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ABSTRACT

Context. The surface energy constraint puts a limit on the smallegfmfientss, s that can be produced after a collision. Based on
analytical considerations, this mechanism has been fgddantified as been potentially able to prevent the pradaosf small dust
grains in debris discs and cuff¢heir size distribution at sizes larger than the blow-orési

Aims. We numerically investigate the importance of thigeet to find under which conditions it can leave a signaturbémsmall-size
end of a disc’s particle size distribution (PSD). An impattpart of this work is to map out, in a disc at steady-stateatigithe most
likely collisional origin forum-sized dust grains, in terms of the sizes of their collialgrogenitors.

Methods. We implement, for the first time, the surface energy constiato a collisional evolution code. We consider a typioabds
disc extending from 50 to 100AU and twofidirent stellar types. We also consider two levels of stiriindpe disc: dynamically "hot"
(<e>=0.075) and "cold" £e>=0.01). For all cases, we derisg,+ maps as a function of target and projectile sizegnds,, and
compare them to equivalent maps for the dust-productian Y&le then compute disc-integrated profiles of the PSD anuh&tst the
imprint of the surface energy constraint.

Resuits. We find that the $,,s) regions of highss,+ values do not coincide with those of high dust productioa.ras a consequence,
the surface energy constraint has generally a wé&cteon the system’s PSD. The maximugg,¢-induced depletion ofim-sized
grains is~ 30% and is obtained for a sun-like star and a dynamically""base. For the €0.01 cases, the surface enerdieet
is negligible compared to the massive small grain depletidnced by another mechanism: the "natural” imbalance detvwdust
production and destruction rates in low-stirring discsiifeed by Thebault & Wu (2008).
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1. Introduction 2003), values fop range from~ 0.5um for solar-type stars to

. - . 2-1Qum for late type A stars (Krivov, 2001) As a consequence,
Circumstellar debris discs have been detected around reain;g§ s?%ttered Iigh)t/pdisc Iumin‘ositie’s'shou@j always be ?jmtdd
?uence §tal§, (tj)ectauB?e of the efx%ess Ilutmlnlosnr)]/ p;‘)l_‘?ut‘?ﬁi“j‘:)y by grains close t@iow, and, for A starssyow grains should also
dougt1 rtrz];lrfgt beugrimc?ﬁj?;lsgn% ilsstrzgl?glr:/te % f)eosrte:agi;y repledomlnate the thermal flux up to mid-IR wavelengths.
ished by a chain of erosive collisions starting from a resieof simHI(()eW?/\i/eev:/’ ostz)srﬁrevagi(;rgi Eg\\//?e Sf(()) rrneél)?;fns lghakl)lggrg];e?()l}rr::js
large, planetesimal-like, parent bodies (e.g. Wyatt, 28080V, P L . ' ample, b
2010). In an idealized case, the size distribution of bodi#sn to contain_important frac_tlons of_sub-micron_grains_below
such a collisional cascade s:hould settle toward a powerf#veo Sblow (Ard"a etal [2004] Fizgerald etal., 2007, Johnson_et al.
form dN « <ds, where the index; is close to -3.5 (Dohnarlyi 2012). While there does not seem to be one single straightfor
1969). Such a power law has the interesting ch.arécterﬁ;lms, V\(ard scenarlo_for the presence of such tiny particles, sase p

g sible explanations have been suggested. One of them isathat,

while most of the disc’s mass is contained in the biggestatbje ery small sizes, thg(s) curve starts to decrease with decreas-

- 4 v
of the cascade, most of the geometrical cross section sheuld .
contained in the smallest grains of sigg,. This means that, Ing s before reaching a constant value that cani@s for K,

- Lo G or F stars, thus placing sub-micron grains on bound orbits
at all wavelengthsl < 2rSmin, the disc’s luminosity should be ] L S o
dominated by these smallest grains. (Johnson et al., 2012). Another possibility is that we arte@ss

2 . L . in werful collisional chain-r ion, call n "@arathe"
Determining smin is thus of crucial importance. Luckily g a powerful collisional chain-reaction, called a €,

enough, for most stars, stellar radiation pressure impeSeat- of high8 particles passing through a dense ring of larger grains

e . L F X rigoriev 1, 2007).
ural" minimum cut-df size that is, in principle, easy to estlmategG garieva et al., 2007)

