etlal. (2009) and the molecular hydrogen w
derived from COJ =1-0) observations presented|in Nieten et al.
(2006) made with the IRAM 30m telescope (full details are-pro
vided in|Smith et all 2012). Note that although the CO map re-
quires correcting to K [the so-called X factor, here taken to be
Xco = 1.9-107° mol enT?(K km s71)~Y], the correction may depend
on the metallicity of the galaxy (e.g. Sandstrom et al. 20G3yen
that the molecular gas in M31 is only 7% of the atomic hydrogen
gas, we note that this correction does nidéet the conclusions of
this work.

2.2 The dust and gas distribution

The SED fitting procedure described above resulted in thaesnp-
eters for each pixel across M31: the dust surface delgitgust
temperaturely and the dust emissivity inde& Combining with
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It is not unexpected for the dust emissivity indgj {o vary
across a galaxy, indeed this may tell us something about comp
sition of the dust at dierent galactocentric distances. Low values
(8 ~ 1) would indicate that the dust component is dominated by
amorphous carbonaceous dust (Andersen, Loidl & H3fne©),99
while higher valuesg ~ 2) indicate domination by silicates or
graphite [(Draine & Lee 1984). The highest values (whgre 2)
can be associated with the lowest dust temperatures, wijests
theseB-values may be explained by low-temperatuffe&ts in sili-
cates. Coupeaud et al. (2011) have shown that low-temperafu
fects occur in the laboratory at grain temperatures bédlpw 12 K,
which is indeed lower than the lowest grain temperaturesioét
from the SED fits, but one should bear in mind that the graintem
peratures obtained from the fits represdtacive temperatures for
the whole dust component and not a specific dust species s in t
laboratory experiments. Moreover, it also suggests thatstel-
lar silicates are not necessarily iron rich, because sdispecies
such as pyroxenes ([Mg,Fe]Siand olivine’s ((Mg,Fe}SiO,) are
heated more féciently due to their higher absorptivity relative to
iron-free silicates.

However, treating as a free parameter means we are at a po-
tential risk of parameter degeneracy between the dust texiype
T4 and theg-value (see discussion in Section 4]12(1). Smith et al.
(2012) demonstrated that while there i8 a T4 degeneracy from
the fitting algorithm this does not create any systemadfisets in
the value returned and therefore cannot explain the radiadls. To
explore the possiblefiect on the dust-to-gas ratio along the disc,
we have reconsidered the SED fitting to the HELGA dust map us-
ing a fixedB = 1.8. This value is a reasonable compromise, which
is appropriate for the local ISM in the Galaxy (Planck cotiedgion
2011) and itis also in close agreement with the avegagdue ob-
tained from the varyingg model. The resultant dust-to-gas profile
is flatter forg = 1.8 (Fig.[2), though there is a clear, approximately
exponential, profile ifEy/Zqas along the disc of M31 regardless of
how we treap (see Figd.1l arld 2, bottom panels). The dust temper-
atures are also generally higher and the temperature gtaadang
the disc looks more as one would expect, iTg.is essentially de-

the gas map, we also have the gas surface density in each pixepreasing monotonously with galactocentric distance. Timsans

Y4as We have binned the data in terms of consecutive radial annul
(each 2kpc wide, deprojected assuming an inclination ofegj d
and computed the mean value in each bin for all of these parame
ters. Based on the scatter in each radial bin, we have alsputech

the 1o deviation from the mean values. The resultant binned data
are plotted on top of a radial projection of the dust map dafég.

[Il. One can see in the upper panels that the dust is generély be
20K outside of the very centrdk(> 1kpc), with an odd ‘dip’ in

the grain temperatures betweer8 — 15kpc (see top panel of Fig.
[@). The binneg-values change significantly over the disc frora 1

to 24 and as noted in_Smith et/al. (2012), increases initiallytout

R ~ 3kpc, then decreases radially. Draine etlal. (2014) hawe als
found evidence of a varyingin M31.

1 The valuekg = «(350um) = 0.192n? kg™ is taken from table 5 in
Draine (2003) for a model witg = 2. This makes sense for our constant
B = 1.8 model, but for varying, the extrapolation does not quite hold. In
M31 we have regions wit > 2.0 (inner 5 kpc) and regions wiih < 2.0
(outer regions). If we were to ‘correct’ the dust masses hsiegxo scaled
with 8 = 2.5 (the most extreme inn@), ko would decrease by a factor of 2
and we would get &igher dust mass. In the outer regions, scaliagwith

B = 1 (most extreme oute), ko would increase by a factor of 3.5 and we
would get 3.5 timedower dust masses. Thus, the dust-to-metals ratio for
the varyingB case would become even steeper.

© 2014 RAS, MNRASDOO, [THI2

the odd ‘broken’ feature in the radidy-profile is gone, withTy
simply decreasing with radius along the disc.

