2026.05.09

B

Name of the probe Presenter

Haozhan Huang
Pan Zhu

New Horizons Shawn Shan

D

wiki link to the probe

https://en.wikipedia.org/wiki/MAVEN

https://en.wikipedia.org/wiki/Dawn_(sp4

https://en.wikipedia.org/wiki/New Hori
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Planets around M dwartfs from Transit
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% Binned planet occurrence rate in period-

: . ; .21 4 0. 1
218 e . S0 Bl 9.5 planet radius space.

042 | 1.1 1 0.81 K A 0.16 e . 1

91%) I %) @o%) LY The numbers within each grid cell indicate

N 27 ap 4s s 42 the planet occurrence rate as a percentage
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i EYEN RS that are recoverable (bottom).
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Example 2: Planets around M dwarfs from Transit

Effective Vega-relative Chromaticity

Class
temperature['1?] | chromaticity!®ll4lla] | (De5)>IEI3IP]

> 30,000 K blue blue

10,000- . deep blue
blue white .
30,000 K white

7,500-10,000 K | white blue white

6,000-7,500 K yellow white white

yellowish

5,200-6,000 K yellow .
white

pale yellow

3,700-5,200 K light orange
orange

light orange

2,400-3,700 K orange red
red

Supplementary reading: spectral classification
en.wikipedia.org/wiki/Stellar_classification

Main-
sequence
mass! 7]

(solar

masses)

>16 Mg

2.1-
16 Mg

1.4-
2.1 Mg

1.04-
1.4 Mg

0.8-
1.04 Mg

0.45—
0.8 Mo

0.08—
0.45 Mg

Main-
sequence
radius! 17!

(solar

radii)
>6.6 Ro

1.8-
6.6 Ro

1.4-
1.8 Ro

1.15-
1.4 Ro

0.96—
1.15 Ro

0.7-
0.96 Ry

<0.7 R@

Main-
sequence
luminosity! 1]
(bolometric)

= 30,000 Lo

25-30,000 Lo

5-25 Lo

15-5 Lg

06-15 Lo

0.08-0.6 Lo

<0.08 L@

Hydrogen
lines

Weak

Medium

Strong

Medium

Weak

Very weak

Fraction
of all
main-

sequence
stars!®l

~0.00003%

0.13%

0.6%

3%

7.6%

12.1%




Exoplanet occurrence rate

Example 1 : Radial velocity statistics for planets around solar type stars (Cumming et al. 2008)
for planets with mass >100 Mg and P < 5.5 years,

dN

AN meps —0.31 + 0.20, 8 = 0.26 = 0.10
din i, dinp “ M i

Total number of planets in a bin:
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Fact I: Super-Earths are the most common among detected
planets

NASA Exoplanet Archive
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/ AU

0.1

0.01

Semi-major axis




Semi-major 1.36 +0.12 AU
axis (203,000,000 + 18,000,000 km)

HD 20782 b Eccentricity  0.97 +0.01["]

Orbital period 585.86 +0.03d
(sidereal)




Fact |

small Planets Come in Two Sizes

12

Kepler-22b

—_
o

Kepler-452b c
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Size Relative to Earth (Radius)

Image credit: NASA/Ames Research Center/CalTech/University of Hawaii/B.J. Fulton




" ) The term eta-Earth (also written as ZE) is defined as the mean
A secon d Ea rt h number per star of rocky planets with between 1 and 1.5-2
Earth-radii that reside in the optimistic habitable zone (HZ) of

their host star. -- Source: Encyclopedia of Astrobiology
- - i

Completeness
Reliability

@
=
w0
=
©
©
o
)
()
C
e
o

Reliability
e 02—

o 0.5
o 1.0 Bryson+2021

1.8 ) 1.4 1.2 . 1.0 0.8 0.6 0.4
Instellation Flux [/ ¢ ]

Credit: J. Christiansen




" ) The term eta-Earth (also written as ZE) is defined as the mean
A secon d Ea rt h number per star of rocky planets with between 1 and 1.5-2
Earth-radii that reside in the optimistic habitable zone (HZ) of

their host star. -- Source: Encyclopedia of Astrobiology
10% 50%

Bryson (Christiansen) et al. (2021)

Kunimoto et al. (2020) | Major recent advances
Kunimoto et al. (2020) (w/ Reliability) - _ G a ia ste I | ar pa ram ete rs
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Petigura et al. (2013) | Investigation of different
Dong & Zhu (2013) A

Youdin (2011) - methodologies
) 10I‘1 16° (
re

Modified from Hsu+2019

Credit: J. Christiansen




The very basics from Chapter 14

* Is the solar system the only planetary system in the universe?

