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ABSTRACT

VERSION: Accepted ApJ DATE: October 18, 2019

The short-lived radionuclide 26Al is widely used to determine the relative ages of chondrite components and timescales

of physical and thermal events that attended the formation of the Solar System. However, an important assumption

for using 26Al as a chronometer is its homogeneous distribution in the disk.

Yet, the oldest components in chondrites, the Ca-Al-rich inclusions (CAIs), which are usually considered as time

anchors for this chronometer, show evidence of 26Al/27Al variations independent of radioactive decay. Since their

formation epoch may have been contemporaneous with the collapse of the parent cloud that formed the disk, this

suggests that 26Al was heteregeneously distributed in the cloud. We model the collapse of such an heterogeneous

cloud, using two different 26Al distributions (monotonic and non-monotonic), and follow its re-distribution in the first

condensates and bulk dust that populate the forming disk.

We find that CAIs inherit the 26Al/27Al ratio of the matter infalling at the time of their formation, so that variations

of 26Al/27Al among primordial CAIs can be accounted for, independently of radioactive decay. The prevalence of a

canonical ratio among them and its necessity for the differentiation of the first planetesimals suggest a (monotonic)

scenario where 26Al sharply rose relatively close to the center of the protosolar cloud and essentially remained at

a high level outward (rather than decreased since). As the 26Al abundance would be relatively homogeneous after

cessation of infall, this would warrant the use of the Al-Mg chronometer from the formation of “regular” CAIs onward,

to chondrules and chondrite accretion.
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1. INTRODUCTION

Chondrites are made of a mixture of components (Ca-Al-rich inclusions (CAIs), chondrules and matrix) with widely

different thermal histories, chemical composition and isotopic distribution (Scott & Krot 2003). Internal Al-Mg

isochrons of individual CAIs suggest formation and processing during a period of ∼200 kyr (MacPherson et al. 2012,

2017; Ushikubo et al. 2017; Kawasaki et al. 2019). Bulk CAI isochrons suggest that the formation of their precursors

was restricted to a narrower time interval, 20-100 kyr (Thrane et al. 2006; Jacobsen et al. 2008; Larsen et al. 2011).

These timescales are consistent with the assembling time of a protoplanetary disk due to the collapse of its parent

cloud (Williams & Cieza 2011). The formation of the precursor blocks of chondrites could have thus started during

the building phase of the solar protoplanetary disk when the Solar System’s parent cloud was collapsing (Hueso &

Guillot 2005; Yang & Ciesla 2012; Pignatale et al. 2018).

The composition of the cloud’s gas and dust (in the interstellar medium) is the result of different chemical and

nuclear processes in previous generations of stars (Williams & Cieza 2011; Goderis et al. 2016; Lugaro et al. 2018), and

isotopic diversities detected in meteorites (Trinquier et al. 2007, 2009) point to a heterogeneous isotopic distribution

within the different environments where chondrites, planets and other Solar System objects accreted.

Among the freshest contributions to the protosolar cloud, the most popular in cosmochemistry is the short-lived

radionuclide aluminum-26, whose past presence is evidenced in meteoritic material by excesses in magnesium-26, the

isotope into which it decays with a half-life of 0.7 Myr (Nishiizumi 2004). Its highest initial abundances, in terms of
26Al/27Al, has been measured in CAIs and amounts to 5.2 × 10−5, the so-called canonical value (e.g. MacPherson et

al. (2012)). While 26Al may be produced in different stellar environments such as supernovae or AGB stars (Lugaro

et al. 2018), a Wolf-Rayet type star is gaining more consensus as the main source of this isotope in the Solar System

(Dwarkadas et al. 2017). The variable 26Al/27Al ratios observed in CAIs and chondrules have been widely used

to infer time differences between the formation events of these chondrites components (Mishra & Chaussidon 2014;

Bollard et al. 2017). However, it is not clear whether different 26Al/27Al ratios actually reflect time differences between

components or heterogeneity in the distribution of 26Al in the disk (Krot et al. 2012; Mishra & Chaussidon 2014).

Heterogeneity in the 26Al within the forming Solar System would, in fact, erase the possibility to use 26Al/27Al as a

chronometer.

Such an heterogeneity is, in fact, suggested by discrepancies in the absolute U-Pb ages and relative Al-Mg ages

of chondrules (Larsen et al. 2011), and correlations between nucleosynthetic anomalies such as 54Cr and radiogenic

excesses of 26Mg (Van Kooten et al. 2016). Bollard et al. (2017) measured Pb-Pb ages of 22 chondrules and found

that many of them are consistent with those of CAIs, thus, pointing to a contemporaneity between many chondrules

and CAIs. This is in contrast with Al-Mg measurements showing mineral and bulk 26Al-26Mg isochrons consistent

with an age gap of about 1.5 Myr between the CAIs and chondrules (Villeneuve et al. 2009; Kita et al. 2013; Luu et

al. 2015; Chen et al. 2018).

If Pb-Pb ages date correctly the last melting event of chondrules, these discrepancies would imply that chondrules

actually formed from a reservoir depleted in 26Al compared to most CAIs. Among the CAIs themselves, some, such

as the Fractionated and Unidentified Nuclear isotopic properties (FUN) CAIs, or PLAty hibonite Crystals (PLACs),

show very low 26Al (Lee et al. 1979; MacPherson et al. 1995; Kööp et al. 2016; Park et al. 2017, and reference

therein), in spite of appearing primordial objects. Whether they are the result of re-heating processes or vaporisation

and recondensation within a 26Al poor environment, or produced at a time close to the canonical CAIs but from a
26Al-poor reservoir is still enigmatic (MacPherson et al. 1995; Krot et al. 2014).

Boss (2004, 2008) investigated the evolution of a color field injected on a patch of a marginally gravitationally

unstable disk, mimicking injection of an isotopic anomaly by a supernova, and showed homogenization to occur within

only a thousand years. However, no cloud infall onto the disk is considered, and beside the supernova-in-disk injection

scenario, the aluminum-26 would first be located in the protostellar cloud collapsing into the protostar+disk system.

