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'Beyc_.)nd Our.SoIar Syst'em..'

» Our Solar System
"o Whatis 4 plafiet? © ©
- How do we search faor planets?

. How'many have we found? =
"« Our recentdiscovery -~ "
.- Expectatibns vs. Réality”

»



InUQducﬂon;‘4

** > Intrying to understand the formatron of our Solar
System, wg have made elaborate observations of the:
+* planets and other aspects of our Solar System..

> We have used the observations as .constraigts for
;. elaborate and coherent medels to explainiits
Jormatiqn,.é . . -

» These models were developed usmg a smgle
‘e example - our,own Solar System.,



Is-our Solar System the proper

-paradigm for models of planét
- formation and planet evolution
| in general’> ke

IS planetqry system formation:
> acemmon natural result of star formatlon or

">« are planets rare around stars like our Sun? [ ®

3 .
u * . .. . o
> Mow do the characteristics of a planetary system depend on ,
“properties of the central star, such as itssmass, ratation,
~ magnetic field, abundance of heavy elements, etc?
.. v L . -



>.How do planetary.properties_change'and evolve
" during the life Qf'the star? . e

»

. > What is the dlverS|ty of' habitats for life in the
i Unlverse’?

These kinds of questions were unanswerable as
~ long as #e only planetary system we knew was
* ouf own. However, beginning tn 1995, with the
; discovery of the first planet orbiting a star other’
than our Sun, we have received many new -
insights into these questions and many new
surprises! 8 -



Our Current Theory of
Star and Planet Formatlon
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a, .
A) Cores form within a molecular
cloud

C ) A stellar wind starts along the polar
axis, and starts to clear out the disk.

(From Shu et al. 1987)

B) A protostar with surrounding
nebula and disk forms at the center
of a core.
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D) Infall ends, leaving a newly formed star and
disk. Planet formation occurs within the disk.



Young Stéllar Disks

o ’ Source: S%Scl, NASA



. .W'hat do we méan by a‘pl'ane.t.’? -

.* » To answer the previous questioﬁs., we. want to ‘search
forplanets orbltlng other stars and compare thelr
.+ properties to our own Solar System.e

: » However, we- cannot just detine a planet as any
; object-orbiting around.a star. The followmg types of
objects orbit a Star: - [

> anothes star (thls s called A blnary star system)

*
> a brown dwarf

> «a planet



Classroal Defrnrtrons of Stars
Brown Dwarfs and Planets

' ,.> Star: an object'wrth sufficient mass that it starts and
sustarns hydrogen Jusion.: % b

. > Brown DwArf : an objéct that forms in the same manner
as a star but Iacks -sufficient mass for sustained
b s hydrogen fusion. .

> Brown dwarfs are genetally believed to bg <0.08
~times the mass of the Sun (< 80 times the'mass of -
Juprter)° : . - :

> Planet: an object forméd in a circumstellar disk by *
" *°  accretion and/or gravitational instability

> We do not know if there is a maximum size fér a
planet but some theorists thrnkthey will be < 15
Juprter masses . -



How to Searc.h for Planéts?:

.+ > Detection, of fdint planets next t6 a bright star is
“extremely dlfflcult . sl .
+*» There are two approaches to détecting extrasolar
planetary systems:

> Direct detection attempts to dlscrlmlnate the light
orlglnatlng from the planet (or. reflected, ffom It)
from Ilg.ht coming directly from the star.

?> Indirect detection attempts to detect effects of the
"« planetary system on the light ffom the’star.
| Usually, this means the detection of orbital motion -
of the star around the center of mass, or
A . “barycenter” of the star-planet system.

.
L



'..Plane.ta.ry Orbits *

- .= » The orbit of a planet around a sfar is an éllipse’. The
“star is at one focus .of the ellipse. (This is Kepler's
first Iaw) i : ;

- » The size of the elllpse IS descrlbed by the seml major .

(1P}

. axis, “a’.



Planetary Orbit Shapés

e The shape of the 'eilipse is descriked by the eccentricity,

£e
.

S5 A cifcle has e :.O.'O : @ ‘ j

A . : ® :
“ » As the eccentricity intreases from 0.0 to 1.d, the ellipse *
. bgcomes mbre and more elongated=




.. 5 . \\

~Direct Detectian A

.. > In theory, planets around other stars can,be’ detected by imaging

+in either visible or mfrared Ilght Bl b

> With'a serie$"of i |mages ant) spectra, you cgn measure:
> semimajor axis: a,
> eccentricity:'e ’

> inclimation (the tilt of the planet’s orbit WIth respect to the
+ _plane of the sky)

> plangt size . . X : ' .
> tempera!ure " . -
> composition :




Simple Spectrograph

Collimating Prism
lens

Slit
The telescope focuses light
on the slit.