Indeed, because this pressure is botly sand, like stellar grav-

ity, o« 1/r? (r being the radial distance to the star), there is 1. Discs with "too large" minimum dust sizes

minimum sizes,ow below which radiation pressure overcomes

gravity and grains are quickly blown out from the system.iiigk We will focus here on the opposite problem, i.e., the systems
into account the fact that small grains are probably productor which the observationally deriveshi» has been found to be
from parents bodies on Keplerian orbits, the criteria foineat-  1arger than syow. The existence of such systems was first un-
iNg Soiow IS given byB(Sviow) = Fradpress/Fgrav. = 0.5 (for par-  ambiguously determined by Pawellek et al. (2014), who abnsi

ent bodies on circular orbits). For typical astro-silicafBraine,

- 1 For subsolar stars, radiation pressure is too weak to onexgpav-
Send gprint requests toP. Thebault ity, but stellar wind could play a similar role for active Mass like AU
Correspondence tghilippe.thebault@obspm.fr Mic (Augereau & Beust, 2006; Schippler et al., 2015)
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2 Thebault: smallest grains in debris discs

ered a sample of 34 resolved difcand found that, while discs the size of the largest fragment, and the impactor’s sjze
around A-star hav&min ~ Soiows the Smin/Soiow ratio increased
towards low-mass stars and could reachl0 for solar-type 2
' . 24ysg -1

stars. These results were later confirmed by Pawellek & Kirivo Ssurf = ( ) Str 1)
(2015), who showed that th&min/ Soiow trend is robust and does
not depend on material compositions or grain porosity. ] ) o

These results seem to be in contradiction with the aforéherevie is the impact velocityy is the surface energy per
mentioned behaviour expected in discs where a size distriblit surface, and if the fraction of the kinetic energy that is
tion in dN « ids holds down to the blow-out siz&yq,, Used for creating new surface. Interestmg_ly, this forrrgﬂms
for which luminosities should be dominated by grains clod8€ counter-intuitive result that, for a a giver and a fixed
to the blow-out size. Interestingly, numerical investigas of ~Str/So ratio (i.e., for self-similar impacts), the size of the stnal
the collisional evolutions of debris discs have shown tiaat, €St fragmenincreasesvith decreasingy sizes. For low-velocity
least in the small-size domain, size distributions can ict faimpacts, low values of and for material with highy (like ice),
significantly depart from an idealizedN o <ds power- Ssurf €an be significantly higher thamgiow for so < 1 m (see Fig.1
law. The simulations of Thebault et all_(2003); Krivov et alof Krijt & Kama, 2014).
(2006);| Thebault & Augereau (2007) have indeed shown that However, while deriving estimates @+ is analytically
size-distributions can exhibit pronounced "wavy" patsamthe possible for one given collision, given global estimates do
< 100sy0w domain, triggered by the absence of potential davhole debris disc is a much more problematic task, as the val-
structive projectiles belowow. However, this waviness cannotues of st will strongly vary depending on the absolute and
deprive the system from grains closes@,., and it even gener- relative sizes of the impacting objects. In their pionegstudy,
ally has just the oppositetect, inducing a density peak of grainsKrijt & Kamal (2014) did an attempt at deriving a disc-intetga
in the 15 — 25,0 region (Thebault & Augereal , 2007). Ssurf Dy only considering impacts between equal-sigeabjects

A possible cause of small-grain depletion could be th@Nd by restricting themselves to "barely catastrophic”aotg
well known Poynting-Robertson drag causing small pasiote Where each impactor is splitinto 2 identical fragmentssTin-
slowly spiral starwards. However, thiffect is likely to only be Plifying choice relied on two main assumptions: 1) For a give
noticeable for tenuous discs for which the collisional threde target size, and i, is fixed it is with a projectile of the same
of small grains becomes larger thig (Wyatt, 2005). The first Size that the smallest "smallest fragments” should be obtai
plausible mechanism for small-grain depletion that cousw a hence the choice of equal-sized impacts as the most camstrai
work for bright discs was proposed by Thebault &WWu (2008)ng ones, and 2) in a collisional cascade, small grains shoul
who showed that, in discs with a low dynamical excitatiomy(lo Preferentially originate from collisions involving pasties barely
orbital eccentricitie® and inclinations), there is an imbalance larger than themselves; so that even if collisions amoraggel
between the production and destruction rates of small graifbjets have very smadk, values (becausgys o stif s/
Indeed, while their production rate is controlled by thesivn is fixed) the amount of small dust they produce cannot compen-
of larger particles and is thus low because of these pasticléate for the amount of small dust "not produced” (because of
low <e>, their destructionrate, which is controlled by impactstheir largerss, 1) by collisions amongst small grains, hence the
involving the small grains themselves, is much higher beealfocus on the smallest "barely catastrophic” impacts . Utttiese
these grains are placed on higlrbits by radiation pressure re-Simplifying hypothesis, the disc-integratelff); is then thessus
gardless of the dynamical excitation in the rest of the sysfes obtained for the smallesy object that can be split in 2 by an
a result, depending on the value fog>, there could be a strongimpact atve:
depletion of grains up to sub-mm sizes. The main issue wigh th
scenario is that it requires valueso&> that could possibly be §sjtljjrf ( r )( L. )—1( f )-2( n )_1( y ) @

unrealistically low (see Ség.4). . o)\ 1oz \102) \oam=
ow o) .