Makide et al. (2011), considering infall, found that, the largest population of refractory (formed above T = 1400 K)

present in the disk is produced around the end of the infall. This suggests that 26Al was introduced in the disk

contemporary to the disk formation and not in an already formed disk, and if it was not homogeneous, the heterogeneity

could have been preserved until the end of the formation of refractory (Makide et al. 2011). This warrants the study

of the distribution of 26Al in a disk forming from the collapse of an isotopically heterogeneous cloud, so as to find out

to what extent this maps into an heterogeneous or homogeneous 26Al/27Al ratio in the disk during and after infall.

To this end, we extend on our previous work (Pignatale et al. 2018) that itself was built on the models of Hueso &

Guillot (2005) and Yang & Ciesla (2012). We had found that a relatively low angular momentum, entailing infall on an
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initially compact disk, allowed extensive evaporation of presolar matter, and production of CAIs early on (within the

first 80 kyr for our run parameters, consistent with radiochronometric constraints), while later-infalling material may

survive in relatively pristine form. Many CAIs would have been transported outward by the viscous expansion of the

disk and ended up at large heliocentric distances, mixed in with less processed matter, accounting for the paradoxical

mix of grains with diverse thermal histories observed in chondrites, in particular carbonaceous chondrites (Pignatale

et al. 2018). In the same framework, we now study the isotopic composition of aluminum, following injection in the

disk, in order to first verify the compatibility of our model with the observations of 26Al, and, second, to asses how

they constrain the initial heterogeneous/homogeneous distribution of this isotope.

2. METHODS AND MODELS

We use the model described in Pignatale et al. (2018) and Charnoz et al. (2019). No changes are made in the

basic physics of the code. To recall briefly the implemented features, the infalling cloud is described by a spherical

isothermal shell (Shu 1977) that collapses with a constant accretion rate while conserving angular momentum, leading

to the source term on the disk given by Hueso & Guillot (2005). Cloud material falls onto the forming disk within the

so called centrifugal radius, Rc(t). As shown by Hueso & Guillot (2005), Yang & Ciesla (2012) and Pignatale et al.

(2018), Rc(t) corresponds to the location in the keplerian disk where the specific angular momentum equals that of

the infalling cloud material; as the cloud collapses from inside out, it increases with time. In appendix A we report

the mathematical expressions of the accretion rates and Rc(t).

The code computes self-consistently grain growth, fragmentation and transport of dust particles and includes a

physics for the dead zone, and simple chemical transformations (Pignatale et al. 2018). Our chosen set of parameters

for these simulations are: Tcd = 15 K, Ωcd = 10−14 rad/s, M0,? = 0.02M�, T? = 4000 K, R? = 3R�, Mtot = 1M�,

αactive = 10−2, αdead = 10−5, vfrag = 10 ms−1.

The chemical composition of the cloud comprises H2(g), H2O(ice), silicates, iron, moderately volatiles species, and

refractories. Similarly to Pignatale et al. (2018), we allow the infalling interstellar material to be either vaporised,

“processed” (i.e. heated at temperatures T > 800 K but not vaporized) or left pristine upon its arrival in the disk. In

Appendix B, we report our fiducial cloud abundances in Table 1, while Table 2 summarizes all the implemented rules,

with relative temperatures for each change of state. In addition to the “background” refractories above, we include
26Al. We assume that all the considered 26Al is in a single separated refractory species. This is consistent with an

injection of 26Al from an external independent source (for example a Wolf-Rayet star). We choose the refractories

as a carrier because the 26Al produced by the star would condense into refractory as a first solid phase (Yoneda &

Grossman 1995; Pignatale et al. 2011) and anyway would follow the fate of common Al during thermal processing.

Our 26Al-refractory is tagged as “pristine” in the cloud as it has not (yet) experienced any transformation in the disk

forming process.

We assume the protosolar cloud to be zoned in 26Al, meaning that the proportion of 26Al in the infalling matter

will depend on time, as the cloud collapses sequentially, from the inside out. As time elapses, 26Al is introduced in

the forming disk with early injection stages corresponding to the core of the cloud while later injection stages sample

regions closer to the cloud’s surface .

We present here the results assuming two arbitrary distributions of 26Al within the cloud (Fig.1), in terms of the

“normalized 26Al”, i.e. the 26Al/27Al ratio divided by the maximum value in the cloud. We call these “injection

functions”. Although arbitrary, the shapes of these injection functions represent the two simplest possible scenarios

imposed by the results in Pignatale et al. (2018), isotopic determination of CAIs age (Connelly et al. 2012; Mishra

& Chaussidon 2014) and the fact that most “normal” CAIs cluster around a canonical 26Al/27Al. Following the

results presented in Pignatale et al. (2018), in order to be actively transported by viscous expansion toward the outer

disk, where carbonaceous chondrites are thought to form, our refractory condensates (hereafter CAIs, for ease of

understanding) must form within the first 80 kyr of the collapse, from presolar material that originates close to the

center of the cloud (Pignatale et al. 2018). The two considered distributions thus assume an increase from essentially

zero to the maximum 26Al abundances within the first 80 kyr (similar to the sketch for 26Al/27Al and 41Ca/40Ca

suggested by Sahijpal & Goswami (1998)). The two injection functions, then, diverge, after the peak: one remains

at the maximum value and will be called “monotonic” hereafter, while the other undergoes a decrease, and will be

referred to as the “spike”.

The normalized 26Al abundances shown in this paper (including the aforementioned injection functions) will be

decay-compensated, i.e. multiplied by eλt with λ the decay constant of 26Al. This is because the use of 26Al as a
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Figure 1. Fiducial normalized 26Al (i.e. 26Al/27Al divided by the maximum value in the cloud) distributions in the parent
cloud. The “spike” and “monotonic” functions are the same until they reach the maximum. They, then, diverge, with the
former decreasing and the latter remaining constant.

chronometer amounts to assuming that this decay-compensated parameter is constant and uniform1. Indeed, stating

that for two rocks A and B formed at times tA and tB , their 26Al/27Al ratios at their formation times are related by(
26Al
27Al

)
B

=

(
26Al
27Al

)
A

e−λ(tB−tA) (1)

is equivalent to: (
26Al
27Al

)
B

eλtB =

(
26Al
27Al

)
A

eλtA . (2)

So this is the relevant quantity whose spatio-temporal variability must be assessed. For simplicity, we will hereafter

drop the adjective “decay-compensated” from the phrase “normalized 26Al abundance” (with the understanding that

the adjective “normalized” henceforth also refers to this operation).