2.3 Metallicity gradient

In order to estimate the overall distribution of metals in M3
we have gathered metallicity data from the literature fon Ire-
gions (Dennefeld & Kunth 1981; Blair etlal. 1991; Bresoliraét
1999; | Zurita & Bresolinl 2012), young stars (Venn etial. 2000;
Smart et all 2001; Trundle 2002; Lee etlal. 2013) and playetar
nebulael(Kwitter et al. 2012). We use the oxygen abundangd)(O
as a proxy for the overall metallicity. This works well forropur-
poses, but it is worth remembering that the conversion fdobm
oxygen abundance to total abundance of metaldiisrent in low-
and high-metallicity environments (cf./Be versus Fél in the
Galaxy according to, e.¢., Edvardsson et al. 1993). Heredopta
universal conversion factor, which is justified by the fdwttM31
has relatively similar ¢H ratios (metallicity) across its disc (i.e.,
the conversion factor can be treated as a constant). Thobtam
the total metal fraction (metallicity we first convert the number
abundances of oxygen into oxygen mass fractions using ldu#one

Xo = 12x (O/H) (Garnett et al. 2002), in which we have implicitly
assumedVyss = 1.33My. Furthermore, for M31 we may assume
the oxygen typically makes up about a third of all metals @lhs
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Figure 1. Temperature (top panel), emissivity indéxmiddle panel) and
dust-to-gas ratio (bottom panel) for Andromeda as funstioingalactocen-
tric distance. The data (grey points) are taken from theirmaigdust map
in|Smith et al.|(2012). The red filled circles with error bah®w the mean
values and &-scatter in 2 kpc wide bins.

at the low end of the possible range, see e.g., Garnettle®@2?, 2
where 45-60% is the suggested value) and hes3x 12x (O/H).
An oxygen fraction as low as 40% (= 2.5 x 12 x (O/H)) is sim-
ilar to the new solar value (see, e.g., Asplund et al. 2009], an
even lower fraction is expected at super-solar metalliGitye third
of oxygen is therefore a reasonable assumption, which alsares
that we do not underestimate the metal content of M31 (setoBec
[2:4 for a discussion on why this is important). The adopteder
fraction is otherwise not critical in the present study.

Depending on the method of derivation, the derived abun-
dance from emission spectra can vary significantly. In pasti
lar, there is a well-known fiset between strong-line calibrations
from empirical data and those based on photoionization eode
and, in general, we have to deal with the fact that oxygen -abun
dances derived from emission spectra have no empialosblute

35[
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Figure 2. Same as Fid.]11, but with properties obtained from a dust map
obtained with a constant emissivity indgx= 1.8. Note the dierence in
the dust-temperature profile compared to Elg. 1.

strong-line calibrations by Pilyugin, Vilchez & Thuan @0 and
Pilyugin & Mattsson|(2011), which are known to agree wellhwit
electron-temperature based abundances. We use the Qixatial

by |Pilyugin, Vilchez & Thuan [(2010) for all cases where the
[O u]A3727+ 13729 line is detected with flicient signal-to-noise
(S/N > 10). In the remaining cases we use the NS-calibration by
Pilyugin & Mattssoni(2011), provided the {16717+ 16731 lines
are measured. We add also a 0.1 dex correction for dust deplet
which seems to appear innHegions above a certain metallicity
(Izotov et all 200@ Dust depletion cannot explain the dust-to-
metals gradient, however.

In Fig.[d, we have plotted the resultanfHDratios together
with corresponding ratios derived from stars and planetabulae.
The empirical abundances for thenHlegions agree nicely with the
stellar abundances. The abundances imtdgions agree with the
abundances derived for planetary nebulae in the outerAlistear
fit to all the metallicity data (see black line in Fig. 4) yisld

log(O/H) + 12 = 8.77 - 0.0105 R/kpc), 2)

suggesting the metallicity gradient is much flatter thandhst-to-
gas gradient. The outermost data points in [Hig. 4 suggestgréila
dient beyond a certain galactocentric distance. A ‘brokexdignt’
fit yields almost exactly the same slope as abov&fer23 kpc and
a flat metallicity gradient beyonR = 23 kpc (see the blue dashed
line in Fig.[4). Since we are, in this work, only interestedtlie

2 The observed phenomenon is trends if®and AyO versus @H. Ne
and Ar cannot be incorporated in dust, except in very smatharts as
‘trapped’ gas inside large grains. The observed trendsharefore inter-

scale either. To obtain a homogenous set of oxygen abunslance preted as dust depletion. The Ketrend suggests a 0.1 dex correction at

for the Hu regions, we have re-derived/® using the empirical

solar metallicity.

© 2014 RAS, MNRASOOO,[THI2
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Figure 3. SPIRE 250um image of M31. The white circle encloses the part o
the disc for which there are meaningful dust detections. srhaller black
circle marks the radius inside whi 012) fbandeviating
B—Tqtrend.

part of the disc inside a radius of 20 kpc (see the region ingid
white circle in Fig[3 and the grey shaded area in Elig. 4), we wi
in the following adopt equatio(2). Overall, the metatijogradi-
ent for M31 cannot be very steep regardless of the sourcénéor t
metallicity data.

