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“Very interesting, but we still need a present for D.A.,” Wanda
reminded us. “It's too bad we can’t gather up all this gas and dust

and squeeze it together to make D.A. a new star.”
“Who says we can’t, Wanda!” said Ms. Frizzle. “Normally, it would

take about a million years to make a star — but since we have a

magic bus, we can make it happen now!”
Thanks to the Magic Space Bus — PRESTO! A brand-new star

named Dorothy Ann was shining in the sky. Mission accomplished!
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“* Planets Need to Be Alive

The climate, mantle, and cere*are coupled to one another on rEEKY; ,ts |
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Planetary Interlors & Atmospheres ({
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Planets must have active = - ... | .'

' geochemical cycles in orderto
create a large biome for life to
start and take hold.

The geochemical processes
on the planet can be observed
in the composition of the
atmosphere for rocky planets,
along with bio-signatures. But -
we need to use the host star:
composition to understand the
interior of rocky exoplanets.
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S Ahead of Its Time: |
‘The Composmonal Diversity of Ex

‘Bond et al. (ge1 0) Be.lgado Mena et al. (2010) .

_ _ .
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. . Ahead of Its Time:
Composmonal Diversity of Exop

Bond et al. (201 0),$e.|gado Mena et al. (201 0) .
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Modellng the Chemical Link Between
" Stars and Planets g

Thlabauql, Marﬁoeuf Alibert, et al. (2015)
_ -

. They quantified the abundance -
of Mg, Si, and Fe incorporated

Fe/S1 planet (molar ratio) Mg/Si planet (molar ratio)
into 18 planetary systems using 07 08 09 1 11 12 13 14 L5 08 1 12 14 16 18 2 22
different compositions for the Py |
stellar-nebulae. o Rocky +—— 3
+ The Fe/Si, Mg/Si, and C/O .
ratios were derived for rocky, % g 1' :
gas giant, and icy planets. % ‘é 1
» The planetary ratios were - = - | =
compared to the corresponding | 0
Ste"ar abundances .and fOund 1.2 14 16 18 2 22 24 26 28 3 06 0.8 ] 1.2 14 16 1.8 2

Fe/S1 planet (mass ratio) Mg/Si planet (mass ratio)

to correlate along a 1:1
relationship.
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Comparing the Iron Mass Fraction of
Stars and Planets

Thick disk
m homr Santos et al. (2015, 2017); Adibekyan et al. (2021)
1 Halo
. 30
8
S - . .
= The correlation is not one-to-one: f Is larger than f !
iron,planet iron,star
(planets formed close to rocklines can have an increased proportion of iron — Aguichine et al. 2020)
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TRAPPIST-1

Unterborn, Desch, Hinkel, Lorenzo (2018)

From their measured mass and volume, all of the planets
are very light. But they are also too small for enough gas to
explain it = water.
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TRAPPIST-1

Unterborn, Desch, Hinkel, Lorenzo (2018)

Density (g/cc) Density (g/cc)
6 8 4 6 8

10 12 10

Ilce VI

Ice VII

MgSiO5 - C2/C Pyroxene

SiO, |
Stishovite . MgSiO;

Akimotoite

Perovskite

Trappist-c s Post-Perovskite T=2532K Trappist-f . T = 2030 K

 §

Liquid Fe Core ™, Liquid Fe Core

40 60 40 60
%Phase %Phase

TRAPPIST-1c 8wt% water TRAPPIST-1f 50wt% water
Earth 1s 0.02wt% water!
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Bayesmn AnaIyS|s of Interiors Usmg
~Stellar Abundance Prome

Dorn et al. (201 7a b), Dorn et aP(201 8), L|g| et al. (2019), Ote

rock melting

Na;O-CaO-FeO-MgO-Al,03-Si0; /
. P D P Earth-scaled
N. Hinkel - Caroline Dorn et al. University of Zurich g




Varlatlons_ln Rocky Planet Interiors

Hmkel & Unterborn (2018)

Examined the composmon of stars (Mg, AI Si, Ca, Fe) of
the 10 nearest stars’ (which differéd) to determine the
~ variation in planet mineralogy _from unique populations.
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Long Term Interlor-Atmosphere Evolutlon
of. Rocky Exoplanets

Putlrl’cl &'Rarlck (2019)

The planet’s |nter| o)
Mantle Mineralogies: Magnesiowdstite tector"CS m antl

- saturated
A Mercury (Nittler et al. 2018) ur

@ Earth (McDonough & Sun 1995) meltlng, Wthh de ndSUpOn the
' Moon (Khan et al. 2013) '