3. RESULTS

In this section we focus on the time evolution of the distribution of the injected 26Al in two different dust components:

condensate refractories and bulk (i.e. condensates, processed and pristine refractory dust). The time evolution of the

mass of the star, disk and star+disk, condensation fronts, centrifugal radius, disk edge, dead zone, surface densities

of different species and mass fraction of rocky components at the end of the collapse, are shown in Appendix C. Our

calculations are in agreement with the work of Yang & Ciesla (2012) and Pignatale et al. (2018). In early times, all the

presolar refractories infalling at the highest temperature are vaporized and, as the gas is advected out, recondense as

Solar System solids at the refractory condensation front. As the centrifugal radius crosses the refractory condensation

front it would not generally vaporise the injected refractory dust that is coming from the cloud. However, dust is

still injected close enough and episodes of vaporisation and recondensation can occur, in particular during accretion

bursts. Figure 2 shows the mass fraction of refractory condensates as a function of time, plotted together with the

mass accretion rates (right y-axis). Similarly to Pignatale et al. (2018) we see that peaks of CAIs production occur at

each burst.

Figure 3 shows the time evolution of the normalized 26Al/27Al ratio (thick black crossed line) at the refractory

condensation front (that is, the normalized 26Al abundance of CAIs as a function of their formation time), and

simultaneously the ratio of the infalling matter (thick blue crossed line). Also shown are the time evolutions of the

location of the refractory condensation front (red thick line, right y-axis) and centrifugal radius (thin red line, right

1 This is incidentally a somewhat stronger requirement than simple spatial homogeneity in a given region, although of course if the disk
is homogeneous throughout at some epoch, it will remain so at the same level hereafter.
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Figure 2. Mass fraction of refractory condensates (CAIs) among the solids of the whole disk as a function of time and mass
accretion rates. Peaks of CAIs production occur as a consequence of accretion bursts (Pignatale et al. 2018).

y-axis). It is seen that the normalized abundance at the refractory condensation front closely follows that of the
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Figure 3. Time evolution of the normalised 26Al abundance at the refractory condensation front (black ‘+’ line) for the two
chosen injection functions (blue ‘+’ line): left, spike, and right, monotonic. The ratio at the condensation front shows similarities
with the cloud function. The grey-shaded area marks the epoch where infall has ceased. The time evolution of the locations of
the condensation front and centrifugal radius are also shown, right y-axis).

infalling matter, if with some lag, suggesting efficient transport from the centrifugal radius. The first CAIs produced

are thus characterized by a low 26Al content. Later on, around t ∼ 50 kyr, the abundance reaches the maximum

for the two functions and produces CAIs with higher 26Al. Note that for the spike, the maximum for CAIs (which

would amount to the canonical value) would be slightly lower than the maximum in the cloud. The two functions then

diverge, and the spike will again add CAIs with lower 26Al, while the monotonic will keep injecting high contents of the

radionuclide. Moreover, bursts are also reflected into the shape of the 26Al/27Al ratio at the refractory condensation

front (Fig. 3). At the end of the cloud collapse, around t ∼ 215 kyr, the disk becomes an accretion disk and the

condensation front starts to move inwards. Dust that will continue to be processed at this condensation front will be

accreted to the Sun or incorporated into growing planetesimals.

Figure 4 shows the radial distribution of the normalised 26Al/27Al ratio in the CAIs (red dotted line) and in the

bulk (black solid line) at the end of the collapse and after 1 Myr, for the two functions (spike left, monotonic right).
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Note that the value for the CAIs is only an average at a given heliocentric distance; the Eulerian nature of the code

does not allow the actual distribution of individual inclusion within CAIs to be given. In the case of the spike two

different families of CAIs can be retrieved. The plateau where R > 3 AU is characterized by the CAIs that experienced

strong outward advection, after an early formation. Inner disk CAIs (R < 3 AU) are those that represent the local

conditions (late production and reprocessing of dust). The transition radius ∼ 3 AU corresponds to a break in the

refractory condensate abundance profile (see Fig.5c) which marks the previous expansion of the disk. The spike results

in stark differences between the CAIs and bulk that are located in the outer disk (R > 3 AU) because the bulk starts

to include the 26Al-poorer processed and pristine dust that is directly injected in the disk from the cloud, while CAIs

may fossilize the conditions when they were produced most (Fig. 3). Differences can be also clearly seen between CAIs

in the outer and inner disk. In the monotonic case, differences between CAIs and bulk and between inner and outer

CAIs are, instead, subtle because of the prolonged plateau of the injection function. If the latter has risen later, the

difference would have been more significant; at the other extreme, of course, if the injection had been constant all the

way, then all the curves would coincide with its level. These distributions are preserved with time (see Fig. 4). So after

infall, most matter has the same bulk 26Al normalized abundance (around 0.4 for the spike and 1 for the monotonic

case).

215441 (yr)
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<latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit>

Radius (AU)
<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>

spike

Radius (AU)
<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>

215642 (yr)
<latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit>
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<latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit>