Camera lens

P ?magg
” of slit
“without prism

Detector

Greenimage



An isolated planet might be hright enough te observe on
its own. Hawever, we arg trying to image a relatively
. faint object very. close to a bright star (like obse.rvmg

.» acandle neara search Ilght)' %
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This star has a'planet a.r:c')uod it! |

~ canyou find it?

L



Indirect Detection "

T > We are left with using the light fFom the star toinfer the

“presence of the planet To do so we must find

somethlng the planet is doing te the star to make Its
presencg known. :

> The most obvious thing any planét does is to orbit .

- the star. i - [

> More correctly, both the pLanet and the star orbit the
* centér-of- mass (barycenter) of the system.

‘s Since the star is’much more nfassive than the
planet, the star moves in a smaller and-slower orbit.



.* » How can we detect the orbital rﬁqtioﬁ of the star and
“Usé€ jt to determie the.presénce of planets?
+* . Radial velocities ~ © * .*
> Astrometry :
.» Transit photometry*

Lo > Addltlo.nal indirect methods (not to be dlsdussed
Joday) | incfude miero- lensing aind very accurate pulse
.timings of pulsars clgle white dwarf stars.



Star and Planet Orbit

o . Source: ST.Scl, NASA



Radial Velocities
We want to measure the changes in the line-of- sight

- (radial) component of the star as It orbits thessystem
barycenter (center of mass) .




'Spe'.(.:troscﬁop.i-c Techhique ..




What do radial veIocify
measurements tell us?

> We measure the how long it takEs tHe planet to orbit the
' star. : e S b

:>-Th|s tell$ us _the orb'ita1 sehi~major axis (hOV\Z' far the
plangt is from the star).

« " » We measure the speéd of.the star in its orbit.
* =This tells us the minimum mass of the plfinet.

’:>The mass might be highek thansthis minimum value,
If we are looking nearly pole-on to the system,

- » We measure the shape of the radial veIOC|ty curve.
‘e =This tells us the shape of the orbit -- its’ eccentnuty



-Examples from our Solar System

. . »
For a 1 solar massstar:
: i i L

Planet  -Period 'Speed

. Jupiter . 11.9 year-'s 13 m/sec (29 mph)
Uranug 84 years O 3 m/sec (O 7 mph)
Earth 1 year - 0.09 m/sec (0.2 mph)



Astrometry . °
» Astrometry is the very accurate measurement,of the

.« positions of objects (stars, etc.) with réspett to a known,
fixed.refere'nce frame _such as distant quasa,rs.

> The orblt of a star around a star- planet barycenter will
.~ appear as an ellipse When prOJected on the ptane of the
e sky .
L5,

6% The astrpmétrlc S|g-nal |s Iargest for:*

. .. > nearby stars | Eplaie ot
> low mass s_tars g
‘s . massive planets - i

> planets-far*from theif parent.stars



Exar.nples .8 e

. For our solar System viewed r’ro.rn 10 pc away:

Planet Orit Si’ze -Angular SlZe e Perrod
gtrprter _. .5.2AU - .. 0.5 milliarcsec 11.9yr

‘Uranus = 19.2AU - ‘84 microarcsec 84 yr

“Earth s j.AU ‘Oercroarcsec 1yr

‘ $* =y o
1 0 milliarcsec 1s+/3, 600,000 degrees!

e The current ground-based Irmrts are ‘a few niilliarcsec.
‘o do better, we must use a spacecraft ;

So far, there are no good, reliable detections of
e extrasolar planets vra astrometry

.
o



The Motion.of-Our Sun Around the
Barycenter as Seen frorh 10pc -
| 1985]

__} 0.2 milliarcsec



T.ransit. Photomet‘ry"

- .= » A transit occurs when a small b6gl.y ﬁassés In front of
‘aldrger body asviewed from the Earth.

> In this ca_sé, the planet passes in*front ofthe star.
T W o],
© -5 If ydu gre viewing the star when this happens, you .’
* will seéthe bn‘ghtne.s§ of the star decrease
because the planet is blocking.it.

> This requires that the line-of-siht be very close to
. the orbital plane of the planet around the star.