2.4 Dust-to-metals gradient

With Z derived as above, we are faced with a problem (which is
also seen in Mattsson & Andersen 2012): the highest metaggs
ratios appears to blewer than the corresponding dust-to-gas ra-
tios, i.e, the dust-to-metals ratig)(is greater than unity. This is
clearly unphysical, and may arise from underestimatingiéal-
licity, or overestimating the dust-to-gas ratio. It is ni&ely that we
have significantly underestimated the metallicity sinaeetrors of
the abundance data are moderate and we have assumed &lgelativ
small oxygen fraction in order to maximize the metallicitye are
thus left with an overestimated dust abundance as the oasore
able option. As mentioned in SectionP.1, the emissivitylsed in

the modified blackbody fit to derive the dust surface density an-
chored to the emissivity at 350n with «(350um) = 0.192 n? kg
appropriate for Milky Way-type grains. The dust compositiof

© 2014 RAS, MNRASD00,[THI2
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M31 may be somewhat filerent and variations in e.g., the abun-
dance of silicates relative to carbonaceous dust or theepcesof
grains with ice mantles, can easily account for an unceytaihal-
most a factor of two in the dust surface density. We therefbomse
to correct the derived dust density by an appropriate fagfioen
below, in the next paragraph) such that the dust-to-meédis &
never exceeds unity.

We suggest that the maximum dust-to-metals ratio readi$yic
expected to be reached in the ISM is maxf) = 0.9, i.e., the
fraction of metals in the ISM locked up in dust grains canxeaeed
90%. The degree of dust overabundaride then defined as

maX@obS)
mancorr)

The corrected dust-to-gas ratios that we will use later fmmoodel
fitting are thusZy corr = Zg/ f. The required correction factor fs=
2.3 for avaryingsd andf = 1.8 for3 = 1.8. This may be interpreted
as«(350um)eor = f X k(350um), which suggests the emissivity
at 350um in M31 should bex = 0.442ntkg™ in the case of a
varying 8 andx = 0.346 kg™ for 8 = 1.8. The latter value is
close to the value according to OOO) maoee),
k = 0.380ntkg™! for 8 = 1.8 (see EqQ. 5 i al. 2014).
Overall, this means the dust-to-metals ratio is stronglyetelent
on the dust model (i.e. dust composition).

A correction of about a factor of 3 is also in agreement with th
empirical emissivities obtained @OOS)tmee
nearby spiral galaxies (NGC 891, NGC 4013 and NGC 5907). They
found that the emissivity must be roughly three times thae/&p-
ically adopted for the Galaxy, which also means that Gataib-
mm dust emissivity may be underestimated, a conclusionishat
supported by our results. But note that these are edge-oalsspi
where line of sight ffects are largest. The elevated emissivities can
certainly be disputed (see, e 010), butaisis in-
teresting to note that high emissivities have been founceimsd,
cold molecular cores, which is thought to be the result ofenor
efficient coagulation into complex dust aggrega et
[2003; Paradis, Bernard & Mény 2009).

The dust composition may of course vary along the disc, but
in the present study we will, for simplicity, regafdas a constant
and the slope oZ, therefore remains unchanged after the correc-
tion. The resultant dust-to-gas ratidg and the dust-to-metals ra-
tios ¢ = Zy/Z across the disc of M31 are presented in Figs. 5 &
[6. The dust-to-gas gradient is clearly steeper than theliéia
gradient, which indicates there is a significanist-to-metals gra-
dientin the disc of M31. One could of course argue tliatay
vary such that the dust-to-metals gradient flattens out aedrhe
insignificant, but there are in fact several reasons to asshenop-
posite, i.e., thaf is likely larger in the less evolved outer regions of
the disc than it is in the more evolved inner regions. Two ibbss
reasons stand out. First, the enrichment of carbon (anddhus
bonaceous dust) happens on a relatively long time-scade ésg.,
the models by Carigi et 4l. 2005; Mattsson 2010). The ratisilof
cates to carbonaceous dust is therefore probably largkeinuter
disc compared to the inner disc. Since carbonaceous dusisgra
have larger emissivity than silicate grairfswould (in this sce-
nario) increasewith galactocentric distance. Secondly, ghy Ty
degeneracy would also lead to an overestimate of the dust mas
density in the migbuter disc more than in the inner disc because of
the diferences in the SED fitting results (see fig. tal.
). Thus,f would againincreasewith galactocentric distance
rather than decrease, suggesting that variatiorfsviith metallic-
ity is likely not responsible for the derived dust-to-gaspa. How-

f= = 1.11 x maxobs)- (©)]
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Figure 4. Oxygen abundance as a function of galactocentric distand43il. The solid black line shows the best log-linear fit to i set of metallicity
data, while the blue dashed line show the best-fitting ‘bmodgadient’ with a constant B beyondR = 23 kpc. The grey shaded area marks the part of the
disc for which there is data for both metallicity and dusgts ratio from the HELGA survey.

ever, the highepg-values towards the inner disc may suggest the
emissivity-law should be rescaled such that the overalksivity
is higher at small galactocentric distances. It is obvipusit clear

R = 0.4 x Rys is known to be a good proxy for the typical metal-
licity of a galaxy discl(Garnett et &l. 2002), we have thedwihg
relationship (which follows from the simple closed-box rebadf

how f may depend on galactocentric distance. Assuming that the chemical evolution, see Pagel 1997) for tifieetive metal yield,

degree of dust overabundantés constant wittz is therefore both
a reasonable and conservative approach.