monotonic

1004636 (yr)
<latexit sha1_base64="7ShtAj/Vig0kz3Na8Slnihnve3M=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIdVMSLdVl0Y3LCvYCbSiT6aQdOpmEmYlSYn0TNy4UceuTuPNtnLZZaOsPAx//OYdz5vdjzpR2nG9rZXVtfWMzt5Xf3tnd27cLB00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h6IR4IFjCCtbF6dqErw9R1nEr1vPpUGsvTSc8uOmVnJrQMbgZFyFTv2V/dfkSSkApNOFaq4zqx9lIsNSOcTvLdRNEYkxEe0I5BgUOqvHR2+gSdGKePgkiaJzSaub8nUhwqNQ590xliPVSLtan5X62T6ODSS5mIE00FmS8KEo50hKY5oD6TlGg+NoCJZOZWRIZYYqJNWnkTgrv45WVonpVdw7eVYu0qiyMHR3AMJXDhAmpwA3VoAIEHeIZXeLMerRfr3fqYt65Y2cwh/JH1+QMxgZKm</latexit><latexit sha1_base64="7ShtAj/Vig0kz3Na8Slnihnve3M=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIdVMSLdVl0Y3LCvYCbSiT6aQdOpmEmYlSYn0TNy4UceuTuPNtnLZZaOsPAx//OYdz5vdjzpR2nG9rZXVtfWMzt5Xf3tnd27cLB00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h6IR4IFjCCtbF6dqErw9R1nEr1vPpUGsvTSc8uOmVnJrQMbgZFyFTv2V/dfkSSkApNOFaq4zqx9lIsNSOcTvLdRNEYkxEe0I5BgUOqvHR2+gSdGKePgkiaJzSaub8nUhwqNQ590xliPVSLtan5X62T6ODSS5mIE00FmS8KEo50hKY5oD6TlGg+NoCJZOZWRIZYYqJNWnkTgrv45WVonpVdw7eVYu0qiyMHR3AMJXDhAmpwA3VoAIEHeIZXeLMerRfr3fqYt65Y2cwh/JH1+QMxgZKm</latexit><latexit sha1_base64="7ShtAj/Vig0kz3Na8Slnihnve3M=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIdVMSLdVl0Y3LCvYCbSiT6aQdOpmEmYlSYn0TNy4UceuTuPNtnLZZaOsPAx//OYdz5vdjzpR2nG9rZXVtfWMzt5Xf3tnd27cLB00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h6IR4IFjCCtbF6dqErw9R1nEr1vPpUGsvTSc8uOmVnJrQMbgZFyFTv2V/dfkSSkApNOFaq4zqx9lIsNSOcTvLdRNEYkxEe0I5BgUOqvHR2+gSdGKePgkiaJzSaub8nUhwqNQ590xliPVSLtan5X62T6ODSS5mIE00FmS8KEo50hKY5oD6TlGg+NoCJZOZWRIZYYqJNWnkTgrv45WVonpVdw7eVYu0qiyMHR3AMJXDhAmpwA3VoAIEHeIZXeLMerRfr3fqYt65Y2cwh/JH1+QMxgZKm</latexit><latexit sha1_base64="7ShtAj/Vig0kz3Na8Slnihnve3M=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIdVMSLdVl0Y3LCvYCbSiT6aQdOpmEmYlSYn0TNy4UceuTuPNtnLZZaOsPAx//OYdz5vdjzpR2nG9rZXVtfWMzt5Xf3tnd27cLB00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h6IR4IFjCCtbF6dqErw9R1nEr1vPpUGsvTSc8uOmVnJrQMbgZFyFTv2V/dfkSSkApNOFaq4zqx9lIsNSOcTvLdRNEYkxEe0I5BgUOqvHR2+gSdGKePgkiaJzSaub8nUhwqNQ590xliPVSLtan5X62T6ODSS5mIE00FmS8KEo50hKY5oD6TlGg+NoCJZOZWRIZYYqJNWnkTgrv45WVonpVdw7eVYu0qiyMHR3AMJXDhAmpwA3VoAIEHeIZXeLMerRfr3fqYt65Y2cwh/JH1+QMxgZKm</latexit>
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<latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit><latexit sha1_base64="8zfWbX8zxMxUTBaATCwwPtvDE+I=">AAACFnicbVC7TsMwFHXKq5RXgJHFokVioSQdKGOBhQkViT6kNlSO4xSrdhLZDlKJwk+w8CssDCDEitj4G9w2QtByJEvnnnOvru9xI0alsqwvIzc3v7C4lF8urKyurW+Ym1tNGcYCkwYOWSjaLpKE0YA0FFWMtCNBEHcZabmDs5HfuiVC0jC4UsOIOBz1A+pTjJSWeuZBV/DkIhQcMXpHvPvSdVI5ShOtwhOWHuqq+lOV0p5ZtMrWGHCW2Bkpggz1nvnZ9UIccxIozJCUHduKlJMgoShmJC10Y0kihAeoTzqaBogT6STjs1K4pxUP+qHQL1BwrP6eSBCXcshd3cmRupHT3kj8z+vEyj92EhpEsSIBnizyYwZVCEcZQY8KghUbaoKwoPqvEN8ggbDSSRZ0CPb0ybOkWSnbml9WirXTLI482AG7YB/YoApq4BzUQQNg8ACewAt4NR6NZ+PNeJ+05oxsZhv8gfHxDeIqnyU=</latexit>

Radius (AU)
<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>

spike

Radius (AU)
<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>

1006185 (yr)
<latexit sha1_base64="UYTE4H60Cn0ENRcrdM8FQgvOgAg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8Ei1E1JCmqXRTcuK9gLtKFMppN26MwkzEyUEuubuHGhiFufxJ1v47TNQlt/GPj4zzmcM38QM6q0635bubX1jc2t/HZhZ3dv/8AuHrZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXs3r7nkhFI3GnJzHxORoKGlKMtLH6drEneeq57oVXO38qT+TZtG+X3Io7l7MKXgYlyNTo21+9QYQTToTGDCnV9dxY+ymSmmJGpoVeokiM8BgNSdegQJwoP52fPnVOjTNwwkiaJ7Qzd39PpIgrNeGB6eRIj9RybWb+V+smOqz5KRVxoonAi0VhwhwdObMcnAGVBGs2MYCwpOZWB4+QRFibtAomBG/5y6vQqlY8w7fVUv0qiyMPx3ACZfDgEupwAw1oAoYHeIZXeLMerRfr3fpYtOasbOYI/sj6/AEybJKl</latexit><latexit sha1_base64="UYTE4H60Cn0ENRcrdM8FQgvOgAg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8Ei1E1JCmqXRTcuK9gLtKFMppN26MwkzEyUEuubuHGhiFufxJ1v47TNQlt/GPj4zzmcM38QM6q0635bubX1jc2t/HZhZ3dv/8AuHrZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXs3r7nkhFI3GnJzHxORoKGlKMtLH6drEneeq57oVXO38qT+TZtG+X3Io7l7MKXgYlyNTo21+9QYQTToTGDCnV9dxY+ymSmmJGpoVeokiM8BgNSdegQJwoP52fPnVOjTNwwkiaJ7Qzd39PpIgrNeGB6eRIj9RybWb+V+smOqz5KRVxoonAi0VhwhwdObMcnAGVBGs2MYCwpOZWB4+QRFibtAomBG/5y6vQqlY8w7fVUv0qiyMPx3ACZfDgEupwAw1oAoYHeIZXeLMerRfr3fpYtOasbOYI/sj6/AEybJKl</latexit><latexit sha1_base64="UYTE4H60Cn0ENRcrdM8FQgvOgAg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8Ei1E1JCmqXRTcuK9gLtKFMppN26MwkzEyUEuubuHGhiFufxJ1v47TNQlt/GPj4zzmcM38QM6q0635bubX1jc2t/HZhZ3dv/8AuHrZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXs3r7nkhFI3GnJzHxORoKGlKMtLH6drEneeq57oVXO38qT+TZtG+X3Io7l7MKXgYlyNTo21+9QYQTToTGDCnV9dxY+ymSmmJGpoVeokiM8BgNSdegQJwoP52fPnVOjTNwwkiaJ7Qzd39PpIgrNeGB6eRIj9RybWb+V+smOqz5KRVxoonAi0VhwhwdObMcnAGVBGs2MYCwpOZWB4+QRFibtAomBG/5y6vQqlY8w7fVUv0qiyMPx3ACZfDgEupwAw1oAoYHeIZXeLMerRfr3fpYtOasbOYI/sj6/AEybJKl</latexit><latexit sha1_base64="UYTE4H60Cn0ENRcrdM8FQgvOgAg=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8Ei1E1JCmqXRTcuK9gLtKFMppN26MwkzEyUEuubuHGhiFufxJ1v47TNQlt/GPj4zzmcM38QM6q0635bubX1jc2t/HZhZ3dv/8AuHrZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXs3r7nkhFI3GnJzHxORoKGlKMtLH6drEneeq57oVXO38qT+TZtG+X3Io7l7MKXgYlyNTo21+9QYQTToTGDCnV9dxY+ymSmmJGpoVeokiM8BgNSdegQJwoP52fPnVOjTNwwkiaJ7Qzd39PpIgrNeGB6eRIj9RybWb+V+smOqz5KRVxoonAi0VhwhwdObMcnAGVBGs2MYCwpOZWB4+QRFibtAomBG/5y6vQqlY8w7fVUv0qiyMPx3ACZfDgEupwAw1oAoYHeIZXeLMerRfr3fpYtOasbOYI/sj6/AEybJKl</latexit>
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monotonic