* When did people discover the first planet orbiting a normal star other than the
Sun?

* How many planets have people discovered so far
* How common are planets in our galaxy

* Is the Solar system common or not?




Planet Formation

Chapter 15




Protoplanetary Disk

Credit: CfA / Harvard




Dimensions: 82500. AU

Giant Molecular Cloud Collapse
Simulation

.

-1.0 -0.8 -0.6 0.4 -0.2 0.0
Log Coalumn Density [g/em’) Matthew Bate

https://www.youtube.com/watch?v=YbdwTwBS8jtc




Protostellar
Envelope

500 au

Protoplanetary
disk .

Planetary system




Real Images of Protoplanetary Disks: IM Lup

IM Lup
~] mm

Inclination: 48 degree

Millimeter Dust Emission / ALMA (Andrews+18) Near-Infrared Scattered light / SPHERE (Avenhaus+18)
66




Planet Formation

Initial Conditions Final Products

Protoplanetary -

L .
<, - ,:..~"/.’ ' . d
. -__4-- . » -
disk . , \\\L e RO e

Planetary system




Planets form 1n protoplanetary disks — why?
Solar system evidence




Planets form 1n protoplanetary disks — why?

Imaged planets forming in disks

PDS 70 AB Aur HD 169142

VLT / SPHERE Subaru / SCExAO VLT / SPHERE

CHARIS January 2018 (blue)
ALMA (red)

*
*;
o
\
-

N

Al

Outer spiral wake

IFS ASDI 2017-04-30 YJH-bands

Keppler + 18 Currie + 22 Hammond + 23
Muller + 18




Planet Formation

Initial Conditions Final Products

disk

-
T

o :
Protoplanetary - | / , -
& = .. FAST!

In a few million years | Planetary system




Protoplanetary Disks Dissipate in a few Million Years

1 Million Years 3 Million Years 10 Million Years




Two Main Avenues of Planet Formation
I: Core Accretion (Bottom-Up)

Disk Observations

10° km 10° km

pebbles planetesimals ~ embryos giant planets

D S A Y 4

Physical Processes Streaming instability? Gas accretion

Grain growth and coagulation Pebble accretion?




Grain growth and coagulation

&

¢

L ;;é e Fragmentation Sticking
EE:‘ L

Suggested reading: Blum & Wurm (2008), Guttler et al. (2010)







Two Main Avenues of Planet Formation
I: Core Accretion (Bottom-Up)

Disk Observations

10° km 10° km

pebbles planetesimals ~ embryos giant planets

D S A Y 4

Physical Processes Streaming instability? Gas accretion

Grain growth and coagulation Pebble accretion?




S.4.7

Streaming instability

Rixin Li —0.025 0.025




Two Main Avenues of Planet Formation
I: Core Accretion (Bottom-Up)

Disk Observations

10° km 10° km

pebbles planetesimals ~ embryos giant planets

D S A Y 4

Physical Processes Streaming instability? Gas accretion

Grain growth and coagulation Pebble accretion?




S.5.6

Pebble accretion

M. Lambrechts

With Gas

— Planet Gravity
— Gas Drag

0.5




Two Main Avenues of Planet Formation
I: Core Accretion (Bottom-Up)

Disk Observations

10° km 10° km

pebbles planetesimals ~ embryos giant planets

D S A Y 4

Physical Processes Streaming instability? Gas accretion

Grain growth and coagulation Pebble accretion?




Runaway growth and the emergence of Oligarchies

* The end stage of runaway and
oligarchic growth: massive
embryos well separated 1=6.32x10" yr
Mutual gravitational scattering
pump up the relative velocity of
embryos, bringing them into orbit-
crossing orbits.

* The color shows the amount of
dynamical excitation with respect
to the largest body in the
simulation: blue colors indicate a
dynamical cold system, whereas
red colors indicate a dynamical hot
system.