3 MODEL, INPUT AND FITTING

We have fitted the analytical models of dust-mass evolu-

tion derived by Mattsson, Andersen & Munkhammar (2012) and

Mattsson et al.| (2014), which are given in terms of the séedal

confluent hypergeometric Kummer-Tricomi functions (Kunmime

1837; Tricomi 1947, see also Appendik A for further detaiiuat

the models) to the dust-to-gas profiles derived| by Smithlet al

(2012). We combine this with a metallicity profile derivearn

abundances as a function of galactocentric distance[([ri¢dete

we briefly explain the parameters and the numerical routioes

fitting the data sets in Figs] 5[&8 6 with the models listed inl&&h
The model has four parameters: theetive dust yieldyy,

the corresponding total metal yieyd, the grain-growth ficiency

€ and the dust-destructiorffieiency §. The metal yieldy; needs

to be fixed to the value obtained from the simple closed box

_ Z(R =04x R25)
R CTh)

where u is the global gas mass fraction of the galaxy. M31
is a mature spiral galaxy with relatively little gas left ihet
disc. Hence, we adopt a low mean gas-mass fractiop of
0.12, which is based on various estimates found in the litera-
ture (e.g.| Pilyugin, Vilchez & Contini 2004; Worthey et |aD05;
Tamm et al. 2012). Furthermore, we assuRag = 10207 arcmin
(seel Pilyugin, Vilchez & Continl_2004, and references éfrer
such that 31 Rys = 9.32 kpc. Combined with the B gradient, this
givesZ(R = 0.4 x Ry5) = 0.028 and thug; = 3.5x 10°3. The
effective stellar dust yielgly ande are treated as free parameters.
There are reasons to believe dust destruction plays assiati
minor role in the formation of a dust-to-metals gradientisTéan
be motivated as follows. We have seen in Sediion 2 that thast m
be a significant dust-to-metals gradient in M31, which iatks
significant dust growth in the ISM. M31 is also a galaxy where
the metallicity is relatively similar across the disc and ttust-to-
metals ratio may be close to unity in much of the inner panisidie

4)

model. The closed box model is of course not a correct model of the white circle in Figi.B), which suggestg1 — Z4/Z) in equation.

how the metallicity in late-type galaxies evolve. But ascdissed

in [Mattsson, Andersen & Munkhammar (2012), it is a model that
works in this context since gas flows should néfeat thedust-
to-metals ratiovery much. Using the observedt®gradient (with

a central value of = 8.77) derived in this work (equatidn 2;
Fig.[4) and the fact that the metallicity at a galactocerdistance

(A7) is small. Thus, we expeet> ¢ sincedZy/dZ must be positive
and not too small in order for a dust-to-metals gradient terge

In casee > ¢, it is fair to assume a model with a negligibe
since the net fect of dust destruction would be small compared
to the dfect of grain growth anyway. We will therefore consider
models in whichs = 0 as well as wheré is a free parameter.

© 2014 RAS, MNRASOOO,[THI2
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Figure 5. Dust-to-gas ratio in M31 as function of galactocentric atise
(circles) for Top: varyings and Bottom: fixed3. The data are compared
with the best-fitting models in Tad[é 1 including stellar taoduction only
(dotted black lines - Models B and F) and simple models inolydiust
growth (full drawn black, dashed red and dot-dashed blusslinModels
A, C and D). The grefight blue symbols in the background shows the
original data before the dust-to-gas ratios were corretttedcount for the
unphysically high dust-to-metals derived (where thisof&ceeded unity,
see Sectioh 214).

We also test a case whefe= 5.0, which corresponds to a dust-
destruction time-scale often assumed for the Galax§~0.8 Gyr,
see Jones, Tielens & Hollenbé&ch 1996).

To compare the data and the model, we used the Levenberg-
Markwardt scheme fog2-minimization. More precisely, we used
the IDL-routine package MPFIT (Markwardt 2009) in combina-
tion with a numerical implementation (for IDL) of the Kummer
Tricomi functions (see |_Mattsson, Andersen & Munkhammar
2012). The initial parameter setting is in all casgs= 0.5y,

e = 500 and, where used,= 5.0. To avoid unphysical results the
parameters are forced by our fitting routine to remain nagyatiee
numbers. In each step the fitting routine has to call a sul®tb
compute the Kummer-Tricomi functiad for the considered argu-
ment and parameters. This may slow down the fitting condidera
and even turn into a cumbersome computatiotfiédreof its own.