TIPSOV + 24y

1.2. Maximum surface energy and minimum fragment size wheref = (1.25¢7 + i2)°5.

Another, potentially more generic scenario has been rcent
proposed by Krijt & Kamal(2014). It is based on an energyt.3. Need for a numerical approach
conservation criteria, related to the physics of collisidhem-
selves, which had, remarkably enough, never been invoked B¢ rightfully underlined by Krijt & Kama [(2014) themselves,
fore in the context of debris discs. The argumentis that trdes  Equl2 should only be taken as an order of magnitude estimsite,
tive collision cannot produce a size distribution of fragrsethat it only takes into account a very limited range of collisigpés.
reaches an infinitely small value, as this would require din inBut even this role as an order-of-magnitude indication &hou
nite amount of energy. This is because creating new fragsnehe taken with caution, because the simplifying assumpfiasis
means increasing the amount of exposed surface, and thistif¥ing the predominant role of equal-sized barely-catzsitic
quires energy. There is thus a minimum s&g+ in the frag- impacts mlght not hold in a realistic disc. The first problesm i
ment distribution, given by the requirement that the tataface that this predominantrole has been inferred assumingsthas
energy of all fragments cannot exceed the kinetic energhgef tfixed, which is far from being the case in realistic conditipfor
impact. For the specific case of a fully destrictive impact bavhich s, strongly depends on the impactors mass ratio and on
tween two equal-sized bodies and foga —3.5 size distribu- Vrel (€.g.Leinhardt & Stewart, 2012). Another problem is that it
tion,[Krijt & Kama (2014) derived a relation linkingyu ; to s¢;, Was derived assuming thatgp= —3.5 power-law holds for the
whole size distribution, which several debris disc studiage

2 There is an inherent degeneracy between grain size and atisc§h0Wn to be erroneous, especially in the small grain sizeattom
dius that can only be broken for resolved systems (see digruin Last but not least, it neglects the contributioncoétering im-
Pawellek & Krivov,2015) pacts, which might have a dominant role in the global dust pro
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duction and destruction balance (Thebault & Augereau , [200lable 1. Set-up for the numerical simulationg.is the surface

Kobayashi & Tanaka, 2016) energy per surface unit of material ands the fraction of the
Pawellek & Krivov (2015) improved on Equ.2 by taking intdkinetic energy that is used for creating new surface.

account the fact that velocities of impacts involving sngadlins

might have higher values because radiation pressure placésn-num Solow

small grains on highly eccentric or even parabolic orbitsisT ~ Smaxnum S0m

significantly reduced the values 6P, /syow With respect to 'r”'.t'al mass 05%%9

Equl2. Interestingly, this did, however, not improve thetdit /™" 100 AU

the observationally-deriveelD;/suiow, for which the original |~/ 1or9

Krijit & Kamal (2014) formula seems to provide a better match<e> 0.075 or 0.01

(see Fig.14 of Pawellek & Krivoy, 2015). However, even the im Qx prescription| Benz & Asphaug (1999) (for basalt)
proved formula used by Pawellek & Krivov (2015) is still ackis ~ Ssurf Appendix of Krijt & Kama (2014)
averaged analytical estimate relying on the same simplifgis- ¥ 0.74J.m?

sumptions mentioned earlier. n 0.01

We propose here to take these studies a step further by incor-
porating, for the first time, the surface-energy constraitiiin ] . ) . )
a numerical collisional evolution code, estimatisg;(i,j) for ~Smallest size bin considered in the code), we cut the pos&atn
all pairs of impacting bodies of sizesands; and taking these fragmentdistribution assu«(i, j) instead ofsmin-num-
values into account in the collision-outcome prescriptdour We estimate the values sfr(i,j) for both fragmenting and
code. We describe our numerical model and the set-ups for giatering impacts, using the equations presented in theagig
different cases that we explore in $&c.2. Results are presente@f Krijt & Kamal (2014):
Sed.B, where we first compare tbg,¢(i,j) maps to equivalent
(s,sj) maps for the level of dust production in the disc. We then 6y(§ . §)2 2
display the steady state particle size distributions olegifor Seurf = | ——12
all considered cases, and investigate the signature ofitfece- UPVrZe|(S 5j)°
energy constraint by comparing these PSDs to those obtained

s for fragmentation  (3)

for control runs without thesg, s criteria. We then discuss in 2
Sed.4 the importance of the surface-energy constraingiitice Ssurf = ( Gyk ) st for cratering (4)
ular with respect to the concurrent "low-stirring" dusptiion UPVrzel '

hanism identified by Thebault & Wu (2008).
mechanism Identied Sy Lhenall = ) where we assume théits the target angl the projectile § > s;).

