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Introduction: Planets are born in disks of gas and
dust orbiting young stars. Planet formation starts with
the  coagulation  of  micrometer-sized  dust  grains  into
the so-called pebbles -- millimeter and centimeter sized
particles.  The  gas  in  the  disk  is  pressure  supported
against the central star gravity and, therefore, orbits the
star at velocities slightly lower than pebbles that travel
at Keplerian speed [1]. Consequently, sufficiently large
pebbles feel a strong headwind and decouple from the
gas  motion  drifting  towards  the  star  in  spiral
trajectories.

 High-resolution  ALMA  observations  show  that
rings  and  gaps  are  common structures  in  young
protoplanetary disks [2]. These observed structures of
protoplanetary  disks  are  usually  associated  with
millimeter and centimeter sized pebbles being trapped
at specific locations of the disk, the so-called pressure
bumps  [3].  At  pressure  bumps,  the  gas  is  locally
accelerated, which reduce or suppress the effects of gas
drag, allowing pebbles to pile-up [3]. Pressure bumps
are  ideal  sites  for  planetesimal  formation  via
gravitational  instabilities,  yet  whether  and  how
pressure  bumps shaped planet  formation  in  our  own
Solar System is unknown. 

Asteroids and meteorites hold records of where and
when planetesimals formed in the Solar System. The
parent  bodies  of  non-carbonaceous  (NC)  and
carbonaceous (CC) chondrite meteorites are associated
with  classes  of  asteroids  with  broadly  overlapping
orbital  distributions  [4]  and  accretion  ages,  but
different bulk chemical and isotopic compositions [5].
They also  show distinct  stable-isotopic  compositions
for several volatile and non-volatile chemical elements
[5,6]. This isotopic “dichotomy” implies that the mm-
sized  constituents  of  meteorites  –  pebbles  – did  not
mix  during  the  early  accretion  stages  of  planet
formation [5], but their parent bodies did. The parent
bodies of NC and CC meteorites must have accreted
from distinct dust and pebble reservoirs that remained
disconnected  for  2-4  million  years  [5].  This  is
challenging given the predominant view that  pebbles
drift (mainly inward) quickly through the gas [7] such
that mixing of different reservoirs is unavoidable [7].

Yet  after  their  assembly,  asteroid-sized  bodies  must
have dynamically mixed [8-9].  

Methods:  In  this  work  [10]  we  model  dust
coagulation, fragmentation, and turbulent mixing in a
young protoplanetary disk [11]. Micrometer sized dust
grains  grow  to  millimeter  and  centimeter  sized
particles and start to drift inwards due to gas drag [1].
Pebbles  inside  the  snowline  are  assumed  to  have
silicate  composition and smaller  sizes  relative  to  ice
pebbles beyond the snowline. This difference in sizes
is imposed to reflect different threshold fragmentation
velocities  of  ice  and  silicate  pebbles  [12].  In  our
model, silicate pebbles that eventually reach regions of
the gas disk hotter than 1400 K are completely lost by
sublimation.  Ice  pebbles  that  cross  the  disk  water
snowline  lose  their  ice  component,  assumed  to
correspond  to  50%  of  their  bulk  mass,  releasing
smaller silicate dust  grains in the disk.  Our gas disk
model  includes  three  (or  two)  pressure  bumps. We
mimic the presence of pressure bumps by rescaling the
gas surface density by Gaussian and hyperbolic tangent
functions at specific disk locations. The inner bump is
associated with a transition in the gas disk's viscosity
due to  thermal  ionization of  the  gas  at  temperatures
higher  than  Tgas>1000  K  [13].  It  is  located  slightly
outside the silicate sublimation line (Tgas~1400 K). The
central  and outer pressure bumps are associated with
the gas  disk water  snowline  at  Tgas~170 K and CO-
snowline  at  Tgas~30  K,  respectively.  The  origin  of
pressure bumps at snowlines is usually associated with
transition in the disk opacity due to different  pebble
sizes  inside  and  outside  the  snowlines,  and
sublimation/recondensation of grains at these locations
[14,15].