Figure 4. Normalised 26Al abundance in CAIs (red dotted line) and bulk (black continuous line) at the end of collapse (top)
and after 1 Myr (bottom), as a function of the heliocentric distance, for the spike (left) and monotonic (right) function. The
spike produces evident differences between CAIs and bulk in the outer disk (R > 3 AU), and between CAIs in the inner and
outer disk. The monotonic case produces instead similar values in all disk regions. The average radial distribution does not
substantially change with time.

4. DISCUSSION
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In its two studied varieties (monotonic or spike), heterogeneous injection can explain varying 26Al/27Al in CAIs

unrelated to radioactive decay (see Fig. 3). Note that the variations would be essentially temporal (but controlled by

the gradient in the cloud rather than by decay) rather than spatial. Thus, in both varieties of the injection function,

FUN CAIs and PLACs could represent an early generation of CAIs before the canonical abundance was reached.

This is suggested by the CAIs that are produced at the earliest stage of the simulations when the injection functions

of the normalized 26Al/27Al raise from zero to canonical, t ≤ 50 kyr (see Fig. 3), although the Eulerian code does

not allow to track their exact proportion in subsequent times. Since this would be a temporal variation, there is

no need for any supercanonical ratio elsewhere in the Solar System the lack of which appeared an objection to the

inherited heterogeneity scenario to Dauphas & Schauble (2016). The (decay-compensated) 26Al is essentially uniform

and constant after cessation of infall, meaning 26Al can be used as a relative chronometer in this period.

The question is then whether this 26Al level would be the same as that of regular CAIs with canonical 26Al abundances

(monotonic case), or lower (spike) as suggested by Bollard et al. (2017) to reconcile Al-Mg and Pb-Pb dating. Only in

the former case can the initial 26Al/27Al ratios be used to infer age differences between regular CAIs and chondrules

(assumed to be produced from the melting of “bulk” material). The spike function would produce at least three types

of CAIs: an initially older 26Al-poor family followed by 26Al-higher CAIs and, then, a younger 26Al-poorer population.

However, the latter would hardly resemble FUN CAIs as they should essentially have converged toward the present-day

composition for stable isotopes, at variance with the nucleosynthetic anomalies shown by FUN CAIs.

Also, the significant clustering of 26Al/27Al ratios for mineral isochrons in CAIs (MacPherson et al. 2012) around

the canonical value is an indication against a late CAIs population with significantly different 26Al (as predicted by the

spike function), as they would tend to be preferentially preserved (Makide et al. (2011); and also our Figs. 3 and 4),

whereas the FUN CAIs mentioned above are a minor population (Krot et al. 2014).

In addition, bulk chondrites (which would have inherited the normalized abundance at the end of the infall) define a
26Al isochron consistent with a canonical 26Al abundance despite large errors due to the small range of Al/Mg ratios

((6.3 ± 1.3) · 10−5 (Schiller et al. 2010) or (4.7 ± 0.7) · 10−5 (Luu et al. 2019)).

Thus, the 26Al in bulk chondrites is only in agreement with the results produced by monotonic function. Moreover,

such an abundance is necessary to explain the differentiation of planetesimals over 2 Myr (Sanders & Taylor 2005)

as suggested by Hf-W dating of iron meteorites (Kruijer et al. 2014) or HED achondrites (McSween et al. 2011).

Interestingly, Al-rich chondrules, which are believed to have inherited their excess Al from precursor CAIs (Krot

& Keil 2002; Jacquet & Marrocchi 2017), exhibit 26Al/27Al ratios comparable to their mainstream ferromagnesian

counterparts (Hutcheon et al. 2009), around 3-15 times lower than the canonical values. This could not be the case

if they had formed in the same epochs these CAIs condensed (provided they were representative of the CAIs found

elsewhere in the same chondrites in terms of 26Al abundances), so the time difference must be real for them.

5. CONCLUSIONS

In this work we investigated how different distributions of 26Al within the protosolar cloud translate in the forming

disk and how 26Al would be incorporated in the earliest refractory condensates (CAIs) and bulk material (condensates

plus processed and pristine refractory dust). CAIs would fossilise the evolution of the isotopic composition of the

condensation front during infall. We find that low initial levels of 26Al (in the inner regions of the parental cloud) can

account for FUN CAIs, before it rose to canonical value. We investigated two possibilities for the subsequent evolution

of the aluminum-26 injection pattern: a plateau (the “monotonic” function) and a return to low values (the “spike”).