For the cratering case, is the ratiomea/m;j, whereme, is
2 Model the total mass excavate_d from the targéfhe crucial point is
’ here that, instead of having &ssumevalues for the largest frag-
We use the statistical collisional model developefhent’s sizess, and the rati, we can retrieve both quantities in
by [Thebaultetal. [(2003) and later upgraded b§ self-consistentway from our collision-outcome predip
Thebault & Augereau [ (2007). It has a "particle-in-a-box"
structure, where particles are sorted into logarithmice siz2 1. set-up
bins separated by a factor 2 in mass. It has also a 1D spa-’
tial resolution, being divided into radially concentricrai.  We do not consider the full range of possibfg' L, explored by
Collisions rates between all size bins are computed using [Rawellek & Krivov (2015), but restrict ourselves to the tvle i
estimate of the average orbital eccentricity and inclovedi sutrative cases of a sun-like = L, star and g-Pic-like A5V
in each size bin. Crucially, the code takes into account tkear withL* = 9L,. We consider a reference debris disc extend-
increased eccentricities, and thus impact velocities odllsming fromrp, = 50 AU tormax = 100 AU. The disc’s total initial
grains whose orbits areffacted by stellar radiation pressuremass isMgisc = 0.5Mg, distributed betweeSmaxnum = 50m
as well as the fact that these grains are able to cross severalsyin-num = Soiow, Which corresponds te 0.01Mg of < 1mm
concentric annuli (see Appendix of Thebault & Augereagusfl. The value ofs,ow is equal to GBum for the sun-like case
2007). Collision outcomes are then divided into two cat@gr (with 80 size bins fronsmaxto Syew) and 4m for the A star one
cratering and fragmentation, depending on the ratio betwe@1 size bins). As for the dynamical state of the disc, we ictans
the specific impact kinetic energy and the specific shaferiane dynamically "hot" case with e >= 0.075 and one dynami-
energy Q«, which depends on object sizes and compositiodally "cold" case with< e >= 0.01. For each.* and< e > case,
In both regimes, the size of the largest fragment and the si&e run both a simulation taking into account thg s prescrip-
distributions of the other debris are derived through thaiteel tion and a reference case with sg,:. We let the runs evolve
energy scaling prescriptions presented in Thebault e2810%) for 107years, which is enough to reach a collisional steady-state
and Thebault & Augereau (2007). in the dust size domair(1 cm).

The main upgrade for the present runs is that we implement a As for the free parameters of tlsg,  prescriptions (Equs.3
prescription forss,+. We derivessy(i, ) for all possible collid-  and[3), we adopt a conservative approach and chose, amongst
ing pairs of sizes; ands; and implement this parameter into outhe , andy values considered by Krijt & Kama (2014), the ones
collision-outcome prescription: if, for a given collisititween that are in principle the most favourable to yielding lasgg
the bins ™" and "j", Ssurt(i,]) > Smin-num (Wheresmin-numis the  values. We thus take = 0.01 (i.e., 1% of the kinetic energy is

% To their credit,[Krijt & Kama [(2014) briefly investigate thele 4 The value forMgis is not a crucial parameter, as it will only af-
of cratering impacts in their Appendix, but again assuminfixad fect the timescale for the disc evolution withoufexting the results
Sir / Sarget Fatio (see Fig.B.1. of that paper) (ssurf(i,)) and dust production maps, PSDs) obtained at steaatg-st
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Table 2. Main results for all four collisional runss2,/syow  mMatch the region of highest dust production, which corrasigp
is the simplified analytical value given by EQU.BMss,, here again, to fragmenting impacts by~ spow projectiles on
and Mag,, <s<20s,,, are the relative amount of "small-" andSSiow $ S S 2080w targets (Fig.Rb). Nevertheless, the contri-
"medium"-sized dust, respectively, as compared to a cbsitre  bution of the high-ssyrf region is not fully negligible, so that
ulation with no constraint oBs+. we expect the maximum surface energy criteria to have at leas

some &ect on the system’s evolution.

