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Planet Mass or Minimum Mass [Earth Masses]

THE MOST COMMON PLANETS
SUPER-EARTHS & MINI-NEPTUNES
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HOW TO DETECT EXOPLANETS?

THE RADIAL VELOCITY METHOD THE TRANSIT METHOD
MEASURING STELLAR WOBBLE MEASURING STELLAR ECLIPSES

‘ z‘.‘.’.’ ‘
E”ﬁ Time
- >
> mass of planets > radius of planets
biased towards massive & biased towards large &
close-in planets close-in planets, transiting

systems



HOW TO DETECT EXOPLANETS?

TRANSIT TIMING VARIATIONS

> new planet detections, masses & eccentricities of
planets in compact system
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Jupiter & Major Moons
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Transit timing survey

Spitzer: 188

+QOther: 69

SPECULOOS, -67 duplicates
TRAPPIST-N/S: 125 = 447 transits 7

Caroline Dorn et al. University of Zurich

K2: 126



Transit-timing precision

e Signal-to-noise scales as:
mass of radius of Y3/2f .. ' }/6
planet planet period
mass of \5/6 radius \ 2 Distance to
( star ) of star star
¢ The small mass of TRAPPIST-1 increases the signal.

¢ The small radius of TRAPPIST-1 & close proximity
decreases the noise.

¢ |n addition, the short orbital period makes it easier to
observe many transits and takes less time to sample the
[TV timescale, Pr1v.

S/N

Caroline Dorn et al. University of Zurich



Estimates from Grimm et al. 2018
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Trappist-1 planets can be fit to single M-R-trend
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400

Trappist-1 planets can be fit to single M-R-trend
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1.20
normalized to an interior of 20% Fe, 80% MgSiO3
1.15 -
1.10 A b ©
e

> ' d h
% 1.05 A | f g
oy L
E 1.00 A * | O 0
1 *
o 0.95 -~
= :

0.90 A

0.851 normalized density = a*period + b

a =1.042+0.034, b = -0.0043+0.0036
0.80
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Orbital Period [d]
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Rock composition
-> lower iron content

40

35 -

25 -

=
(92
1

Iron mass fraction (%)
N
(@)
|

10 A

0 I I I 1 I
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Orbital Period [d]

Caroline Dorn et al. University of Zurich



Rock composition

-> lower iron content
low iron content predicted given abundances of stars similar to T1
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35 -

A L B L LR Ly LR LR LAy LALRN LALL RLRL L) |
i C/0<0.8
30 - | -0.04 < [Fe/H] < 0.12 ~ i
250 _Hypatia Dataset ¢ O -
;\3 = Best Fit = = l' “
= 251 " Fe/Mg = 0.75 + 0.2 ; \ ]
-g 200 [ " ‘| -
@] = .
© i ! \ i
"t 20 7 I \ 1
v & 1
e 150 ]
E - -
(- 15 7 I Z L | |
(@) I
= : ! ‘
1O o o o o o o 1 OO -' I’ \‘ -
Moon ! \
< \
put
5 - 50 o & ]
1 \
5 c \
0 . . . - . A 1
0.0 2.5 5.0 7.5 O heerinpadere sl bt b Dt Gl
Orb 00 0.2 04 06 08 1.0 1.2
Fe/Mg

Unterborn et al. (2017)

Caroline Dorn et al. University of Zurich



Rock composition

-> lower iron content
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Rock composition

-> higher oxygen content

1.3 — 71 ¢ - &y 71T T 7 v 7 v — 7 — v 1T — 400
-also fully oxidised mantles can explain the data
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Rock composition

-> higher oxygen content
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oxidised mantles can explain the data
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Volatile abundance (H/He) see also Zhang+2018,
oran +2018

Cloud-free hydrogen-dominated atmospheres are ruled out Ducrot+2020
for planet b, c,d, e, f, g

TRAPPIST = 1f

H, rich (H,0) [80]

My rich (H0) [40]
H, rich (CH,) [130] - \ ‘

H, rich (CH,) [5¢

L | IR L B

——— ——— —— ————————————— — - —

(R/R) = (Ry/R.)arcs (ppm)

(Ry/R) = (Ry/R.)arcs (ppm)

