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Interstellar Medium (ISM)

Tenuous collection of gas and dust that

pervades the space between star systems

* |t might seem empty... | ™ metals’

* ltis filled with gas (70% H, 28% He, 2%
“metals”) and dust!

* [t might seem quiet and calm...
 |tis violent and active!

Betelgeuse e

» Alot of processes are happening that s
are invisible to human perception |

Significance ; Orion

« The ISM is the reservoir of material for star formation [JEGAEEE AN

» More specifically to presolar grains:
Possible site of presolar grain formation?

' < Orion Nebula (M42)

o Rigel
Definite site of presolar grain processing! Saiph &




Presolar Grains in the ISM

Presolar grains that form within the ISM are theorized to exist

Cosmic ray exposure

Upper limits ages mostly <3 x 108 DU.St IS
O No size correction (300,000’000) years g:ls(il:g;ed
Size corrected
5 §10° Stardust lifetime ~4 x 108 in the ISM
= g (400,000,000) years
e O
5% AND
o O
g 5107
o
% § Stardust injection Dust is only
I ° timescale ~2 x 10° slowly
S Z g1 (2,000,000,000) years injected into
o (? the ISM

Dust must also form in the ISM!

Heck et al. 2020



Presolar Grains in the ISM

* Presolar grains that form within the ISM are theorized to exist...BUT they have
not been definitively identified in meteorites

No isotopic anomalies,
making it impossible to
distinguish these presolar
grains from normal Solar
System materials

Expected Features For those in our Sun’s

=== Parent molecular cloud,

= the local ISM equals the
Solar System

* Non-stellar signatures

» Isotopic compositions of local
ISM




ISM Processes

 Let us talk about what we do know...circumstellar presolar grains can be
changed as they travel through the ISM!

Heck et al. (2020) calculated And that is just a change in size. What
the grains they analyzed were about other characteristics like...
3-30x larger before their * Shape

transit through the ISM » Crystallinity
« Compositions

A A A
0 e o e o e,

L 2 B s [ e s 13 14 45 1 17
B e - [ I
e 51 c 4|0 B
SRR b -] _ErBann
PPNl [ - ¢ - el ol e < i< e

| ® * ¢ ¢
. .\7/./'\.‘7/./'\.\.'/./'\.\'././
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|
. » e o o .EE.EEEEEEEM
Sub-Rounded ) : Te 00 00 00, @ [Ac | Th|Pa| U |Np | Pu Am|Cm|Bk | CF | Es | Fm Md|No| Lr

Crystalline Solids




ISM Processes

Domlnant Processes Affectlng Dust

Grain-Grain Collisions eSS =L =5 Irradiation
Collisions between interstellar fo o o Bl Bombardment of dust by high-
dust due to turbulent motions in L e 8l energy (100 MeV-1 TeV) particles
the ISM (shock waves from A o S Zoa ¥ o e (~99% H* and He* nuclei and ~1%
supernovae explosions, stellar winds, JESESEEEEE S SR electrons) from cosmic rays or UV
etc.) = '.-.j. 0 nn ’f’ Wl radiation from nearby stars
Effects: ’ e N DLl [ ffocts:

Sputtering (small particles & ' i3 '_ Aoey BT Structural defects (up to
ejected from surface) 250 ,' R ’ 3 amorphization)
Fragmentation P Y LRt Heating

Aggregation Implantation
Compaction Change in isotopic
Alteration of surface properties compositions

Laczniak et al. 2021 20 nm




Observations of ISM Processing

So...have we found evidence for bona fide ISM processing?
A TEMBF B LASVASN /0 Irradiation? | . SEIg <

rm

a Silicate rims/surface

coatings on SiC grains

Could be solar
nebula-related

Stroud 2005 Bernatowicz et al. 2003

- Grain-Grain Collisions?

Cavity on an otherwise
euhedral corundum grain

Maybe but...this is still an area of
active research!

3 The rarity of presolar grains and time-
__ N consuming nature of sample preparation makes
_ ¢ pm it difficult to perform systematic studies to
" ‘ search for bona fide ISM processing features.

Takigawa et al. 2018
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The Solar System

Where does the ISM end and the Solar System begin’? IS

 Let us define our Solar System = all matter influenced by the Sun’s gravity

Planets/dwarf planets i e Hydrogen Wal

Interstellar Medium

Small bodies (asteroids * 3
Heliopause The Local Interstellar Cloud » = The G Cloud
and comets) i :
8 \ Interstellar Wind
\ B ; Oort
DUSt \ * T £ % Cloud
(micrometeorites and IDPs) | A VoyagerilSpategatt
@ lS\oIar.Gravity Lens - s Rogue
e, L s Veiwed from the Focal Line ) Planets
=20 b i Interaction
Kuiper Belt Vo Zone
Objects Spg aft
10 AU Termination Shock 10% Bow Shock/Wave 10U ¥ 10*A0
So compared to the ISM, - Oort

our Solar System must sl

13.9 Light Hours 1000 AU = 138.6 Light Hours 10,000 AU = .16 Light Years

have been nice and calm,

10 AU = 1.39 Light Hours

right? Nope!