If M is to be computed on its integral form with high precision
for any argument and parameter values, the number of ibesati
may in some cases be an inhibiting factor. Therefore, we #ake
short-cut, in order to maintain a reasonable computati@edp
The functionM can be defined as an infinite series, which in turn

© 2014 RAS, MNRASDOO, [THI2
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Figure 6. Dust-to-metals ratio in M31 as function of galactocentiigtahce
(circles) for Top: varyings and Bottom: fixed3. The data are compared
with the best-fitting models in Tabld 1 (as in Hig. 5). The tighd shaded
regions correspond to dust-to-metals ratios above unifig. thin horizon-

tal (grey) line shows the case of an overall dust depletioB(86, which
roughly corresponds to the dust-to-metals ratio in the Swa&hbourhood
(Draine & Li12007). The f-values’ denote the degree of dust overabun-
dance before correction.

can be evaluated in terms of factorials and the so-cali@thction
(Mattsson, Andersen & Munkhammar _2012). By truncating the
series once a certain precision is obtained, we have a fast an
suficiently precise numerical implementation Mt

Table[1 lists a variety of dlierent model results fit to the de-
rived dust-to-gas and dust-to-metal profiles in M31 (see.Bg&

4 RESULTS AND DISCUSSION
4.1 Model-fitting results

Reasonable model fits can be obtained for both the vagyicase
andg = 1.8. There is hardly any fierence between the models
with 6§ = 0 and those which havé& as an additional free param-
eter (see Figg]5 arld 6 and té values given in Tablg]1). The
best fit to the dust-to-gas profiles based on a fixed, as well as a
varying, 8 is obtained for very smalf values, which suggests the
net dfect of interstellar dust destruction cannot be very sigaific
Locking 6 to a certain value (e.gs, = 5) results in a poorer, but
still acceptable, fit. However, we caution the reader on theet
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Table 1. Settings and resultant parameter values for the modelyjitandyz are the dust and metallicity yields, respectively, agmax, 7gr,min are the
maximum and minimum values, respectively, of the grainaginatime-scalery, as defined in AppendiXJA (equatiGn A5). All models hage= 3.5- 103, €
ands parameterize the grain growth and dust destructifiniencies, respectively.

Model setting: Resultant parameter values: Tgr,max  Tgr,min red. y?
® (e (9) (Ya) (Ya/yz) (e 5) (Gyr)  (Gyn)

(A) Var. Free 0 P6x 104 383x102 218 - 1.86 0.230  0.297

(B) Var. 0 0 329x10°% 412x101 - - - - 8.92

(C) Var. Free Free 30x10% 388x102 217 154x10°8 1.87 0.231  0.334

(D) Var. Free 5.0 B6x10°® 972x10% 563 5.0 0.721  0.0891 0.745

(E) 18 Free O #4x10° 180x101 123 - 3.30 0.408  0.278

(F) 18 0 0 382x10°% 479x101 - - - - 0.929

(G) 1.8 Free Free 10x10°% 1.38x10! 148 325x10°% 274 0.339  0.357

(H 18 Free 5.0 B7x10° 498x10°% 579 50 0.701  0.0866 0.722
tainty of the simplistic model we use here - conclusions altoe: inner disc. These properties are found both for the caseanfitbe
overall dficiency of dust destruction should not be drawn from this emissivity indexs and forg = 1.8, i.e., the radial variation of the
result. The parameter values given in Tdble 1 should be tain grain-growth time-scale (according to the models) areitaislely
a grain of salt also because the fit is intrinsically uncartéie have the same. We note also that these grain-growth time-scedeis a
tried a boot-strap Monte Carlo approach to estimate thergrof reasonable agreement with the results of more detailed Isémte
the fitting parameters, but due to various uncertaintiehéndb- the Milky Way (e.g.. Dwelk 1998; Zhukovska, Gail & Trigl@008,

servational data, the resultant probability density fiomt (PDFs) who findrg ~ 0.5 - 1.0 Gyr in the solar circle).
cannot be used as constraints (despite 10000 iterations)PDFs

are patchy and multi-modal functions which give no meanihgf As discussed in Mattsson, Andersen & Munkhamrar (2012),
statistical variance. But it is clear that one can easily \each pa- a dust-to-metals gradient can to some degree be the result of
rameter by at least a factor of 2 and still stay within the ebars metallicity-dependent stellar dust production. More wely, M-

of the data. type giants (on the AGB) do not produce their own raw material

Regardless of whether we use a fixed or varyifg for dust production, which will lead to metallicity depemde. One
there is a clear dust-to-metals gradient along the disc of could also argue thatthe inner regions should have moreobfex
M31. This is indicative of significant interstellar dust gith low-and intermediate-mass stars that have turned intaoastars
(Mattsson, Andersen & Munkhamrar 2012) and we do indeed ob- and thus alter the silicate-to-carbon-dust ratio, whickuim may
tain relatively largee values from the fits (see Tallé 1). The dust- affect the dust gradient we derive and cause an apparent metalli