L*/L@ <e> Solow SSDuDrf/sblow AMSSZS;\QW AM4%\OWSSS20%\OW
9 0.075| 4um 0.4 -0.038 +0.074 1.2 Sol
9 | 001 | 4um 19.8 -0.049 +0.199 -1.2. Solar-type star
L 0.075 | 0.5um 3.1 -0.277 +0.410 For a Sun-like star, orbital velocities are lower and cughs
1 0.01 | 0.5um 153 -0.127 +0.145 : ; .
ess energetic than for an A-star for equivalent orbitabpae-

ters. Thessyrt/ Shiow Values are thus logically higher, as is clearly
seen in Figllc and d. Th&yrt/Soiow > 1 domain is much more
extended than for an A star, with peak values reachirp for

e <e>=0.075 case and even 100 for the dynamically cold

se. As was already the case for the A-star runs, these peak
Ssurf Values are located, in the (sj) map, on a line correspond-

used for creating new surface) apd= 0.74J.nT2, which is the
value for water icél. )
All main parameters for the set-up are summarized inTab

3. Results ing to the transition from cratering to fragmenting impéct&or
the <e>=0.075 run, this transition always occurs fr< 0.5s;,
3.1. Dust progenitors and Sgyrt maps with a sj/s ratio that is decreasing towards larger sizes follow-

ing an approximate law is,/s; ~ 0.4 — 0.1log(s,/10umYl. For
<e>=0.01, the pealssy ¢ line still corresponds to the fragmen-
tiorycratering transition, but is now much closer to the- s;
lagonal, which reflects the fact that, for these lower inhpae
ocities, it takes a larger projectile to fragment a givengyéd
Note also that, for both thee>=0.075 andce>=0.01 cases,
there are no higlssyrt/ Swiow Values for impactorg 10um. This

3.1.1. A-star is due to the fact that such small grains have more energetic

For the dynamically "hot"¢e>= 0.075) A-star case, El.2 pre_impacts (able to produce smaller fragments) because of thei

: . . radiation-pressureffiected orbits. Incidentally, this < 10um
ijCtS a Iows?frf/sbmw O.f only - 0'4.’ and Ourssur(i. ) map .'S. region is 'Phe one where them-dust producti}:)n is the h%hest
in good agreement with this prediction, as almost all (M} (FigAc and d). This means that a large fraction of the dust-
pacts result IMBsuri/Spiow < 1 (Flglflla) . There is, admittedly, agenerating impacts are in fact able to produce fragmentsidow
very narrow range of impacts for whicBur/ Spiow > 1, but even to the blow-out size. The regions of higkyrt/ Soiow>5 only con-

f[here the ratio does n_ot_ exceed 2. Moreover, this_ Iimited—farpibute to approximately 20% of the 10um dust production for
ily of Ssurt > Siow COllisions corresponds to a region that haﬁoth the<e>—=0.075 andce>=0.01 cases.

only a very limited contribution to the global dust prodocti
The dust production is instead dominated by impacts innglvi
S ~ Slow = Sum projectiles and larger$iow < S < 2000w tar-  3.2. size distribution
gets (see Figl2a). This is becawse syow grains are placed on ] ) o
high-e orbits par radiation pressure and impact all other grainsfigsi3 and# present the particle size-distribution (P80rms
very high velocities. They are thus vergfieient at fragmenting Of the diferential distribution of geometric cross sectidi¥yds
targets, and producing dusty debris, over a wide range gétarat collisional Steady-StﬂEfOl’ all the 4 four explored set-ups, as
sizes. well as for the control runs where tisg, s constraint is ignored.
The situation is slightly dferent for the dynamically "cold" Visualizing thedX/ds distribution allows to immediately iden-

A-star case, for which the fraction (jsurf>solow impacts is tlfy Wh|Ch pa}rtlcl_e sizes dominate the SyStem'S Opt|Caltdeﬂnd
more extended and the maximum value fgg,(i,j) reaches thusits luminosity.
~ 5 (Fig[db). This value is, however, well below the analyt-
ical predictions2D, ~ 20syow Of EQUI2. We note that these © This relatively sharp transition at the crateriinggmentation
high-ssurf(i,j) impacts are located close thg = s; diago- bogndary is due to the discont_inuity in Krijt & Kama (20143 ¢ pre-
nal, which could appear to contradict Fig.B.1 of Krijt & Kamascriptions (Equs.3 and 4) at this boundasy, (= 2"*/°s;). More refined
(2014) showing instead minimumof the Sq,f curve for equal- and self-consisters, s prescriptions should probably be de’rlved in the
sized impactors. But this is because this analyticallyveelr Igtrlﬁ’st;‘i})‘l’gfaigfﬁvé?kgmk to the laws giverLby Kriji & Kanzdid)
curve is only valld_forfragr_n(_antlngmpacts, Wh(_areas here, with This negative slope reflects the fact that, in the strengginre,
<&>= Q'Ol’ the hlgh-colI|S|0nal-ene_rgy.requweme_nt for fl’agt'he specific shattering energ@= decreases with increasing sizes
mentation can only be met when projectiles have sizes capagen; g Asphaug, 1999)
ble to the target. All other cases result in cratering, foidth " s o, more exactly, when steady-state is at least reachedeviber
Ssurf are, in general, much smaller. As was the case for thgtters here, that is in the<lcm domain. In the large-size domain,
<e>= 0.075 run, the (i,j) region of higlss, s values does not there is a dierence of PSD slopes between the dynamically hot and
cold discs that is due to the fact that the>=0.01 systems have not