O s Vst TS minerals and eIement‘é"’p;'r‘esent in. the
B8 Vs (K & Comnlly 2008 ny planefts . .- ST ’

Mantle Mineralogies if Bulk Planets are: : , - ’
Mantle Mineralogy of
() Solar and c =0 to 0.54 (Mars-like) Rocky Exolanets

O Solar and a:=010027 (Barth-like) For Stars in They exammed > 4000 stellar LR

Hypatia Catalog

0~ Solaranda=01006 B herzol -compositions to determine whether the

o Carbonaceous Chondrites and ag, =0.27

< Enstatite Chondrites and ag =0.27 S » rocky exoplanets-mlght be geologically
7 0 eridotite AR 4
2 Pyroxenite similar to the Earth and found that =

exoplanet mantles are likely dommated_

by olivine and/or orthopyroxene

v A |
Quartz- %&*& [ Ginopyraranite “P% Overall they predict that exotic planet
X

saturated

, . _ mlneralogles should be rare to absent
N. Hinkel - _ . 16.



Chemlcal Formatlon Fingerprints | in the
Composltlon of Rocky Super— rths

Plotnykal & VaIenC|a (2020)

— Analyzed 33 exoplanets wit

errors.< 25% using Super.
2006, 2007): o

+ The composition of rocky pIan%ts spans a .
~ wider range than stars, espeC|aIIy highly |
Phadiated planets — some of which are 2x '+
dePleted in: Fe/S| compared to other stars |

'apwadius
aIenc‘:laet. al.

2 R e c\. .._.
K ?‘”':(a%.

* B employlng uncompressed dens|t|es — or
the density a planet would have if all :
formation material was decompressed to

Planet Hosts

Rocky Threshold Radius Crossing (Volatile) ¥ reference P and T — rocky planets.can attain.

Rocky Threshold Radius Embedded (Rocky) 1
i : - . .amaximum iron enrichment during planet -

FeMg tw | - formation (CMF:~ 0.8).

N. Hinkel - | . ' | TRETAE 17.




The Probablllty that a Rocky Planet’s
Composmons Reflects the Host Sta

Schulze Wang, Johnson et al. (2021)

i & .‘ | -
.. All mass-radius models are mherently under-
constrained when used to determine rocky planet
Interior compositions. "
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* However, by adopting the host star composition as L __
an additional constraint (particularly Mg, SipnEe and Core Mase Fraston (GMF). Coro Mass Fraston (GMP)
Al, Ca), planetary models WI|| have consideraBly. . PRy | 00
less degeneracy

e Schulze et al. (2021) tested the (null) hypothesis that
stellar composition is a good proxy for-bulk rocky .
planet compositions by comparing mass-radius * |- R W
- (gray) and mass- -radius- composmon (red) models.
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super-puff unclear?
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L

Composmon Is Critical for L|f'

% Hmkel ‘Hﬂn%tt &Young (2020) -
.y

If elements are not present at the correct ‘molar ratlos ree
ik happenl i

Photosynthe3|s has a (falrly) flxed st0|ch|ometry aka the “Redflelrd, a

106 C02+ 16 NO3z + 1 HP, ' + 122H20+ 18 H+
C106H263O110N16 1+ 138 B

Crux: Phosphate sourced only V|a rock weathermg, IS the Ilmltlng

reagent forhfe o
B

N. Hinkel - B ' - R 19.
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Characteristic C:N:P ratios

C : N :P

Plankton*, & 106: 16 : 1
Earth’s Crust, N 0.5: 0.04 :1
Bulk Silicate Earth,d 3.44: 0.05 :1
0.11 : 0.0005 : 1

Sun, ©® 2200: 550 :1
Nearby stars, x 800: 280 :1

The planet’s composition dictates both its geochemistry
and its biochemistry...but we only have P for ~100 stars!

20



Other Noteworthy Papers

« Wang et al. (2018, 2019): Created a model that devolatilises stellar abundances to infer the rocky
planetary bulk composition, based on the Sun and Earth, while incorporating Ni and other light
elements. The depletion of volatiles results in varying interiors for Kepler-10, 20, 21, and 100.

* Bitsch & Battistini (2018, 2019): Calculated the composition of solid planetary building blocks
around GALAH stars with varying metallicities. Planets formed beyond the ice line (T<150K) have
dramatically difference compositions then those interior to the ice line.