.
o



Transit 'I:echniqUe :




[

How often does thls hap.pen? .

> The'probablllty O'f a trahsn = R*/a
> For a Jupiter-mass body at 0.05AU, thls IS 10%
~» For an*Earth-mass body at 1AU * - o ;DL
> For 2 Jupiter-mass body at 5AU 0.1%
> The maximum fransit duration = (P Ry)/(rg)*

(P= orbital period)

®;> For a.Juplter mass"body at 0. 05AU, this i |s ~3 hours
« » For an Earth- -mass: body at TAU & 13 hours: ==
> «For. a Jupiter- mass body at 5AU- ~29 hours
‘» The transit depth (Rp/R*)2 :
~ For.a Jupitef-mass body (any distance) 1-2%

2 For an Earth-mass body" ~0.008%



Extrasolar Planet Detectron Results
(as of November 2002) .

.-> There have been over 100 planets found orbrtrng
othep starsz - o g wae . : .

¥ Fordl of the stars, more than 1'planét has been
detectech

> For‘all-other stars with planets, we so far only know .
‘'of 1 planet orbiting the star. -+ | v

’> Thrs may be a selection effect since it is harder to
find smaller planets or planets far from the stag

‘e | We now have many examples to compare to our
Solar System and we find that none have the
. same propertles as our system|




Caveat! 28 e

“TAll of our conclustons abouit the typee of
. planets that exist &re biased by the
. Imethods we use to find planets and the

wl properties. of those pfanets to Whlch these | -

methods are most sehsmve ‘
Q ® 5 :

- These are ealled “selection effects”.




« o * » Other planets have been.found

Latest Results from McDonaId Observatory
he planet around y Cephel A.
‘A planet in- aclose Blnary Star. System

> y-Cephei A Is the thrrd brrghte.st
star in the constellatron
Cephéus

> ltis a clos® binary star (the 2 |
stars can not be separated by yCephel A
‘eye
“. » _We have found a planet h a 2.5
year period Grbrt arougd v
’Cepher A.

Planet

" In Wide binary star systemis, buj
never in one with the stars so
close together.

: o

vCephei B






“Hot” Juplters or 51 Peg: Type

. : Stars _
> The first extrasolar planet detected was orbiting 61

Yo Peg. The first few. planets found had propertles similar
to the planet around 51-Peg (called 51 Peg'b). .

" > These objects are in very short-period orbits -
> They are planets of about the same mass as
. Jupifer. ; ot 100 F ‘

¢ Ol I?eg'- . ! i‘ép
P=4.2293days  >%|

T

(Méyor and Queloz 1995)

>Wfe Heesthéhotbitainiiess ddatyegaing antptiateés sing
evepnd2Z2Bavdayspes-massive terrestriel planets?




The Planet Around Star. HD' 209458

Charbonneau et al. 2000 °
e SRR e Raanas _> The planet ardund
1.00f '3'4’;';;.-:-.;;-*'-;;;_,3,,:;; Az . HD209458 was discovered

 UTogsepisns  waEAS 7.0 T 17 py the radial velogity signal.

o
©
®
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i, N ) 1 was observed = this gives.
[ UT16Sep1999  Fiaudint . 1 agood measure of the '.
' . inclination. ‘From M sin l,

- P> After discovery, a transit
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. 0.2 01 0.0 0.1 *\we can then derive M.
JD -Tc (EVE)) ¥

Definitely a gas |t
».Rp,=1.40 +0.17 R}p

giant planet like > density = p = 0.31 + 0.07 g/cm3
. Jupiter! ' |




The 51 Peg-Type Planets

Earth
oCrB Venus
<A HD185012
P Cﬁfd Mercury
(Y

g 1
% 4

Gl 878

Sun to scale Sun NOT to scale



Massive Eccentric Planets .

» In our Solar System,, the planetary* orbits have low ecgentricities

(with the exceptlon of Pluto). . . .

- » This is a natural consequence-of plar'let formatlon
> This is what we expecte'd for other planetary systems
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> When we look at'the list of planets which have been .
- discovered so far, we see that low e,céenfricitie.s.are-not A
common. - P

lncreasing eccentricity



> When we look at'the list bf planets WhICh have been
- discovered so far we. see that Iow eccentrlcmes are'not

common.