Position [AU]
s o
S —_

<
Ne)
O

Ormel et al. (2010a)

5
10~
https://staff.fnwi.uva.nl/c.w.ormel/science.html Radi
adius R [km] :
sing factor




Final Assembly
Once gas 1s gone, e and i of oligarchies can grow; leading to orbit
crossing, and giant impacts

Simulation of the Moon
forming event

miki nakajima




Long Term Evolution — Nice Model

What happened?

* Planet orbits gradually expand
Planetesimal disk is pushed out
Instability occurs when J and S
cross 2:1 resonance

 Nand U flip orbits
* Outer planetesimal disk is
largely disrupted

Gomes, Levison, Tsiganis and Morbidelli
https://www.youtube.com/watch?v=V XeOh3xmrQM




Nice Model

gt P et MM s NG D NS NP P ~
= _::‘:t‘*,".,.'.,,m--ﬁ-—-‘—-u--w—v—- ..'.0‘1

https://en.wikipedia.org/wiki/Nice model




Two Main Avenues of Planet Formation
L 4 I: Core Accretion (Bottom-Up)




Two Main Avenues of

Planet Formation
II: Gravitational Instability (Top-Down)

Surface Density
High
Hongping Deng -




Planet Formation

Initial Conditions Final Products

Protoplanetary -

L .
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In a few million years Planetary system




Radial dust temperature 525

Vertical hottar —

Z [au]
A

A

10" 1

”
S. 1\5 water snow line

LQ vertical settling & radial drift

32 pressure maximum

- COsnowline S.1.5 [au]
r [au] } : ; : : gh
100 10 1 01 ! 0 1

Radial gas density
fial - 5.2.3
Vertical

denser —»

Miotello+22, Fig. 1
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The 1nitial condition of planet formation: what are disks made of?

Table 2
Condensation Temperatures of the Major Volatiles in Disks

Gas: ~99% of the mass; almost transparent -
Species Teond E, Cometary Abundance  References
* H, + He: 98% of the gas (K) (K) % of HyO

* CO, H,0, etc H,0 128-155 5165 100
23-28 890 0.4-30

. 10 : : 60-72 2605 2-30

Dust / pebbles. 1% of the mass; main source o 260 I

of opacity . 94-110 4355 0.2-7
. . .. . 12-15 520

 Different size, composition, porosity, etc 74-86 2965 02-1.4

. 100-120 4170 0.1-06
Magnetic field 45-52 1800 0.1-0.6

DW= N =N = = -
[V IV, SV, BV, SV, BV SV, IV, RNV}

If large bodies have formed: planetesimals / ' 7750

planets 55-56 (69-72)
45-46 (58-61)

41-43 (55-57)
Zhang et al. 2015




Vertical structure in disks

* Very similar to deriving the vertical structure in an atmosphere

Assignment 4




Vertical

structure 1n
disks
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* Hydrostatic equilibrium https:/en.wikipedia.org/wiki/Hydrostatic_equilibrium




e A wide variety of observations within and
beyond our Solar System are combined with

theoretical models to draw a picture of planetary
formation.

Stars form from the collapse of molecular cloud
cores. Almost all stars form together with cir-
cumstellar disks. Much of the material in these
disks is accreted by the growing star, and in most
cases, some accumulates into planets.

Most of the material in our Sun’s protoplanetary
disk was well mixed on the molecular level, but
this mixing was not complete.

Terrestrial planets as well as other solid
rocky and icy bodies form by accretion of
solid bodies, primarily via pairwise physical
collisions.

Silicates and metal-rich condensates existed
throughout almost all of the Sun’s protoplanetary
disk, but ices existed only in the outer parts. Well

Key Concepts

inside Mercury’s orbit, the temperature was too
high for solids to exist.

Gas giant planets probably formed by the growth
of a solid core followed by gravitational accu-
mulation of hydrogen and helium.

Earth’s Moon formed by the collision of a
roughly Mars-sized body with Earth 4.5 billion
years ago; both bodies had differentiated prior to
the impact.

The high eccentricities of most known extraso-
lar giant planets, as well as the close-in orbits
of many gas giant exoplanets, imply that consid-
erable planetary migration has occurred. Planet—
disk interactions as well as planet—planet scatter-
ing can lead to migration.