to-metals ratio along the disc of spiral galaxies is typjcabt con- ity dependence. However, both these issues are importanifan
stant, but M31 (with its flat metallicity distribution) sesito have a  large fraction of the stellar dust is due to AGB stars. Sirwrd
steeper gradient than most of the SINGS spirals of compasibé is more and more evidence suggesting that massive starsh(whi
(Mattsson & Anderseh 2012). The same phenomenon is seen alsd®roduce most of the metals) aréieient dust producers, this is
in global dust-to-gas ratios and at lower metallicitiestin tecent  likely not the case. At very low metallicity there may be aettrold
results by Remy-Ruyer etlal. (2014). also for massive stars, though (see the hypothesis by Matedsal.

The favoured fective stellar dust yielgy is in all cases with 2014).

e # 0 quite small. Naively, one would interpret that as stellastd
production being rather insignificant, but as mentionedvabthe
simplistic model we use cannot provide very precise quetié
results due to its simplicity. The lowy-values may be due to a
possible degeneracy between stellar dust production aadsiallar
grain destruction due to SNe in star-forming regions.

Despite it is technically possible that such metallicity- de
pendences could lead to a dust-to-metals gradient, it can be
pretty much ruled out by the result proved in Appendix A in
Mattsson, Andersen & Munkhammar (2012):

_ _ R _ ~ Ifthe metallicity dependence of théfective stellar dust yielg is
Since the HELGA dust map, in combination with the gas dis- |inear /4 « Z) and the dust-to-metals gradient is steeper than the

tribution, allows us to get a good handle on the Kennicutirsidt metallicity gradient, then the slope of the dust-to-metatdient
(K-S) law in the M31 discl(Ford et al. 2012), we have an oppor- cannot be explained by metallicity-dependent stellar gustuc-
tunity to estimate the grain-growth time-scaig using a consis- tion.

tent data set. Using the K-S law derived|by Ford étlal. (2012) w

have calculated the growth time-scalg from equation [(Ab) in This result is, in fact, more general than so and should hedh e
the same 2 kpc wide bins along the disc that we have used pre-if yq is not linear with metallicity, and lends support to the grai
viously. The resultanty, as function of galactocentric distance is growth scenario in the present case. We note that (compareth
shown in Fig[¥ for the cases of variable and constant enitigsiv.  dashed lines in Fif.]5 with the data points in [Eiy. 6) the ntietsl
index g3, respectively, and the maximum and minimum values are gradient of M31 is much flatter than its dust-to-metals gradif
also listed in Tabl€]1. As expected, because the growth sicaée the emissivity inde is treated as a variable, while thefdrence is

Tgr IS anti-correlated with the gas-mass density due to itsigitpl less if3 = 1.8. Thus, because of the flatness of the metallicity gra-
dependence on the star-formatidfi@ency (see equatiois A6 and  dientin M31, there is one qualitative conclusion that magizevn
[A5), there is a minimum where the gas distribution has its-max from the simple model fits we present: the new HELGA dust map
imum (atR ~ 11 kpc), but we also see a significant rise in the provides a good case in favour of the grain-growth scenario.

© 2014 RAS, MNRASOOO,[THI2



4.2 Caveats

Despite the relatively firm qualitative results given ahdbere are

a couple of caveats which we have to discuss in some detest, Fi
we have the problem of how to treat the emissivity ingeks it a
constant or a variable? Is it covariant with other parans€t&ec-
ond, SED fitting can be done using various models of the SEB. Ar
there one or two grain temperatures that dominate or shoeld w
consider a continuous range of grain temperatures? Belowywe
to address these issues.

4.2.1 Dust-to-gas ratio: fixed versus varyiag

The dust abundance data used in this paper are mainly taten fr
Smith et al.|(2012), who choose to treat the emissivity ingles a
free parameter in their one-component SED fits, which isaeas
able since3 may not be the same in every environment. However,
there is a parameter degeneracy betwgeand the dust temperature
Tq4, because bothfiects the long-wavelength slope of the model
SED (see Smith et &l. 2012, in particular their fig. 6). As oar c
easily see in Fid.]1 (middle panel) the mgamalues in the inner
disc exceedg = 2, which is the slope expected for silicate dust
(Draine & Lee| 1984). It is worth emphasizing what we have al-
ready mentioned in Sectign 2.2: at very low temperatgres2 is
possible [(Coupeaud et 2l. 2011), but, as discussed by Stth e
(2012), thes—T4 relation has two branches associated with the in-
ner and outer disc in M31. This could, in principle, be a restihe
aforementioned degeneracy. If such a parameter-degenamnaio-
lem is present, it would likely put an unphysical (and clganh-
wanted) bias on the resultant dust abundances. Thereferbave
explored both fixed and varyingin this work.