The spike would predict a significant population of 26Al-poor CAIs and little energy for planetesimal differentiation,

unlike the monotonic one which seems more consistent with observations.

Thus, in the earliest infall stage, aluminum-26 cannot be used as a chronometer, at least in terms of the exponential

decay law, but low 26Al/27Al in a CAI (if not ascribable to late resetting) could still be used to suggest early formation

(e.g. if supported by nucleosynthetic anomalies). The 26Al relative chronometry would however retain validity from

the formation of regular CAIs onward.

Our formalism can be also extended to any nucleosynthetic anomaly heterogeneously distributed in the protosolar

cloud. This is the subject of a companion work (Jacquet et al. 2019).

The authors wish to acknowledge the financial support of ANR-15-CE31-0004-1 (ANR CRADLE). We wish to thank

M. Gounelle and A. Krot for useful discussions. We thank the anonymous referee for providing suggestions, references

and comments that greatly improved the manuscript.
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APPENDIX

A. ACCRETION RATES AND CENTRIFUGAL RADIUS

The cloud collapses onto the protostar-disk system with a constant accretion rate given by Shu (1977) (see also Yang

& Ciesla (2012):

Ṁ = 0.975
C3
cd

G
. (A1)

In this equation G is the gravitational constant, Ccd is the isothermal sound speed, C2
cd = kbTcd/µmp. kb is the

Boltzmann constant, Tcd is the temperature of the cloud and µ = 2.2 is the molecular weight of the gas in terms of

the proton mass, mp.

Assuming angular momentum conservation, the surface density accreted below the centrifugal radius, Rc(t), is (Hueso

& Guillot 2005; Yang & Ciesla 2012):

σ̇(r, t) =
Ṁ

8πR2
c

(
r

Rc(t)

)−3/2[
1 −

(
r

Rc(t)

)1/2]−1/2

, (A2)

where the expression of the centrifugal radius Rc(t) is

Rc(t) = 53 AU

(
ωcd

10−14s−1

)2(
Tcd

10 K

)−4(
M(t)

1M�

)3

. (A3)

ωcd is the constant angular velocity of the cloud, Tcd is the temperature of the cloud and M(t) is the total mass of the

protostar+disk system at time t.

B. INITIAL CLOUD COMPOSITION AND RULES FOR DUST TRANSFORMATION

Table 1 reports the fiducial initial dust composition in the cloud. Values are retrieved using thermodynamic equilib-

rium with the method described in Pignatale et al. (2011) using the Sun’s elements abundances reported in Asplund et

al. (2009) and with a closing temperature of T = 700 K, i.e. before the conversion of CO(g) to CH4(g). These values

show very good agreement with those derived in Lodders (2010) assuming non-equilibrium at low temperatures. This

values update the complete equilibrium values (T = 150 K), used in Pignatale et al. (2018).

Table 2 reports the simple thermodynamic rules implemented in the code. Differences from Pignatale et al. (2018)

include: (i) the introduction of moderately volatiles species (movo), (ii) the change of the processing temperature

from T = 900 K to T = 800 K (for consistency with literature; e.g. Hubbard & Ebel (2014)), (iii) the change of

the condensation temperatures so as to match the thermodynamic calculation of Pignatale et al. (2011). Moreover,

we made two simplifications compared to our previous work: (i) we removed the special rule for which metallic iron

becomes processed iron at T = 650 K, and (ii) all the refractory pristine material that is not vaporised and falls

between 800 < T (K) < 1650 is now considered processed refractory. See Pignatale et al. (2018) for more details on

the old rules.

C. DISK BUILDING AND EVOLUTION

In Fig. 5 we report the resulting simulation for the monotonic function. Figure. 5(a) shows the time evolution of the

mass of the star, disk and the star+disk system during the first 1 Myr from the start of the cloud collapse. Fig. 5(b)

shows, similarly to Pignatale et al. (2018), the time evolution of the location of the all considered condensation fronts,

centrifugal radius, disk edge and inner and outer edges of the dead zone that results from the simulation. Fig. 5(c)

shows the resulting surface densities, at the end of collapse for the refractory condensates (red solid line for the 26Al,

blue solid line for the refractory from cloud) and refractory bulk (condensates plus processed plus pristine) for the 26Al

and for the refractory from cloud. Plotted are also all the other bulk rocky material (orange line), the water ice (cyan

shaded area), and H2 (black dotted line). The location of the centrifugal radius is also shown. Fig. 5(d) shows the

mass fraction of different components as a function of radius and at the end of collapse. Our results are comparable

to those presented in Pignatale et al. (2018); see also Yang & Ciesla (2012).
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species mass fraction

refractory (cloud) 0.0958

refractory (anomaly) varying

silicates 0.3191

iron 0.1738

movo 0.0458

H2O(ice) 0.1925

CO(ice) 0.7435

H2 98.4295

Table 1. Fiducial initial dust composition in the cloud.

species T (K) become T (K) become

pristine refractories > 1650 refractory(g)

refractory(g) < 1650 CAIsa > 1650 refractory(g)

pristine refractories > 800 processsed refractories > 1650 refractory(g)

pristine refractories < 800 pristine refractories

pristine silicates > 1415 silicates(g)

silicates(g) < 1415 condensed silicatesa > 1415 silicates(g)

pristine silicates > 800 processsed silicates > 1415 silicates(g)

pristine silicates < 800 pristine silicates

pristine iron > 1450 iron(g)

iron(g) < 1450 metallic irona > 1450 iron(g)

pristine iron > 800 processsed iron > 1450 iron(g)

pristine iron < 800 pristine iron

pristine movo > 800 movo(g)

movo(g) < 800 condensed movo > 800 movo(g)

pristine movo > 800 movo(g)

water ice > 150 water vapour < 150 water ice

CO ice > 25 CO(g) < 25 CO ice

H2(g)

Table 2. Rules implemented in the code. We assume that the kinetics timescales of evaporation, condensation and processing
are instantaneous. (a) Same as in Pignatale et al. (2018), in our calculations condensed CAIs, condensed silicates and metallic
iron, do not equilibrate with the surrounding environment as evidenced by actual chondrites.