1.2 1.3 1.4 1.5 1.6 1.7
Waovelength (um)

de Wit+(2016, 2018), Wakeford+2018
Caroline Dorn et al. University of Zurich



Volatile abundance (H20)
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Volatile abundance (H20)

Semi-major axis (AU)
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Volatile (H20) content of TRAPPIST-1 planets over time

water loss (evaporative l0ss)
max. 100 Earth oceans can be Iost (for b O 023 Mp)

I ~//d ] likely all planets have lost a significant
Z Ll _ fraction of their initial atmosphere..
5 | e ] or maybe completely lost it
_g _
7 s:; )

Bourrier+2017

20 i i :
g s f ]
g | late water accretion
5 10 -
g - l cometary impactors on the TRAPPIST-1 planets
T4 e can destroy all planetary atmospheres

= 1 Earth ocean of water can be added &

0 so00 - aoo0 . eooo - soo0  thereby rebuild a secondary atmospheres on planets f, g, h
Time (Myr)

(b) Evolving XUV luminosity Kral+2018, Dencs and Regaly 2019

I see Bolmont+2017,
@ Roettenbacher & Kane 2017, Wheatley et al. 2017, Becker et al. 2020,
& Peacock et al. 2019, Fleming et al. 2020, Hori & Ogihara 2020

Carohne Dorn et al. University of Zurich



H-0 oceans / steam atmospheres

In general possible atmosphere species include
H20, CO2, CH4, N2

=) CO,
< 10™ runaway y
& [ TRAPPISTR _ _ S SO collapse |71
» | TRAPPIST 19 _ _ _ _ _ _ S~ Matep . ——0 _
1 | TRAPPIST-1f _ _ — — _ _ _ _ = COnpy,— — — — — = _
2 TRAPPIST-1e _ _ _ e SO Yense ~ |
= | TRAPPIST-1d _ _ _ _ _ _ "l P e —— -
S _ Pogy for
=  TRAPPIST-1¢ _ _ _ _ _ _ _ ______© m_ O ----- _
Q | TRABPIST-1b _ _ - runaway- - - — |-
(@) 2 |
c 10 collapse -
‘.(E i
w
s

10° 10* 10° 10° 10*

Age (Million Years)
Turbet+2020
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innermost planetS' see Turbet+2020 for a review

- if water steam, if not lost its limited to Mwater<10-> Mp
- planet b, ¢, (d) beyond the runaway greenhouse limit

Trappist-1e:

- can sustain liquid water on its surface (Turbet+2017, 2020, Grimm+2018)
- if it has a high density, water fraction can be small (i.e., Earth-like)
- high potential for surface habitability

Trappist-1ie, f, O:

- can sustain liquid water on its surface, with
moderate amounts of CO2 needed (Turbet+2017,
2020, Grimm+2018)

outermost planet:

= H20 and CO2 would be in solid form,
(e.g., Turbet+2017, 2020, Wolf+2017)
- possible CO2 atmosphere in special conditions only

Caroline Dorn et al. University of Zurich




o 400

Conclusions: very different interior— :
scenarios can explain data g
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for uncompressed density: see Plotnykov & Valencia 2020

| MgSiOz ' Earth-like |

N
o)
-
o

1200

rock melfting

150

100

500

equilibrium temperature (K)

| 0

PlanetS sample (Otegi+2020)
updated on Oct 8th, 2021

<35% error on M, < 30% error on R
I |

0.5 0.87 1 1.5

/
P o P Earth-scaled
Caroline Dorn et al. University of Zurich




roqk melting

0.5 0.87 1 1.5

/
P o P Earth-scaled
Caroline Dorn et al. University of Zurich



roqk melfcing

0.5 0.87 1 1.5

/
P o P Earth-scaled
Caroline Dorn et al. University of Zurich



{

i (@)
Na-Ca-rich] = 5500
)
mixed _ ‘ [
components magma £
oceans é- 2000
-

water-rich #
magma
oceans

+

0.5 0.87 1 1.5
P p/’O Earth-scaled

Caroline Dorn et al. University of Zurich



Fulton et al. (2017,2018)
Berger+2020

o
o
o3

©
o
=

Number of Planets per Star
S 2 3

o
o
S

0.7 1033 1.8 24 3345 6.0 80 12.0 20.0

Super-Earths: Mini-Neptunes:

Owen & Wu (2017),

Jin & Mordasini 2018
Ginzburg+(2018)

Mousis+ (2020),
ocean planets free
of H/He

Venturini+ (2020),
ocean planets + H/He

Caroline Dorn et al.