The observed SEDs are generally better fit with a varying
and the emissivity indeg should indeed vary depending on the
ratio of carbonaceous to silicate dust: the time-scale dfaaen-
richment is significantly longer than that of silicon, masjioen,
oxygen and other elements relevant for silicate formatee(e.g.,
Carigi et all 2005|;, Mattssdn 2010) because it is believet cha
bon is mainly produced by relatively long-lived stars thatdme
carbon stars on the AGB. This suggests lower in evolved parts
of a galaxy than it is in younger parts. TBerend with galacto-
centric distance should thus be increasing since the oatés pre
usually less evolved than the inner parts. The fact that latipas
of cold grains may have largé may work against the formation
of such a trend, given that the characteristic grain teniperale-
creases with galactocentric distance, as one may naivelynes
Adopting a constang over the whole disc may therefore not be
completely unjustified and, more importantly, it appearprtavide
a lower limit to the steepness of the dust-to-gas gradidnf{gs.

M and®).

4.2.2 Dust temperatures: why one-component fits are bott goo
and bad

Fitting a one-component modified blackbody model to the SED
may not be an optimal way of estimating the dust mass. Thd-vali
ity of such a model depends on properties of the dust compenen
Sometimes there can indeed be a single dominant dust comtpone
consisting of grains of similar temperature, in which casene-
component modified blackbody model is a very good approxima-
tion. If there are two distinct dust populations with clgatifferent
grains temperatures, such a model would be inadequate s®eau
single component cannot capture the characteristics afreotal’

© 2014 RAS, MNRASDOO, [THI2
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dust-temperature distribution. But in case the SED reflaalsist
component with a continuous distribution of grain tempaed, a
single component is more representative than a two-conmpdite
which may overestimate the contribution from the coldesirg.

An overestimate of the cold component will also cause an-over
estimate of the dust mass, since cold grains emit significteds
radiation per unit grain mass. Also, therscheldata provides no
information about the SED beyond 5061, which makes it dfi-

cult to constrain the contribution from the coldest dust imalti-
temperature fit. As pointed out by Smith et al. (2012), to use a
model containing dust at more than one temperature in ablelia
way, we would require additional data at longer wavelengtits.,
observations at 850um with SCUBAZ2 (but see also Viaene et al.
2014).

With the above in mind, one may see the radial dust-
temperature profiles in afiérent light: the radial dust-temperature
profile, and the anomalous double-brancjged T, relation in par-
ticular, does not necessarily reflect changes in the dusposition
and heating sources infirent parts of the disc only, but also a
bias caused by assumptions about the dust temperaturasyimgle
the SED model. The emissivity indgxis in practice just a ‘shape
parameter’ for the SED model, which is also the direct redson
the parameter degeneracy mentioned in Se€fion]4.2.1. ;aras
is trying to fit a single temperature model with a varygtp a dust
component which in reality has a continuous distributioryiin
temperatures, that procedure may fggde become smaller as the
SED of a multi-temperature dust component is always widsmn
single-temperature component. Obviously, tifset will also lead
to an incorrect estimate of the dust mass. Hence, despiteighe
quality of theHerscheldata, the diiculty in finding a simple but
general and adequate model for the SEDs in order to obtain the
dust map requires that one uses the radial dust distritsipoe-
sented here (and in_Smith etlal. 2012) with some caution. W& no
however, that the slope of the dust-to-gas profile we obthiri¢h
a varyingg, agrees well with the slope of the dust-to-gas profile in
the inner disc of M31 derived hy Draine et al. (2014) usinjeat
ent data and SED fitting technique. Our resultfoe 1.8, on the
other hand, is in better agreement with the outer slope ofitis¢-
to-gas profile according o Draine et al. (2014). We beliéeettvo
profiles presented here (top panels of Higs. 1[and 2) consptlise
range of variation one may expect due to the uncertaintyeoStiD
model.

5 SUMMARY AND CONCLUSIONS

We have derived and modelled distributions of dust and métal
the disc of M31 with the purpose of finding indirect evidenoe t
hopefully distinguish between one of the two competing gust
duction mechanisms in late-type galaxies: stellar dustyction
and interstellar grain growth. The data together with sempbd-
els point towards interstellar grains growth being the nivogtor-
tant mechanism, although firm conclusions cannot be drawnau
possible degeneracies between formation and destructidosd
associated with stars.

