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: : Group: Exoplanet
Some questions for this week Summer School 2023

 How do we detect exoplanets? @ @
° HOW do exoplanets form? o, %5 8,5 ge, siesailefisdi sesTs es s
* |s our planetary system common? e Ry st e T

* Can we detect life?



Group: Exoplanet

Wechat group and lectures Summer School 2023

* Quiz on Saturday (format uncertain)
* “Homework” due at 6pm today
+ Send by email to gih@pku.edu.cr

* Circulated by wechat at end of class

 Lectures circulated at github:

Scanning the left won’t work with wechat;
https://gherczeg.github.io/exoplanetssummercourse

Or just google my name, Gregory Herczeg, with github, or
wait for webpage to be linked from our wechat group
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Our astrophysical origins

Milky Way Galaxy
(if we could see it from “above")

Protoplanetary disks

Cosmic Microwave Background (early universe) Molecular Clouds

Planets, atmospheres, and life!
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Debris from the solar system
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What are the general properties of the solar system?

* Discuss properties



Kepler's Laws

1: Orbit of a planet 1s an ellipse with sun at the focus

2: A joining a planet and the Sun sweeps out equal areas during
equal intervals of time.

3: Period"2 = semi-major axis”3


https://en.wikipedia.org/wiki/Line_segment
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Mass — Period Distribution
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Some questions for this week

* How do we detect exoplanets?
* How do exoplanets form?
* Is our planetary system common?

e Can we detect life?

Let’s start at the very beginning
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Inflation: from 1073%to 10732 seconds: universe expanded by a factor of 102°!
Smooths out everything except quantum fluctuations

History of the Universe
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(and a little Lith
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protons, deuteri

Quark soup to atoms
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13.8 Billion yrs
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Cosmic Microwave Background (observed with Planck)
* 2.7 K (3000 K blackbody, redshifted)
* Smooth to one part in 10%




Structure formation (quantum fluctuations => galaxy clusters)
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Simulations of Milky Way Formation
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The Origin of the Solar System Elements
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Interior of a star:
/°°’°"a fusion of H to
heavier elements

Convection zone

Prominence

sph ere

Coronal hole




Neutrino Fusion at core of “main

g — sequence” star

— @0 - 4 Hydrogen atoms turns

b into 1 He atom

Positron

Gamma

Convection zone

Prominence
Photosphere

Radiative zone —i£43 Sunspot

Core

=— Chromosphere

Coronal hole




. Interior structure of evolved (older) star;
Pl He burns to heavier elements, then CO, ...

* @
. . oxygen Hydrogen envelope

Hydrogen shell fusion

Helium core

. neon
—

. silicon

Helium fusion

Carbon-oxygen core




Supernova in nearby galaxy M101
: o i .
2023-05-19 I 2009-03-30 | :




Supernova 1987A Rings Crab Nebula (supernova in 1054,
‘seen by Chinese astronomers)

Hubble Space Telescope
Wlde Field Planetary Camera 2




-bt» L"\-
.

- . - 2 % ‘ \ .' ‘ ’-

Supershe: T’r ,

5

Protostar

(-

Protostar

(-

Supergiant

-
-

[
rotostar Blue Supergiant Red Giant B oty
(with stellar winds) (WRH neutron star) ~ JNursery
= o . |
Protostar Solar ::;::
TYpe Star Red Giant

Planetary Nebula

C R | |
- .
tostar Red Dwarf Ui

’ o Red Dwarf Duar

- T e e

‘ Protostar  Brown Brown Dwarf
. Duarf TIME

rs.versus mass



The Origin of the Solar System Elements
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Time since Big Bang (Gyr)
9 65 4 3 2 1.5 e 1
I b

[ {4 UV & LBG Survey Data (1)

. EBL reconstruction
Physical EBL model
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| 2 3 4 5 6
Redshift

r formation history of the universe

* Solar system formed
at z=0.45



Enrichment of universe
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Dust fraction (a proxy for “metallicity”)
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Redshift (today on left, early universe on right)

* [n astronomy,
everything not H or
He is called a
“metal”. Seriously.

* Enough metals to
form planets early.