Solar System Formatlon and Evolution

Molecular Cloud

l

Protosun + Solar Nebula

l

Sun + Protoplanetary Disk

!

Sun + Planets + Small Bodies
(asteroids and comets)

Let us go through each stage
and talk about the processes that

affect dust (presolar grains)



Same processes as the ISM,
so let us move on




Solar Nebula

Rotating disk of gas and dust surrounding the protosun
Remember, a protostar means thermonuclear fusion has not yet started

As temperature , d Dustis | When the dust aggregates are
decreases, gasescan [ electrostatically large enough, they are attracted
condense 2 attracted to other dust to one another by gravity




Solar Nebular Processes

Dominant Processes Affecting Dust

Hotter

Gas-Phase ~ regions  Cogler Oxidation
Condensation BRI The more O-rich environment

Solids condense from nebular  [EEREEEEEERE > S and higher temperatures of the
gas and have solar isotopic IR e o BRI NCDUa, Comparc_ed to the ISM,
compositions promotes oxidation

Effects: Effects:

« Overgrowths of minerals with = ~ ) OX|daIt|on S WS LIRSS ©F
solar isotopic compositions on i présolar grains
the presolar grains -

Stroud 2005



Solar Nebular Processes

Dominant Processes Affecting Dust

Grain-Grain Collisions Hirashita & Yan 2009

Collisions between nebular dust
due to turbulent motions in the

solar nebula (protosun in the T-
Tauri stage is violent)

Effects:

Sputtering (small particles
ejected from surface)

Fragmentation

Aggregation g
02.2. uv
Ba gkt

y T - - » PPN
grain & (target) if Dy > D

I grain j (projectile)

I if g > M2 if my << M/2 |

Compaction
Alteration of surface properties B——"2 |1\

CH,

co

Srama et al. 2009 L

Irradiation

Bombardment of dust by solar
wind (1 keV—few MeV) (mostly H*
with some He* nuclei and electrons)
or UV radiation from the protosun
(eV)

Effects:

Structural defects (up to
amorphization)

Heating
Implantation
Change in isotopic
compositions

UV radiation is mostly limited to the surface of the
grains




Small Bodies
Technically any body in the Solar System other than the Sun,

planets, or dwarf planets

« But the sizes can range from 525.4 km in diameter (asteroid Vesta) down to
10s of kms

» Which do we care about for presolar grains? =——> RREEIgt1INe]a[=11 MM =181 R ¢ \V%

Differentiation

To preserve presolar grains, we
need to avoid differentiation, which
means looking at smaller bodies:
asteroids and comets!

Radioactive decay of some short Heavy components (Fe and Ni) sink

: : ) to the center of mass, forming the
lived isotopes releases heat — Large bodies melt — cores the cores
264 — 26\g

Lighter components form the mantle




Asteroids and Comets (aka Parent Bodies)

Asteroids = inner Solar System rocky (mostly located between Mars and Jupiter
aka the asteroid belt)

Comets = outer Solar System icy bodies with highly elliptical orbits

(mostly come from the Kuiper belt)

Location of accretion/distance from Sun determines what material could form
(e.g., water/water vapor vs ice)

Within frost line, rocks and metals Beyond frost line, hydrogen compounds,
condense, hydregen compounds rocks, and metals condense. \
stay gaseous. \ \




Parent Body Processes

Dominant Processes Affecting Dust

Space Weathering Micromatsorta , SoEmcand Shock Metamorphism

Bombardment Solar Wind
. Implantation

Weathering (physical and chemical Rapid increases in temperature
and pressure from impacts on

bodies airless bodies
Effects: Y| Effects:

« Amorphization s cuin et St - Fragmentation

Shock wave

« Melting Structural defects (up to
* Loss of volatiles » amorphization)
» Fe nanoparticles Expulsed wu s Lieraion Phase transformations
it 3 i Diffusion and homogenization

<
<
Cycling a*

»
changes) that occurs on airless Thermal E\
»
<

<
O

Sputtering
.g:
B

o= 00 X3’
9 "“'.‘:’-o’ )

>
2 9)

Impact ejecta




Parent Body Processes

Dominant Processes Affecting Dust

Thermal Metamorphism

Heating (without melting) of rocky
components from processes such
as solar radiation, impacts, and
radioactive decay of certain
Isotopes

Effects:

Crystallization (of amorphous
materials)

Loss of volatiles (e.g., S, Zn, Pb)
Diffusion and homogenization

Impermeable
icy surface

Permeable
icy surface? N

Static Water (Porosity =0.5)
Small bodies (Radios<40km)

Albani et al. 2024

Water exalation (single pass flow)
Small and possibly large bodies

Aqueous Alteration

Interaction of fluids (from melting of
ice) with rocky components

Effects:

 Mobilization of certain
elements (e.g., Fe, Mg, Ca)

Mineral replacement
Homogenization
Porosity

Veins and alteration rims




Observations of Solar System Processing

So...have we found evidence for bona fide Solar System processing?

Hydration?