 Spaargaren et al. (2020): Used abundances in a geochemical model to simulate the initial
compositional profile of the planetary interior and then simulated the long-term thermal
evolution. They predict that 50% of rocky exoplanets have whole-mantle convection, while the
other 50% exhibit double-layered convection and high Fe, low Mg/Si (cool slowly, lose volatiles).

* Michel et al. (2020): Analyzed the planetary compositions in different populations of the galaxy,
per 2 planetary models (Mordasini et al. 2012, Dorn et al. 2015), and inputs from Santos et al.
(2017). The stellar abundance variability between populations was confirmed again with this
different stellar sample and separation method.

N. Hinkel 21



What We’ve Learned

 Going from the star to planet for refractory elements (especially Fe, Mg,
and Si) has been tested at length and is viable. But there are more
processes at play, for example the role and distribution of volatiles, that
are still being explored.

* Bulk planetary density is not sufficient and inherently degenerate. Interior

compositions using stellar abundance proxies can improve our
understanding and classification of the planet.

* Planets formed within different parts of the galaxy (thin disk vs thick disk

N. Hinkel

vs halo) and different areas of the system (interior or beyond the ice line)
will have inherently different compositions.

22



PLATO Smence Products
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* Transiting planetary parameters ephemerls of the system ouame ar
atmospheres & planetary radius (~3%) for a varlety of sys (g IS | emographlcs)

. Asteroselsmology analyses including determlnatlon of stellar ma -“ (< 10%)
radii (~2%), Teff (~1%), and high-precision ages. (~10%).

. Stellar rotation rates and act|V|ty prop

Ground based Observations | | *s
* Filter false-planet transit detections ~ = a0 L

ies (from light curves) % s

. Rossﬂer—McLaughhn observations

» High-resolution spectroscopy for RV determlnatlons planetary mass (~1 O%)
and mean density, stellar abundances planetary atmospherlc composmon

N. Hinkel - B ' - TR 23.



. 1000s of planet detectlons and rad||

. measurements for bright, nearby

solar-like (F5-K7) and M-dwarfs
stars

Rocky planeta with orbits out to
+150-days or > 0.3AU

An entirely new dataset with masses
and radii for rocky planets orbiting
stars with measured elemental
abundances. i

N. Hinkel
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ESA CHaracterizing ExOPlanets StellarlExoPIanet NASA Transiting Exoplanet Survey
Satellite (CHEOPS, L. 2019) Observations Satellite (TESS, L. 2018)

& & 4

S ‘

ESA PLAnetary Transits
and Oscillations of stars
(PLATO, L. 2026)

% NASA James Webb

radius / ground-based mass / ground-based Space Telescope
stellar abundances — interior structure & (JWST, L. 2021)
mantle mineralogy — mantle mineralogy — ,
lithosphere strength (or crust composition)

— plate tectonics

radius / ground-based mass / ground-
based stellar abundances —

mantle/core composition — tectonic
mode (— secondary atmo) and
volcanism/secondary atmo

LOWER MANTLE

white dwarf pollution —
mantle oxidation state —
volcanism/secondary atmo

OUTER CORE

NASA Nancy Grace
Roman Space

Telescope (L. 2025) atmosphere-interior

exchanges:

magma oceans,
volcanism, gas-solid
reaction, aqueous
geochemistry,
tectonic mode

reflectance spectra —
surface mineralogy,
vegetation red edge

atmosphere thickness —
volatile delivery to planets,
atmo escape, atmo
composition redox state

planet occurrence rates — influence of giant
planet companions on terrestrial planets,
compa lanet systems,

locatio
relationship

radionuclide stellar abundances — volcanism
occurrence rate of moons

effect of stellar activity on
atmosphere and climate

w rocky planets evolve through Planetary System
e (atmosphere and interiors) Science

radius / ground-based mass —
interior thermal evolution — volcanism

e zone stellar abundances — planet-star compositional

atmosphere mass or / radio
emission— thermal evolution,
geodynamo, tectonic mode

temporal variability — tectonic
mode — volcanism, weather,
secondary atmo

ESA Atmospheric
Remote-sensing
Infrared Exoplanet
Large-survey
(ARIEL, L. 2028) +
NASA Contribution
to ARIEL
Spectroscopy of
Exoplanets (CASE)

atmospheric composition —
weathering, climate,
volcanism, presence of a
biosphere/biosignature, atmo
escape, condensation,
photochemistry

albedo —
topography,
clouds/hazes,
land-sea
fraction

Ground-based Observations
(photometry, spectroscopy,
giant telescopes)