Planets: detection methods

* How would you detect planets?



Planets: detection methods

* Radial velocity (motion of star in our line-of-sight)
* Transit photometry

* Direct imaging

* Astrometry (motion of star on sky)

* Microlensing

* Transit Timing Variation



Radial velocity

* Planets go around a star (center of mass): gravity
* Planets also pull on the star
* Logic out the equation



{

observer
. star
& planet
(note: planet's mass exaggerated
to enhance effect)
X center of mass
1 AU

time = 0.000 yr



RV (km s-!)

First planet detected around a sun-like star
(Mayor & Queloz 1995; Nobel Prize winning discovery)

51 Peg ELODIE
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LB
" ,‘_";

-33.2
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a “hot” Jupiter
Jupiter-mass planet
on a 4-day orbit:

-33.25
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Radial velocity: limitations and biases

. 9% 4 Mp S111 7

1/3 » £2/3
L orb My
* M, in Jupiter masses

g I . In years

e M. in solar masses



Astrometry

* Planets go around a star
(center of mass): gravity

* Planets also pull on the star

 Similar to radial velocity, but in
plane of the sky

e Centroiding of images is a
different method

{

observer

time = 0.000 yr

&

1AU

& planet
(note: planet’'s mass exaggerated
to enhance effect)

W center of mass



Techniques



Transit photometry

* Planet passes in front of the star
* What is the equation?



Transit photometry

* Planet passes in front of the star Rp — 5 \/Depth

* What is the equation?

Probability of transit:
R..../star-planet distance



Light curve

g

ssauybug

Time



Venus transit

Every 112 years: (two times, separated by 8 years); most recently in 2004/2012




Venus transit

Guillaume Le Gentil: the unluckiest astronomer
1761/1769 transits from India?




Star
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Light curve
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Brightness

Time



Secondary eclipse

Observe exoplanet’s
thermal radiation
disappear and reappear

Primary eclipse
Exoplanet’s size relative to star

See star's radiation transmitted
through the planet’s atmosphere



A(flux) [ppm]

A(flux) [ppt]

Kepler-167d

6 8 10

Kepler-1 679

—40

~30

20 -10 0 10 20
Hours from transit minimum

30 40




Bias of transits

* What kinds of planets are easiest to detect?

 Close to star

* Large radius

Ry = Ry v/ Depth

Probability of transit:
R..../star-planet distance

Earth: 6.4e8 cm
Sun: 6.96el10 cm
Sun-Earth distance: 1.5e13 cm

(R_earth/Rsun)?A2=10+*
Kepler photometric precision: about 1e-5 (depends on brightness)
Likelihood of detecting Earth: 4e-5

Kepler: 150,000 stars, should detect 6 (but only a 3-year mission, many stars lower S/N)



2009-08-01

20 au

Direct Imaging:
requires coronagraph to
block out a very bright star

e (similar to an eclipse)
* blocking bright

starlight is not perfect




ot T e First JWST image of a planet
AR iy 654:26".\'5" " (JWST: powerful new infrared telescope)
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Biases of direct imaging

* What kinds of planets are easiest to detect?

 Very bright (higher mass)
* Far from the star!

[also this is very hard]



Transit Timing Variations (multi-planet systems)




Microlensing discoveries of exoplanets

Gravitational microlensing

view from
Earth

view from
Earth

view from
Earth

© 2012 Encyclopeedia Britannica, Inc.



Microlensing discoveries of exoplanets

. 1 n .
Gravitational microlensing [ 3 [ OGLE HI 1.6 - i =
i el 15 F
[ 2 - - fm =
-t i1 1Y 14f
- L F. 2] f - planetary
-1 n — "'"'I""' "'"_: 1.3 |  deviation
— 2000 3000 3592 359 ]
[« OCLE e Danish -
[ * Robonet e Perth _]
B Canopus e MOA i
1 I | 1 1 | 1 | | ]
3560 3580 3600

JD — 2450000
* Unusual geometry — need a lot of stars (stare at galactic center)

* Planet mass: equivalent to duration of deviation

* Limited follow-up

* Only current technique to measure frequency of true Earth analogs
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