.+ > Except for the 51 Peg-type systems the eccentr|C|t|es
‘arer relatlvely large, mdependent of mass. L
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How massive are the planets

If we look ata
- .mistogram of mdsses,

we seé.that we have

Jpreferentially found
_-objects W|t'h small

masses
> The tadial velomty

technlque IS,
sensitive to larger
masses. '

. Therefore.there

appears to be very

few'brewn dwarfs

orbiting these stars.

20

Number

‘we have found?

30

10

) 10 15

M sin i (Jupiter Masses)

20



How do we get planets into very -
" Close Qrbite argund the stars? -

"> Maybe they form at large drstancés from the star and
then are moved to their present Iocatrons hy some
process. Thrs is called orbital migration.

- Therg is an elaborate theory thatuses tidal. forces
raised by the planet in the disk of materig| from
“which it was formed to eause the inward migration. °

o> Of caufse, thesmigration must stop before the
planet plunges Into trte star!

.. » Perhaps the planets forged where we tlnd them

‘e today, but by some different process than we think
formed qur solar system.



 How do we account for the very '
- large-orbital eccentrlc:ltles’?

¥y > Interactions with any remaining planetesnmals

- > A slow’inward _migration can still occur ence the
gas diskis gone if there are still aJot of
planeteS|m.aIs remaining.

bt GraV|tat|onaI interactions ambng planets:

> A system of multiple planets can-become,
‘dynamically unstable once the-gas dlskldlssmates.
Planetsecan collide, be eJected er be put into
eccéntric orbits.

> Dynamlcal interactions with .other stars:

> If most stars form in dense star clusters; then'the
gravity of néarby stars could disrupt newly formed
planetary systems . :

*
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I\/IUIti:pfanét systems around other

stars

> Our Solar System has

many planets;-all
© orbiting the Sur,

. > Multlple star systems

> Thus, a trtie testdor |f

form in hlerarchlcal

systems (e.g. a pair of
.stars orbit another star

as a pair). ‘

objects are in a

" planetary system is to

find multiple objects

orbiting the same star.

Star

ISIDRRETR

Ups And

55 Cnc
HD 82943
HD 74156
Gliese 876
47 U Ma

HD 168443

Mssini

(Mjup)

0.35
0.17
0.71
2.05
LAY
0.93
>57
0.88
1.63
1.55
7.46
0.56
1.89
2.56
0.76
7.64
16.96

Period
(days)
2.986
PLRR
4617
241.3
1308.5
14.66
>2920
221.6
444.6
51.60
2300
30.12
61.02
1090.5
2640
58.1
1770

a
(AU)
0.038
0.174
0.059
0.828
2.56
0.118

0.728
1.16
0.276
3.47
0.130
0.207
2.09
3.78
0.295
2.87

e

0.08
0.42
0.02
0.24
0.31
0.03

0.54
0.41
0.65
0.40
1y
0.10
0.06
0.0
0.53
0.2



" Selection Effects’in the discovery .
of extrasolar planets

log M_ sin i (Jupiter masses)

Discovery Space for e 1.0 Solar Mass Star

-3 -2 =1 0 1 2

log semi—major exis {AU)

Selection
effects are
Important!
We are most
sensitive to
the short

period
systems.




Expectati6n5' A Reallty

Planetary Systems are . So far, aqut 4% of main-
common S sequence stars have,
o el detectabl€e planets.

»

.There are many plaﬁeté * *.-Only.a few systems of .

" per syste'm.. | multiple planets have been
oy A found so far.  *
ST : | : ®
<. Jupiter is the prototype’ Many objects ate more masg','rve
giagt planet. .° . than Jupiter. Radii, '
iy composition, and struoture are
unknown.

Al planets are in prograde  Orbital inclinations are
, Orbits near the Stellar - . unknown.
equatorial plane. -



Expectatidns Fhs

a > 5AU for gas giants. - .

.Nearly cifcular orbits.

Te;restrlal planets m.the
Inner regions. i

Configurations are ST e

dynamically stable.

Reality

There'is a very wide

i range of semimajor

axes How did “hot”

',Juplters get 'so close to -

their parents?
Many. highly eg:centric orhits.
: 1 ,

« [errestrial planets not yet

detectable

Dynamical evo'luti,on IS
prohably very important.



Su m.m gy % :

.+ » As we get londer time baselines a.nd' hetter precision,
“we'will be abIe (o) detect systems which look mare
.- like our own. - .

> We need Iarger surveys of more stars to reaIIy
understand the diversity of planetary-systgn?s.

0 o
* ' g
- ».We need to keep. modlfytng our formatlon models to

. aceount for what we have found.
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