University of Zurich
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N

Fulton et al. (2017,2018) |

sogerez020 | INEW VIEW ONn exoplanets

0.10 I _
I
0.08 II | H -
typical
uncert. - magma oceans are common!

i mantle rock is molten

O
o
=

Kite et al. (2016)
- Elkins-Tanton et al. (2008)

o
@)
N

=t

Number of Planets per Star
o
o
(o)}

0.00 T B R | |
0.7 1013 1.8 24 3X\456.0 80 120 20.0 magma ocean + primordial H:
Radius\[Reartn] water is produced
Super-Earths: . -
MInI-NeptuneS: FCOsilicate . 3 HQ,gas - FCmct»a.l + HQOgas
Owen & Wu (2017), Kite & Schaefer (2021)
Jin & Mordasini (2018) Schlichting & Young (arxiv, 2021)

Kimura & lkoma (2020)

magma ocean + volatiles:
volatiles & magma mix

H20 partitions most efficiently

Olson & Sharp (2019)
Vazan+(2020)

Dorn & Lichtenberg (2021)

Venturini+ (2020),
ocean planets + H/He

Mousis+ (2020),
ocean planets free
of H/He

Caroline Dorn et al.



low solubility high solubility

‘e "0 ¢% |®e "0 o°
:o‘o.‘ o’ :'.1“ ":
o’ o4 ‘atmosphere, 7 © s
.0.’0. Col g0 00 " O

Caroline Dorn et al.

New view on exoplanets

magma oceans are common!

mantle rock is molten
Kite et al. (2016)

Elkins-Tanton et al. (2008)

magma ocean + primordial H:
water is produced
Feosilicat.e + HQ,gas - Femet.a.l + H2Ogas

Kite & Schaefer (2021)
Schlichting & Young (arxiv, 2021)
Kimura & lkoma (2020)

magma ocean + volatiles:
volatiles & magma mix

H20 partitions most efficiently

Olson & Sharp (2019)
Vazan+(2020)

Dorn & Lichtenberg (2021)



magma oceans can be
huge water reservoirs

mantle

Caroline Dorn et al. University of Zurich



Here | plot a curve for an Earth-like composition, a purely rocky and cold interior.
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Now | add 5.4% of mass in steam. The radii increase.
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..........
o*

Now the surface rocks must be molten underneath the steam. This in
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But the water will dissolve into the interior. This decreases R for the purple model.

T, (K)
2 r °
O >1600
@ 275-1600
1.8 @< 275
© A IO L
= TOl1266c . " y2rlpTE
X 16+ PR
a ‘.."K\egl.e‘f£36 b
g Keg[e.rjjso b-C ;
S 14 ’ -
-
© ¢
e
() o
& 1.2 |
al
H,O (Wt%)
1 (B) Dry melt-solid interior il 54 -
T-1e (A) Dry solid interior
0.8 (C) Wet melt-solid interior — 0 -

1 2 3 4 S 6 7 8 9
Planetary mass M/M69

Caroline Dorn et al. University of Zurich



For comparison: Here a M-R curve for a cold interior with water in form of ice.

I
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(A) Dry solid
Interior

(C) Wet melt-
solid interior

o mantle

-
~~~ -
e

atmosphere

(B) Dry melt-solid interior
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Effect on inferred water budgets?
up to 1 order of magitude differences
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Effect on inferred water budgets?
up to 1 order of magnltude dn‘ferences
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Conclusions

interior characterization is key:
e to understand compositions & interiors
e they link to planet formation & evolution

interior characterization is challenging:

e data are sparse and carry limited information

e diversity of exoplanets exceed the one in the SS
e models have limited accuracy

2 papers discussed today:
Agol, Dorn, et al. (2020), Planetary Sciences Journal
Dorn & Lichtenberg (2021), Astrophysical Journal Letters

Caroline Dorn et al. University of Zurich