D. ANALYTIC EXPRESSIONS FOR THE INJECTION FUNCTIONS.

Here we report the analytic expression for the injection functions that we use for describing the 26Al abundance as

a function of the dimensionless time x ≡ t/(150 kyr). In normalized form, they are:

• For x < 0.15, f(x) = 0 for both functions.

• For 0.15 ≤ x ≤ 0.33 , f(x) = 10 × (x− 0.15)0.88(1 − (x− 0.15))4 (this is 1 at x = 0.33) for both functions.
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<latexit sha1_base64="4cDKvKxXlC7qEnR2SpIzExll7s8=">AAAB+HicbZDLSgMxFIYzXmu9tOrSTbAIdVNmRNBl0Y3LCr1BO5RMeqYNTTJDkhHGob6IGxeKuPVR3Pk2pu0stPWHwMd/zuGc/EHMmTau++2srW9sbm0Xdoq7e/sHpfLhUVtHiaLQohGPVDcgGjiT0DLMcOjGCogIOHSCye2s3nkApVkkmyaNwRdkJFnIKDHWGpRLWV8J3GQCnqqpOp8OyhW35s6FV8HLoYJyNQblr/4wookAaSgnWvc8NzZ+RpRhlMO02E80xIROyAh6FiURoP1sfvgUn1lniMNI2ScNnru/JzIitE5FYDsFMWO9XJuZ/9V6iQmv/YzJODEg6WJRmHBsIjxLAQ+ZAmp4aoFQxeytmI6JItTYrIo2BG/5y6vQvqh5lu8vK/WbPI4COkGnqIo8dIXq6A41UAtRlKBn9IrenEfnxXl3Phata04+c4z+yPn8AVYjkt0=</latexit><latexit sha1_base64="4cDKvKxXlC7qEnR2SpIzExll7s8=">AAAB+HicbZDLSgMxFIYzXmu9tOrSTbAIdVNmRNBl0Y3LCr1BO5RMeqYNTTJDkhHGob6IGxeKuPVR3Pk2pu0stPWHwMd/zuGc/EHMmTau++2srW9sbm0Xdoq7e/sHpfLhUVtHiaLQohGPVDcgGjiT0DLMcOjGCogIOHSCye2s3nkApVkkmyaNwRdkJFnIKDHWGpRLWV8J3GQCnqqpOp8OyhW35s6FV8HLoYJyNQblr/4wookAaSgnWvc8NzZ+RpRhlMO02E80xIROyAh6FiURoP1sfvgUn1lniMNI2ScNnru/JzIitE5FYDsFMWO9XJuZ/9V6iQmv/YzJODEg6WJRmHBsIjxLAQ+ZAmp4aoFQxeytmI6JItTYrIo2BG/5y6vQvqh5lu8vK/WbPI4COkGnqIo8dIXq6A41UAtRlKBn9IrenEfnxXl3Phata04+c4z+yPn8AVYjkt0=</latexit><latexit sha1_base64="4cDKvKxXlC7qEnR2SpIzExll7s8=">AAAB+HicbZDLSgMxFIYzXmu9tOrSTbAIdVNmRNBl0Y3LCr1BO5RMeqYNTTJDkhHGob6IGxeKuPVR3Pk2pu0stPWHwMd/zuGc/EHMmTau++2srW9sbm0Xdoq7e/sHpfLhUVtHiaLQohGPVDcgGjiT0DLMcOjGCogIOHSCye2s3nkApVkkmyaNwRdkJFnIKDHWGpRLWV8J3GQCnqqpOp8OyhW35s6FV8HLoYJyNQblr/4wookAaSgnWvc8NzZ+RpRhlMO02E80xIROyAh6FiURoP1sfvgUn1lniMNI2ScNnru/JzIitE5FYDsFMWO9XJuZ/9V6iQmv/YzJODEg6WJRmHBsIjxLAQ+ZAmp4aoFQxeytmI6JItTYrIo2BG/5y6vQvqh5lu8vK/WbPI4COkGnqIo8dIXq6A41UAtRlKBn9IrenEfnxXl3Phata04+c4z+yPn8AVYjkt0=</latexit><latexit sha1_base64="4cDKvKxXlC7qEnR2SpIzExll7s8=">AAAB+HicbZDLSgMxFIYzXmu9tOrSTbAIdVNmRNBl0Y3LCr1BO5RMeqYNTTJDkhHGob6IGxeKuPVR3Pk2pu0stPWHwMd/zuGc/EHMmTau++2srW9sbm0Xdoq7e/sHpfLhUVtHiaLQohGPVDcgGjiT0DLMcOjGCogIOHSCye2s3nkApVkkmyaNwRdkJFnIKDHWGpRLWV8J3GQCnqqpOp8OyhW35s6FV8HLoYJyNQblr/4wookAaSgnWvc8NzZ+RpRhlMO02E80xIROyAh6FiURoP1sfvgUn1lniMNI2ScNnru/JzIitE5FYDsFMWO9XJuZ/9V6iQmv/YzJODEg6WJRmHBsIjxLAQ+ZAmp4aoFQxeytmI6JItTYrIo2BG/5y6vQvqh5lu8vK/WbPI4COkGnqIo8dIXq6A41UAtRlKBn9IrenEfnxXl3Phata04+c4z+yPn8AVYjkt0=</latexit>
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<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>

