exoplanets

» Solutions for interior structures are
often degenerate !

» Many interior models need to be run to
find all possible solutions

* What observables do we need to
break the degeneracies?

 Can we use machine learning to
predict a planet's interior?

nidden layers

layer

» Up to four inputs:
- Planet mass M
- Planet radius R
> Fluid Love number k,
- Fe/Si ratio of planet
* Predictions / Outputs:
- Mass fraction of each planetary

e

@

N

actual mass fraction

-t

= 1.0 + + + + - 1 = 1.0
2 o o
et T ]
S 0.8t ; 1 =
" = =
0.6t 0
1] _ m

E =
'ﬁ- Ur‘q'- ﬁ D-I
@ @
v} ]
5 0.2 5 = 0.
i G i
(=8

0. i 1 b D'D_ : i i
[E].D 0.2 04 06 0.8 1.0 %.D 0.2 04 06 0.8 1.0
actual mass fraction

'OS.EID D.‘1 0.02 0.03 ﬂ.qal 0.05
actual mass fraction

actual mass fraction

- 1.0% -
2 o
=k 1 ©o.0s5¢
Lo ol
= | 0041
- 1 8
= “I+ Eﬂ.[ﬂ"
Q| upEREA s | ©o.o02¢
E’, AT i R -IQ'
- | To01
. lee] £

"%0 02 04 06 08 1.0

actual mass fraction

- 1.0 | I . ' - 1. 4
= | oS
] £ v
D0.81 0081
& o 1 € |
0.6t A 0.61"
o o
= .l : E |
o041 . 4 i 1T ol4EE
E _ : e , .L ,-‘l,r.‘ % '
5 0.2+ e o+ 5028
o] i L
. - ' | .
o Core| ¢

no— -, DN
%.I'J 0.2 04 0.6 EIL_E 1.0
actual mass fraction

0. } }
%,D 0.2 04 06 08 1.0

—
=

&
oo

o
o

i
-h i i
i

o
=]
o

o
2

o
f=
e

=
=
L2

predicted mass fraction
=
b

actual mass fraction

edicted mass fraction

=
=
e

e _
EL. 3
L, Py -
T el R R -
T
H
” H

0% 02 04 08 08 10

JJI'

98,00 0.01 0.02 0.03 0.04 0.05
actual mass fraction

=]

= = —
[y oo L
Ll

=
e

=
=2

i i i i g g i i
. 4 T L 3 = . & & T T -
0 - o A
a
(] ‘..I -
'y s r R d & i §
¥ i
A e ) ] k]
' ] 5
' ' Y, - =

o
o

o
e

o
ha
: -

c
o
]
L
1]
=
]
;]
£
=
&
o
=
a
-
O

actual mass fraction

=
o
4

o
o
%

redicted mass fraction
>
-

=
Il

actual mass fraction

o
b

predicted mass fraction

0.045— )
%.D 0.2 04 06 08 10
actual mass fraction

0. 1 b :
%‘D 0.2 04 06 08 1.0

—
=
=+

o
(=]
-

=

:_R

ot
o
w

e
=
i

edicted mass fraction

-
=
—

' -,
r o o O -
; | o) W T ’
:'--. > F -'-. - =
PR i T e LY = u
- L & x .. -
9 B, o - = 5
St T e 1
* L N Tt
L i
’ R R
ol LI
o tar =

ﬂ_ ". ) -;_' an
080 02 02 08 08 10

JJI'

“8/00 0.01 0.02 0.03 0.04 0.05
actual mass fraction

* Very few observable parameters for

Deep learning neural network with 3

Each subplot shows the mass fractions predicted by the neural
network over the actual mass fraction from the validation data.

Points on the red diagonal line are accurately predicted.

Points are colored corresponding to the k, of the planet. Low values
of k, correspond to extended atmospheres.
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Using mass, radius and k:
* Interior well constrained for

* k, provides much better

* Planet layers: Fluid love number k,

0 Ir.o.n core  Measure of mass
° I$l|lfié\te mantle concentration in planet
> Ice

» Measurable from shape of
the planet

Fe/Si ratio

« Mass ratio of iron to silicon
in the planet

* Indicator for core size

 Potentially measurable in
the host star

- H/He atmosphere (solar-like)
» Mass fractions constrained by model input
» Model output:
- Planet radius
> Fluid Love number k, [
[v Fe/Si ratio of planet 3!

7 N>
L//

WX X N\ S
20\ /AN AN -
O DA\ AT 14 \ (]
2 7 SR \{{Q::',,” NS 3 * Monte-Carlo sampling
WAL XA \RPEXS s/ BN 057 o
S 'e.\;»‘:ozl/l{ RO X X N e 200 000 planets with random mass
n ST e SR I X8 3 i £ hi
RIZIE D XSOTIBR R IR CoOK
E (RIS RS OIS CEE 3 ractions tor each fayer
PR TR P RN
n BROX /;;:;,;,;:;‘gzg‘33;;;\.4/37,;!@3\»;&..///%" * Mass between 0 and 25 Mg
2 2N GO VUK 7/ 7S

* 50% of planets are created with an
atmosphere
 Data distribution:
- 50% training
- 25% validation
- 25% error estimation
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Actual structure Prediction (M, R) Prediction (M, R, k,)

Using only mass and radius: 39 50 60.0% 30.3%
- Core and mantle not very well Earth ' 32.0% 68.1%
constrained 67.5% 8.0% 1.6%
» Atmosphere hides the
interior structure
> Neural network guesses 23.5% 52.0% 30.5%
constant mass fractions for Mars 31.8% 61.7%
interior 78.5% 16.2% 7.8%

Images are scaled to the radius of the respective planet

Results:

M, R: Earth and Mars are predicted without an atmosphere, but with significant
amounts of water. The neural network has too little information and picks a
"generic", average planet which fits mass and radius.

planets without atmosphere * M, R, ky: Earth is predicted very well with just a small ice layer. The prediction for

* Atmosphere still hides Mars is close, but still a large amount of water fits all 3 input parameters. The use

information about interior

, o of k, gives more constrains on the interior structure.
» Higher uncertainties

information about interior

* Our neural network predicts the full interior
composition based on just a few inputs
» By changing the input parameters we can very
quickly check how well these characterize the
Interior composition
* Outlook:
o Error estimation using a second neural network
o Testing more possible observables (e.g. Mg/Si
ratio, Metallicity of the atmosphere...)

Using all inputs:
* Interior well constrained for
all planets
» Degeneracy of models is nearly
broken
» But: The exact Fe/Si ratio of the
planet is needed.
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