5 We are aware that this value is not self-consistent with @lues had time to reach collisional steady-state for these lanbgcts yet.
of syow Which are derived for astro-silicates. Nevertheless thiin  Collisional steady-state does indeed work its way up the REDtime,
line with our choice of considering the maximum possitifee for the at a rate that strongly increases with decreasing dynarsticeihg (e.g.
surface-energy constraint Lohne et al .l 2008).

Fig[ presents, for each of the considered set-upssdhi, j)
value for every pair of impacting target and projectile @esis
ands;. We also show, as a useful comparison tool, the equi
lent (s,s;) maps of the amount gfim-sized dust produced as 3
function of target and projectile sizes (Fig.2).
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Fig. 1. Disc-integrated mean values of thg+/ Syiow ratio for all possible target-projectile pairs of sizgsinds;. Upper left panel
A-star primary ancke>=0.075.Upper right A-star primary ancke>=0.01.Bottom left solar-type primary anee>=0.075.Bottom
right: solar-type primary anete>=0.01. The dashed white line delineates $he s; diagonal of equal-sized impactors.

3.2.1. Generic features flat in the sames < 50s,0w domain. Nevertheless, for both cases
the depletion of small grains is very strong, exceeding adero

Before assessing the additiondllext of thesg, s constraint, let of magnitude as compared to a dynamically "hot" system.

us first underline some characteristics of the obtaineddsts-
butions that are well known generic features of steadye stalt
lisional discs that alsoffect the small-size domain of the PSDs.

A first "classical" result is that, for all cases, the sizerilis )
bution displays a clear wavy structure in tgel0Qum domain. 3-2-2. Effect of the ssyrsconstraint
This waviness is more pronounced than_in_Pawellek & Krivov
(2015) because we consider a wider disc, so that small grains
placed on higte orbits par radiation pressure, will be able teAs expected from thas, (i, j) and dust-production maps (see
impact target particles at a higher impact angle and thusehnig Sed.3.11), the fect of thess,rs constraint is very weak for the
Vrel. This will reinforce their shattering power and thus the anA-star runs. For thece>=0.075 case, the PSD is almost indis-
plitude of the size distribution wave (see Thebault & Augere tinguishable from the control run witk, s switched df (Fig[3).
2007, for a detailed discussion on "wave-enhancing" fagtor Some dfferences between the with- and withaggrs runs are

Another crucial result is the strong depletion of small partvisible for the <e>=0.01 case, but they remain relatively lim-
cles for all<e>=0.01 cases. This is the signature of the mecfited. Interestingly, they are not so much visible as a deafth
anism identified by Thebault & Wi (2008), i.e., the strong imgrains in thes < 10— 20um domain where the fewss, ; > Shiow
balance between the small-dust production and destrucites values lie (see Figllb), but rather asextes®f larger particles
for dynamically cold systems (see Secifi1.1). As underlimed in the ~30-5Qum range. This is a direct consequence of the spe-
Pawellek & Krivov (2015), this fect is more pronounced for cific dynamics, and thus destructivieiency, of grains close to
solar-type stars, for which we find a clear drop of ti®/ds syow. INn the "sqs-free” case, it is indeed this high destructive ef-
curve ats < 50s0w, than for A stars, where the PSD is roughlyiiciency that is responsible for the strong depletion of ZQum
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Fig. 2. Disc-integrated and normalized production rates &f 10um dust as a function of target and projectile sizes. Thesesmap
are estimated, at collisional steady-state, for the "@dmtms" where thesq, ¢ criteria is turned &. This allows easy comparison
with Fig[d by directly showing which highs,¢(i,j) regions will have a significant dampindfect on the small-dust production rate.
Upper left panel A-star primary and<e>=0.075.Upper right A-star primary ancke>=0.01.Bottom left solar-type primary and
<e>=0.075.Bottom right solar-type primary anete>=0.01.