—
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By Natalie Hinkel, Elements, Vol 17, #4
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9434 Hypatia stars with 77 elements

5061

3722
3453 3459

2470

1281
1052 055 1028 919 922

565
343
100 100 15 64 1 15 91 281460 23 25 86 78 12117 [l %20 54 115 5 19815 6 1865 3 37 263155 76 14 68

v
Li Be Bell C @ O Na Mg Al Si Sill 0 S @@ aCallScSdl Ti Till V VIICr CAIMnMnllFe Co Ni CuZnGaRb Sr Sril Y Yl Zr Zdl NbllMoMoll RuRull Pd Ag Sn Ba Ball La Lall Ce Cell Pr Pril Nd NdIISmSmll Eu Eull GAGdIITblIDy Dyll Holl Er Erll Tmil Ybll Hf Hfll Ir Pb

N. Hinkel

All Elements Measured in Nearby (500pc) Stars
_

- "Hinkel et al. (2019a), .
www.hypatiacatateg.com

In order to understand planetary structure, geochemical cycles, and the .
availability of resources to life on other planets, we have to first understand
important interdisciplinary elements in the host star. Unfortunately, a variety of.
key elements are difficult to measure |n the optlcal band, meanmg they
reqmre special time and attentlon
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Take-Away Messages

The stellar abundances of refracto%elements are excellent pre SHOF he L
composition of a planet. InS|ght Into the interior of a planet alloWSJUSRion = -
understarid its iron‘content, wat r'avallgblllty,.and overall plane ClasSiil “tl‘on E
However many planets ‘don’t have both mass and radlus mea reme s s
.unti PLATO, which will produce a wealth of: stellar and. planetary |n eL matlon;-

not yet seen in the exoplanet communlty

o.., ‘

There iIs much to do in preparation for PLA and to- complement the mlssmn |

products to hollstlcally charactenze the plangts.

Vi

Thank you'

ol @natahe hinkel
e . Wwwnatahehlnkel com
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ESA CHaracterizing ExOPlanets Stellar/Exoplanet
Satellite (CHEOPS, L. 2019) Observations

ESA PLAnetary Transits
and Oscillations of stars
(PLATO, L. 2026)

e

radius / ground-based mass / ground-based
stellar abundances — interior structure &
mantle mineralogy — mantle mineralogy —
lithosphere strength (or crust composition)
— plate tectonics

radius / ground-based mass / ground-
based stellar abundances —

mantle/core composition — tectonic
mode (— secondary atmo) and
volcanism/secondary atmo

LOWER MANTLE

white dwarf pollution —
mantle oxidation state —
volcanism/secondary atmo

OUTER CORE

NASA Nancy Grace
Roman Space

Telescope (L. 2025) atmosphere-interior

exchanges:

magma oceans,
volcanism, gas-solid
reaction, aqueous
geochemistry,
tectonic mode

reflectance spectra —

' albedo —
surface mineralogy, P oaranh
vegetation red edge i Y,

atmosphere thickness — clouds/hazes,
volatile delivery to planets, ~ 'and-sea
fraction

atmo escape, atmo
planet occurrence rates — influence of giant composition redox state
planet companions on terrestrial planets,

compa lanet systems,
locatio e zone stellar abundances — planet-star compositional
relationship

radionuclide stellar abundances — volcanism
occurrence rate of moons

effect of stellar activity on
atmosphere and climate

w rocky planets evolve through Planetary System
e (atmosphere and interiors) Science

radius / ground-based mass —
interior thermal evolution — volcanism

atmosphere mass or / radio
emission— thermal evolution,
geodynamo, tectonic mode

NASA Transiting Exoplanet Survey

Satellite (TESS, L. 2018)

NASA James Webb
Space Telescope
(JWST, L. 2021)

temporal variability — tectonic
mode — volcanism, weather,
secondary atmo

ESA Atmospheric
Remote-sensing
Infrared Exoplanet
Large-survey
(ARIEL, L. 2028) +
NASA Contribution
to ARIEL
Spectroscopy of
Exoplanets (CASE)

atmospheric composition —
weathering, climate,
volcanism, presence of a
biosphere/biosignature, atmo
escape, condensation,
photochemistry

Ground-based Observations
(photometry, spectroscopy,
giant telescopes)

—
-—
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By Natalie Hinkel, Elements, Vol 17, #4
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