Rc

Radius (AU)
<latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit><latexit sha1_base64="mr1+hzkzbwpZ7vCS4IVy0ACZBFc=">AAAB+XicbZDNSsNAFIVv/K31L+rSzWAR6qYkIuiy6sZlFdMW2lAmk0k7dDIJM5NCCfVJ3LhQxK1v4s63cdpmoa0HBj7OvZd75wQpZ0o7zre1srq2vrFZ2ipv7+zu7dsHh02VZJJQjyQ8ke0AK8qZoJ5mmtN2KimOA05bwfB2Wm+NqFQsEY96nFI/xn3BIkawNlbPtrsyzh9wyDL1VL32ziY9u+LUnJnQMrgFVKBQo2d/dcOEZDEVmnCsVMd1Uu3nWGpGOJ2Uu5miKSZD3KcdgwLHVPn57PIJOjVOiKJEmic0mrm/J3IcKzWOA9MZYz1Qi7Wp+V+tk+noys+ZSDNNBZkvijKOdIKmMaCQSUo0HxvARDJzKyIDLDHRJqyyCcFd/PIyNM9rruH7i0r9poijBMdwAlVw4RLqcAcN8IDACJ7hFd6s3Hqx3q2PeeuKVcwcwR9Znz8aq5NL</latexit>
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<latexit sha1_base64="UXbaIgSplYwAuFhvRVnUOMvMVAg=">AAACAHicbZC7TsMwFIadcivlFmBgYLGokMpSkgoJxgoWxiLoRWpC5bhOatV2IttBqqIw8CosDCDEymOw8Ta4lwFafsnSp/+co+PzBwmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Gpcbz8QqWgs7vQoIT5HkaAhxUgbq2cfZJ7k0LulEUePlWF0yu+zWn6S9+yyU3UmgovgzqAMZmr07C+vH+OUE6ExQ0p1XSfRfoakppiRvOSliiQID1FEugYF4kT52eSAHB4bpw/DWJonNJy4vycyxJUa8cB0cqQHar42Nv+rdVMdXvgZFUmqicDTRWHKoI7hOA3Yp5JgzUYGEJbU/BXiAZIIa5NZyYTgzp+8CK1a1TV8c1auX87iKIJDcAQqwAXnoA6uQQM0AQY5eAav4M16sl6sd+tj2lqwZjP74I+szx/uQJX2</latexit><latexit sha1_base64="UXbaIgSplYwAuFhvRVnUOMvMVAg=">AAACAHicbZC7TsMwFIadcivlFmBgYLGokMpSkgoJxgoWxiLoRWpC5bhOatV2IttBqqIw8CosDCDEymOw8Ta4lwFafsnSp/+co+PzBwmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Gpcbz8QqWgs7vQoIT5HkaAhxUgbq2cfZJ7k0LulEUePlWF0yu+zWn6S9+yyU3UmgovgzqAMZmr07C+vH+OUE6ExQ0p1XSfRfoakppiRvOSliiQID1FEugYF4kT52eSAHB4bpw/DWJonNJy4vycyxJUa8cB0cqQHar42Nv+rdVMdXvgZFUmqicDTRWHKoI7hOA3Yp5JgzUYGEJbU/BXiAZIIa5NZyYTgzp+8CK1a1TV8c1auX87iKIJDcAQqwAXnoA6uQQM0AQY5eAav4M16sl6sd+tj2lqwZjP74I+szx/uQJX2</latexit><latexit sha1_base64="UXbaIgSplYwAuFhvRVnUOMvMVAg=">AAACAHicbZC7TsMwFIadcivlFmBgYLGokMpSkgoJxgoWxiLoRWpC5bhOatV2IttBqqIw8CosDCDEymOw8Ta4lwFafsnSp/+co+PzBwmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Gpcbz8QqWgs7vQoIT5HkaAhxUgbq2cfZJ7k0LulEUePlWF0yu+zWn6S9+yyU3UmgovgzqAMZmr07C+vH+OUE6ExQ0p1XSfRfoakppiRvOSliiQID1FEugYF4kT52eSAHB4bpw/DWJonNJy4vycyxJUa8cB0cqQHar42Nv+rdVMdXvgZFUmqicDTRWHKoI7hOA3Yp5JgzUYGEJbU/BXiAZIIa5NZyYTgzp+8CK1a1TV8c1auX87iKIJDcAQqwAXnoA6uQQM0AQY5eAav4M16sl6sd+tj2lqwZjP74I+szx/uQJX2</latexit><latexit sha1_base64="UXbaIgSplYwAuFhvRVnUOMvMVAg=">AAACAHicbZC7TsMwFIadcivlFmBgYLGokMpSkgoJxgoWxiLoRWpC5bhOatV2IttBqqIw8CosDCDEymOw8Ta4lwFafsnSp/+co+PzBwmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Gpcbz8QqWgs7vQoIT5HkaAhxUgbq2cfZJ7k0LulEUePlWF0yu+zWn6S9+yyU3UmgovgzqAMZmr07C+vH+OUE6ExQ0p1XSfRfoakppiRvOSliiQID1FEugYF4kT52eSAHB4bpw/DWJonNJy4vycyxJUa8cB0cqQHar42Nv+rdVMdXvgZFUmqicDTRWHKoI7hOA3Yp5JgzUYGEJbU/BXiAZIIa5NZyYTgzp+8CK1a1TV8c1auX87iKIJDcAQqwAXnoA6uQQM0AQY5eAav4M16sl6sd+tj2lqwZjP74I+szx/uQJX2</latexit>

(c)

26Al__ref_cond

Ref_bulk

all_rocks

water ice

H2(g)
Rc

26Al_ref_bulk

Ref_cond

215642 (yr)
<latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit><latexit sha1_base64="lsCxBTlRHFfpxxJfGI0NjHm4c+A=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2AR6qYkpV6WRTcuK9haaEOZTCft0JlJmJkUQqhP4saFIm59E3e+jdM2C239YeDjP+dwzvxBzKjSrvttFdbWNza3itulnd29/QP78KitokRi0sIRi2QnQIowKkhLU81IJ5YE8YCRx2B8O6s/TohUNBIPOo2Jz9FQ0JBipI3Vt+2e5FnNu7is154qqTyf9u2yW3XnclbBy6EMuZp9+6s3iHDCidCYIaW6nhtrP0NSU8zItNRLFIkRHqMh6RoUiBPlZ/PLp86ZcQZOGEnzhHbm7u+JDHGlUh6YTo70SC3XZuZ/tW6iw2s/oyJONBF4sShMmKMjZxaDM6CSYM1SAwhLam518AhJhLUJq2RC8Ja/vArtWtUzfF8vN27yOIpwAqdQAQ+uoAF30IQWYJjAM7zCm5VZL9a79bFoLVj5zDH8kfX5A7+nkmw=</latexit>

Radius (AU)
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Figure 5. (a) Time evolution of the mass of the forming star, disk and the star+disk system; (b) time evolution of the location
of the considered condensation fronts, centrifugal radius, disk edge and inner and outer edges of the dead zone; (c) surface
density and (d) mass fraction of dust-components as a function of the heliocentric distance plotted at the end of the collapse.

• For x > 0.33, f(x) = 1 for the monotonic function and f(x) = 1.197 − 0.598x for the spike.
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