particles in the PSD (the first dip in the "wa&"$o removing a tion of s < 25,0 grains is close to 30%, and the related ex-
small number of small destructive impactors will necesgami  cess of 40w < S < 2080w particles exceeds 40% (Tab.2).
crease the number of 3050um grains. And given that we startFor the<e>=0.01 run, these excesses and depletions are only
from a strongly depleted population of 3050um particles in ~ 12% and~ 14%, respectively. This is a rather counter-
the sgyrs-free case, theirelativeincrease in thes, s runs will be  intuitive result, as Eqll2 predicts Erf/sblow ratio 50 times
higher than the relative decreasesof 10— 20um grains. And higher for <e>=0.01 than for<e>=0.075, and even the more
this is exactly what we observe (see Tab.2): &% depletion accurate Figsllc and d show pesl(i,j) values that are still
of s ~ sypw grains that causes-a 20% excess o6 ~ 30um  6-7 times higher for the dynamically cold case. However, as
particles, which is the size of the biggest objects that can Biscussed in Séc.3.1.2, the crucial point is that thess) re-
destroyed by projectiles close ow. Note, however, that, for gions of high s+ values donot match those of high dust-
this <e>=0.01 case, theg,s-induced depletions and excessegroduction. Most of the dust is indeed created by collisions
remain marginal when compared to the much more significagik 10um (< 20s,0w) targets (Fid.R), for whickss,, rarely ex-
global depletion 06 < 50syi0w grains caused by the low dynam-ceedss, o, (Fig). Another reason for which theg, 1 constraint
ical excitation of the system (see Discussion). only leaves a weak signature on the>=0.01 system is that, in
The imprint of thess, ¢ limit is, logically, much more vis- thes < 10Qqum range, the PSD is already massively depleted be-
ible around a Sun-like star (Fig.4). Interestingly, thise&pe- cause of the dust-production imbalance inherent to dyraliyic
cially true of the dynamically hot disc, for which the deple“cold" discs. This &ect is even stronger than for the A-star case,

_with a depletion that reaches almost 2 orders of magnitude fo
® Note that the presence of a wave does not depend on theehigh-_ g~ grains (Fid:4).

orbits of small grains, but these higtorbits, and thus high impact ve-
locities, strongly increase the wave’s amplitude
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not create a sharp cutfan the size distribution. This limited
6520075 no s ] amplitude, combined to the aforementioned excess of jestic
i : : L <e>=0.075 with s, 1 in the ~ 3syiow 10 ~20-30510w range, renders the PSD plateau-
10% <e>=0.01 no s = like at sizes smaller than 10sy0w. It is thus dificult to define a
F  <e>=0.01 with s, ] propersmin for the size distribution, but, at least from a qualita-
tive point of view, we confirm that, for this case, the maximum
energy criteria does have a visiblext on the lower-end of the
PSD.
The situation is radically dierent for the dynamically cold
] cases, for which the simulated size distributions are mash |
- affected by thesg, s constraint than what could be expected from
E simple analytical estimates, which predkﬁ%/sbmw values in
| excess of 20, or even 150 (see Tab.2). Even though we do find
1 some §,s;) target-projectile configurations that result in large
‘ ‘ ‘ ‘ ssurf comparable to these values (Eig.1), the decisive poinais th
10° 102 10 these collisions only have a marginal contribution to thecgi
size (cm) total small-dust production. As a result, théfeiences with the
referencessy ¢-free cases’ PSDs remain very limited: neither for
Fig. 3. A-star case. Geometrical cross section as a functiontﬁf" A-star nor for the Sun-like cases do we obtain a depletion
particle size, at = 107 years, integrated over the whole 50ihat exceeds: 10% in the small grain domain close &ow-
100 AU disc, for both the dynamically "hot<g>=0.075) and Crucially, thessy f constraint is never strong ’enough to change
"cold" (<e>=0.01) cases. For each case, a reference run with #H€ Size of grains that dominate the system’s geometricaiscr
Seurf CONStraint switched4bis also presented. The two verticaPeCtion, and thus its luminosity.