Results: Our simulations show that dust piles up at
the  bumps  and  forms  up  to  three  rings  of
planetesimals:  a  narrow ring near  1  au,  a  wide  ring
between ~4 au and ~20 au, and a distant ring between
~20  au  and  ~45  au  (Figure  1).  We  use  a  series  of
simulations to  follow the evolution of  the innermost
ring and show how it can explain the orbital structure
of the inner Solar System and provides a framework to
explain  the  origins  of  isotopic  signatures  of  Earth,
Mars and different  classes of meteorites.  The central
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ring contains enough mass to explain the rapid growth
of the giant planets' cores [16]. Earth and Mars analogs
form in the inner ring of planetesimals [17] but have
distinct  feeding  zones,  explaining  the  origins  of
isotopic  differences  between  Earth  and  Mars.  The
asteroid belt is born with little mass in planetesimals; a
large  fraction  of  its  mass  is  implanted  from  other
regions  of  the  Solar  System.  Carbonaceous
planetesimals are scattered inward by the growing gas
giants, matching the distribution of carbonaceous types
asteroids  [9].  A  fraction  of  planetesimals  from  the
inner ring is scattered outward and implanted [18,19];
implantation is orders of magnitude more efficient for
planetesimals  from  the  Mars-region  than  close  to
Earth,  consistent  with  isotopic  similarities  between
Mars  and  ordinary  chondrites.  The  outermost
planetesimal ring is consistent with dynamical models
of  Solar  System  evolution  proposing  that  the  early
Solar  System  had  a  primordial  planetesimal  disk
beyond the current orbit of Uranus [19,20].

Figure 1: Simulated evolution of the Sun's planet-
forming disk, assuming the existence of three pressure
bumps.  From top-to-bottom the three first panels show
snapshots of the radial distribution of gas, pebbles, and
planetesimals. The bottom-panel shows the efficiency
of planetesimal implantation into the belt as a function
of initial orbital distance from the Sun for three end-
member scenarios modeling the growth and migration
histories of the giant planets in the Solar System [9].

Acknowledgments: A. Izidoro., R. Dasgupta., and
A.Isella. acknowledge NASA grant 80NSSC18K0828
for  financial  support  during  preparation  and
submission  of  the  work.  A.  Isella  and  A.  Izidoro
acknowledge support from the Welch Foundation grant
No. C-2035-20200401. B. Bitsch, thanks the European
Research  Council  (ERC  Starting  Grant  757448-
PAMDORA)  for  their  financial  support.  R.  Deienno
acknowledges support from NASA Emerging Worlds
program,  grant  80NSSC21K0387.  S.  N.  Raymond
thanks the CNRS's PNP program for support.

References: [1]  Nakagawa,  Y.,  Sekiya,  M.  &
Hayashi, C. (1986) Icarus, 67, 375. [2] Andrews, S. M.
et al. (2018) ApJ, 869, L41. [3] Dullemond, C. P. et al.
(2018)  ApJ  869, L46. [4] DeMeo, F. E. & Carry, B.
(2014) Nature 505, 629. [5] Kruijer,T. S. et al. (2017)
PNAS, 114, 6712. [6] Grewal, D. S., et al. (2021). Nat.
Astron. 5,  356.  [7]  Lambrechts,  M.  &  Johansen,  A.
(2012)  A&A,  544, A32. [8] Walsh, K. J. et al. (2011)
Nature,  475, 206. [9] Raymond, S. N. & Izidoro, A.
(2017)  Icarus  297,  134.  [10]  Izidoro,  A.,  et  al.  Nat
Astro  (2021).  https://doi.org/10.1038/s41550-021-
01557-z  [11]  Birnstiel,  T.  et  al.  (2012)  A&A  539,
A148.  [12]  Gundlach,  B.  &  Blum,  J.  (2015)  ApJ,
798,34. [13] Desch, S. J. & Turner, N. J. (2015) ApJ,
811, 156. [14] Müller, J. et al. (2021) A&A, 650, A185.
[15] Charnoz,  S.  et  al.  (2021) A&A, 652, A35. [16]
Lambrechts,  M.  et  al.  (2014)  A&A,  572,  A35.  [17]
Hansen, B. M. S. (2009) ApJ, 703, 1131. [18] Bottke et
al.  (2006)  Nature 439, 821. [19] Raymond, S.  N.  &
Izidoro, A. (2017) Science Advances 3, e1701138. [20]
Tsiganis, K. et al. (2005) Nature, 435, 459–61. 

2847.pdf53rd Lunar and Planetary Science Conference (2022)