We have computed mean radial dust distributions from the
HELGA dust map based on simple SED models with a varying
as well as a fixed emissivity indgx as well as an overall metal
distribution derived using data collected from the literat In a
second step, we used a simple analytical model of the ewaluti
of the dust component in a galaxy and fit this model to the tadia
dust-to-gas distribution. The dust-to-gas gradient in N3dteeper
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Figure 7. The grain-growth time-scale (relative to the mean valuep as
function of galactocentric distance for the models whetergiellar grain
growth were considered. Models A, C and D (full-drawn linejrespond
to the case with a fre@and models E, G, H (dashed line) correspond to
1.8. The time-scales are normalized to the mean value bechageonly
differ by a constant factor, except when comparing the casesnstart
and varyings, respectively.

than the metallicity gradient, i.e., there is a clear negadiust-to-
metals gradient along the disc, and in such cases our model su
gests dust growth must be the dominant dust-formation nméstma

in the ISM of M31. Taken at face value, our model fit actuallg-su
gests the net stellar dust production is almost negligibie the
build-up of the dust component in M31 should therefore beidom
nated by interstellar growth.

From the above we conclude that M31 is a strong case for

cosmic dust being the result of substantial interstellairggrowth,
while the net stellar dust production must be limited. THeency

of dust production in stars (most notably SNe) and the grain d
struction in the ISM may be degenerate, however. Conselguent
we can only conclude that interstellar grain growth by ationeis

at leastas important as stellar dust production channels in bugldin
the cosmic dust component in nearby galaxies. However,esuitr

is in line with the recent (and more detailed) dust-evoluticodels

of late-type dwarf galaxies by Zhukovska (2014), which fa
low condensation fciencies in type Il SNe combined with sub-
stantial grain growth in the ISM. Thus, it seems worthwhileon-
struct a detailed model of the radial dust distribution ofivi&hich

is more independent of the metallicity gradient. We hopeetarn

to this in a future publication.
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APPENDIX A: ANALYTICAL MODEL
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event, andRsy is the SN rate. The time scatg may be approxi-
mated as (Mattsson, Andersen & Munkhammar 2012)

. 005
¢ T3y dt’

where § will be referred to as the dust destruction parameter,
which is a measure of thefficiency of dust destructior®s and

%4 denotes surface density by mass of stars and gas, respective
Note that there no explicit dependence on the gas mass ylensit
X4 or the stellar mass densiB. For alLarsan|(1998) IMF and
mism ~ 1000M,, (Jones, Tielens & Hollenbach 1996; Johes 2004),
thens ~ 10 (see_Mattsson 2011) which can be regarded as
an upper limit|(Dwek et al. 2007; Gall, Andersen & Hjorth 2011
The dust-destructionfigciency 6§ can also be calibrated to the
expected dust-destruction timescale for the Galaxy, witioh
can assume is approximately 0.7 Gyr (Jones, Tielens & Hadleh
1996). Given that thefBective Galactic gas-consumption rate is
~ 2M, pc?Gyr?, and the gas density is 8 M, pc2, which im-
pliess ~ 5 (Mattsson et al. 2014).

As discussed in_Mattsson etal. (2014), one can modify
this timescale so that the indirectfects of grain shattering
are included. Small grains tend to be more easily destroyed
(Jones & Nuth 2011; Slavin, Jones & Tielens 2004) and it issthe
fore reasonable to assume the dust destruction time saalélstte-
pend on the amount of grain shattering as well. The shattesate
is to first order proportional to the square of the dust-gd&nsity

(A3)
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in the ISM. Thus, we may approximate the destruction timéesca
with the expression
- 6 Zyg dX
T, =2 =8 A4
Ty Eg Zd,G dt ’ ( )
whereZ, s is the present-day Galactic dust-to-gas ratio.
The timescale of grain growth can thus be expressed as (see
Mattsson, Andersen & Munkhammar (2012)]):
Zd -1
Tgr = T0(2) (l - 7) ,

where, to first orderrg is essentially just a simple function of the
metallicity and the growth rate of the stellar componest, i.
o, eZdXs
T = o >
3y dt

(AS)

(A6)

wheree is a free parameter of the model.

Adopting the above scenario, with the dust-destruction
timescale defined as in EQ._(]A4), we arrive at the equation
dzg _ 1 Zy Zy
E_y—z{y“zde(l-?)z-am}, (A7)
wherey; is the metal yield. With (< yy < Yz as a basic require-
ment, solutions for the dust-to-gas raHg in terms of the metal-
licity Z can be expressed in terms of the confluent hypergeometric
Kummer-Tricomi functions of the first and second kind (dexaiht
and M), respectively (Kummgr 1837; Tricomi 1947). We refer to
Mattsson, Andersen & Munkhammar (2012) for further details
how such solutions are obtained. The solution to Eq] (A7) km@n
written

)):_ yz 4G € Zz : (A8)
4 1% 1) 112
M[ZYZ (1+Zd,(3€)’2’2 z]

whereM(a, b; 2) = 1F1(a, b; 2) is the Kummer-Tricomi function of
the first kind, which is identical to the confluent hypergetine
function ;F,(a, b;2) . For comparison, we will also consider the
case there is neither grain growth, nor destruction of dushe
ISMi.e.e = § = 0. We then have the trivial solution,

ze= Y7, (A9)
Yz
corresponding to dust produced only by stars (e.g. from Sid@a

AGB), or a scenario where the interstellar grain growth anstd
destruction are exactly balanced.
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