; ; ; More importantly, we confirm that the modtieient way of
dotted lines represent the analytical values given b u.2 . JaTE S ; A
P y g VIEq depleting a collisional debris disc from its small graingoig far,

to reduce its dynamical excitation. The productiaestruction
imbalance mechanism identified by Thebault & Wu (2008) for

10%7F
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©
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102 [
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. t <e>=0.075 no s, low-stirring discs has anfkect that exceeds, by more than one
£l : <e>=0.075 with s, ] order of magnitude, that of thg,¢ limit. This is both true for
ﬁ 10 3 : <e>=0.01 10 sur E the amplitude of the small-grain depletion and for the semege
N r : <e>=0.01 with s, ] that is dfected. For low<e> values, the sizegqq below which
;D 10¥ : E the PSD is depleted is, to a first order, given by the relation
g 10% - . EC) =<e> (5)
g g i E 1-B(9)
S [ S a ]
S 0¥t 1 i - which translates into
@ i i i ] <e>
é 1022? : : . Scold = 12:76(1 Solow (6)
ol S | o o leading t0Scoig ~ 500w fOr oUr <e>=0.01 case, a value that
107 1072 10° 102 104 roughly agrees with the one obtained in the simulationss(Big
size (cm) and3). It should be noted that this dominance of the lowisgr
imbalance #ect over the surface energy constraint is probably
Fig. 4. Same as Figl3, but for a solar-type star. even stronger than what we witness in Hi@s.3 @ahd 4, since we

have taken, for ousg, s prescription, the parameters that were

the most likely to lead to highs,,f values (see Séc.2.1). On are-
4. Discussion and Conclusion lated note, choosing disc configurations enhancing theiaudpl

of the surface-energy constraint, by for instance deangase>
Figs[3 and ¥ seems to indicate that the two dynamically "has} increasing ffmin, I'masJ, Would not change this dominance ei-
cases bear some similarities with the prediction of Equyam-  ther, because these configurations waalkb enhance the dust-
ing the imprint of thesg,t constraint on the PSD. For the A-production-imbalancefiect by further decreasing the level of
star case this similarity is of course simply that the swgfan- stirring in the disc.
ergy constraint has ndtect on the PSD, but for thee>=0.01 We stress that we did not here attempt to fit observed
case, we do indeed find a depletion of grains inshe 2sjow  Spin/Soiow trends with an exhaustive parameter exploratioe(
domain, which is roughly consistent with 8> /Soiow ~ 3 Mgise, [Imins F'mads €1C.) in the spirit of thé Pawellek & Krivov
value given by Eqll2. However, this quantitative agreenient(2015) study. Our goal was here to quantify, in a self-cdanis
probably largely a coincidence, firstly because the depletiway, the relative fiects of the two potential dust-depletion
of s < sgyr¢ grains does not come from the "smallest-barelynechanisms that are the surface energy constraint andwhe lo
catastrophic-equal-size-impactors" collisions congden de- stirring dust-production imbalance. For the sake of gfadhd
riving Equl2 (see Fig$1lc and 2c), and secondly becauseghis t clearly identify the mechanisms at play, we restricted ou
pletion stops as ~ 2s,0w largely because of the "natural” wavi-study to a reference wide disc and to the two illustrative ref
ness of the PSD combined to tegcesf > 35,04 particles. erence cases of a sun-like and an A-type star. Test runs with a
We also note that this depletion is limited ©030% and does narrower, ring-like disc, have, however, been performdueyT
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gave relatively similar results as to the relative impriftttoe to change the sizes of particles that dominate the system'’s

Ssurf and low-stirring &ects on the PSD, although with a less geometrical cross section.

pronounced waviness in the PSD’s shape, which was to be ex- At such low-stirring levels, the system’s PSD in the small

pected, as small grains close dg, Will impact larger targets size domain is instead totally dominated by another mecha-

within a narrow ring at a lower velocity than they would hame i~ nism: the imbalance between small-dust production and de-

an extended disc. struction rates identified by Thebault & YWu (2008) for l@w-
Despite this limited parameter exploration, we note, how- discs. This imbalance creates a depletion of small grats th

ever, that our conclusions seem to agree with the numerical is at least one order of magnitude more pronounced than the

investigations of Pawellek & Krivov (2015), who were able to one caused by the surface-energy constraint, anffeatta

find a reasonable fit to themin/Suiow trend observed on their  grains over a much wider size range.

34-stars sample with the low-stirring-induced mecharatone - : .

The main assumption for this fit to work is that, while the dy- _ EVen if its efect is not as decisive as what could be ana-

namical stirring of A stars should be of the ordereof~ 0.1, lytically expected, we do, ho‘{ve"efz r_ecommend. to 'mp'ef.“e”t

it should decrease towards lower mass stars and be as |0V6h§'ssurface-e.n¢rgy constraintin collisional-evolutiodes, as it

~ 0.01 for solar-type objects. Such values might appear unred)ight leave visible signatures in the losend of PSDs for some

istically low if we assume the classical view that debrisdiare Star-disc configurations.
stirred by large Lunar-to-Mars-sized large planetesinfelg.,
Thebault | 2009). However, the level and the cause of sfjiign
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