Beam damage/
amorphization during
EDS on silicate grains

Perovskite — MgSiOg,
(Vollmer et al. 2007)

Enstatite — Mg,Si,O4
(Vollmer et al. 2013, Nittler et al.
2020)

Olivine — (Mg,Fe),SiO,

(Vollmer et al. 2009, Singerling et
al. 2023)

Modulations in olivine

(Singerling et al. 2023)

ingerling et al. 2023




Observations of Solar System Processing

So...have we found evidence for bona fide Solar System processing?

Mobilization of Fe? Mineral Transformations?
Fe-rich rims on: Fe-rich veins in:

Compound grain Olivine — (Mg,Fe),SiO,
(Seifert et al. 2022) (Singerling et al. 2023)

Mg-Al spinel — MgAl,O, Hibonite — CaAl,,0q
(Zega & Floss 2013) (Leitner et al. 2012)

Non-stoichiometric silicate
(Singerling et al. 2022)

Mg-Al spinel — phyllosilicates

Formation of magnetite subgrains
(Singerling et al. 2023)

%lﬁ " R
100 nm L.’r‘

Zega&FIoss 2013 Leitner etal. 2012 Slngerllng ot al. 2023
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How Presolar Grains Inform Astrophysics

What does astrophysics predict? What do presolar grains tell us?

1 micron

Astrophysics deals with many topics other than stars and dust—qgalaxies, black holes, cosmic

inflation, dark matter/energy, and on and on. But we will focus on the astrophysics that concerns
stars and dust.

This includes a few different fields/techniques such as:
« Theory/modeling
« Observational astronomy

Lab-based experiments



Astrophysics vs Presolar Grain Findings

« Example 1: Circumstellar gas-phase condensation
» Theory (thermodynamics) can predict whether minerals should condense around AGB stars
* Do the expected (stable) minerals occur? What about unexpected (unstable) ones?

Titanium nitride (TiN) Silica (SiO,)

Theory/modeling = stable and Theory/modeling = unstable
should condense and should not condense

perovskite

+ melilite

)
-
L
bl
=
2
<
b
Q
Q.
2
Q
=

Observational astronomy = Observational astronomy =
not observed observed

Presolar grain studies = Presolar grain studies =
observed observed

sandll Ve do not observe it via Theory does not account
telescopes because itis  for non-equilibrium Bose et al. (2012)

so small and only occurs condensation
as a subgrain

o
—_
b=
3]
D
o
w
—
o
cn
=)
<
=)
3]
b2
5
=
=
5
b=
a

500 1000 1500
Auger Electron Energy (eV)

ZAWVIL1uY Singerling et al. (2021)



Astrophysics vs Presolar Grain Findings

 Example 2: Mineral abundances
« Theory can predict what the relative abundances of certain minerals should be

* How do the abundances of two of the most common silicates—olivine ((Mg,Fe),SiO,) and pyroxene
((Ca,Mg,Fe),Si,0z)—compare?

Olivine vs pyroxene Possible explanations

Theory/modeling = olivine > pyroxene
i = ivi 1. Olivine > pyroxene but :
Observational astronomy = pyroxene > olivine Py Caveat: Would require

Presolar grain studies = olivine > pyroxene olivine is more readily our presolar grain

destroyed by secondary population to be non-

We need more data DROEBEIG ({1 e I representative...

s resalhie e and/or Solar System)
discrepancy! . Observational data are not accurate because infrared

spectra peaks are in error. Features like grain size, shape,
crystallinity, and variations in composition (e.g., Fe vs Mg) can
affect the peak positions.




Future Directions

Where do we go from here? What are the most promising avenues for how we can
advance of our understanding of these rare and precious specimens?

1. Expanding sample
collections

« Seeking new sources of
presolar grains, such as
cometary samples

« Sample return missions!




Future Directions

Where do we go from here? What are the most promising avenues for how we can

advance of our understanding of these rare and precious specimens?

S PR R AR o R Ml 2. Making improvements to
0 ranan a5 5 548 4 analytical techniques
[ - - - - - " '
Wi wims .5: (B - Higher resolution and higher
l | sensitivity everything—
BrrrTYMm Y ’i’ i telescopes, microscopes,
E . iy - 8 spectrometers
se  » » . R I :
g : - Faster sample preparation,
Mt A e 8 88 OEO S & d data collection, and data
L ' : -

----- Fo8% & 1 S8 : processing/interpretation




Future Directions

Where do we go from here? What are the most promising avenues for how we can
advance of our understanding of these rare and precious specimens?

=
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W

3. Fostering interdisciplinary
studies

« Encouraging more
collaborations between

astrophysicists and
\\\\ p y

| \\\\\ cosmochemists to address

open questions



Day 3 Summary

There are numerous post-formation processes that can affect presolar grains,
both in the ISM and the Solar System.

Astrophysical and
cosmochemical studies
compliment one another.

Even when the two

disagree, studying the

contradictions enables

us to make the most ——
profound advances in ' )

our understanding of the \

Bombardment Solar Wind

Cycling <®

Universe! NPES
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