Other planetary systems

Exoplanets are faint!

Planets are seen only by reflected light at optical wavelengths

At the distance of another star NTT SHARP %4 1999 5
the faint light of a planet is lost Y ; s
In the glare of the star  _ |

Even in the infrared, where a

Sun-like star puts out less light

and a planet glows by its own

thermal (blackbody) emission, _

It’'s not possible to get an image R ' -
of an Earth or even a Jupiter H=16.4 mag

Image of a binary star with a faint
companion barely visible even in IR

2.5 arcsec
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HR 8799

Keck JHK—band {July—Sept. 2008)
Adaptive Optics image
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contrast fits to star

Zerbi et al. 1999 MNRAS 303, 275
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Keck JHK—band {July—Sept. 2008)

gamma Dor
pulsator

4 frequencies ™
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consistent with
g-modes

but strong aliasing
even in multi-site data

Marois, Walker, Matthews et al.

Adaptive Optics image
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a month and a half
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plus simultaneous
high-resolution
high-S/N HARPS
spectroscopy

to help identify
non-radial modes

seismic analysis
to place constraints
on age of system
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Other planetary systems

Exoplanets are faint!

Planets are seen only by reflected light at optical wavelengths

At the distance of another star NTT SHARP %4 1999 5
the faint light of a planet is lost . g H
in the glare of the star  _ |

Even in the infrared, where a

Sun-like star puts out less light

and a planet glows by its own

thermal (blackbody) emission, i

it's not possible to get an image |\ ' -
of an Earth or even a Jupiter H=16.4 mag

Image of a binary star with a faint
companion barely visible even in IR

2.5 arcsec




Other planetary systems

Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around
a common centre of mass
which is much closer to the
centre of the star because

It IS much more massive




Other planetary systems

Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around
a common centre of mass
which is much closer to the
centre of the star because

It IS much more massive

Center of
mass



Other planetary systems

Searching for exoplanets

Center of
mass

Sun:
1.99 x 10° kg

Jupiter:
1.90 x 10%/ kg

Km




Other planetary systems
Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around
a common centre of mass
which is much closer to the
centre of the star because

It IS much more massive

The Sun’s position as seen
from above the plane of the
ecliptic changes mainly due
to its wobble caused by
Jupiter’'s 12-year orbit

0.001 arcsec




Other planetary systems
Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around
a common centre of mass
which is much closer to the
centre of the star because

It IS much more massive ——

diameter
of star’s g

The angular extent of a star’s “wobble” JA
wobble due to an unseen ‘
planet is too small to be
measured reliably by current
Instruments and techniques

Planet (unseen) ——7




Constant as the Northern Star

Not SO constant
LI

Stars are moving

around the centre of s PN ,
the Milky Way Galaxy Big Dipper \ I
at high speeds but today ¥ B

they are so distant it - —
takes many thousands proper motion

of years to see by N C
eye their changes

In relative position o* B N
in the sky Big Dipper : 0

10,000,000 years from now W




Proper motions

Astrometry

Astronomers
have over time
Improved

the accuracy
with which

we can measure
positions of stars
In the sky
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Proper motions

Astrometry
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Proper motions

Astrometry
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Proper motions

Motion of stars

Spot the moving star
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These two photos, of a small patch of the sky only
a fraction of a degree across, were taken several years apart




Proper motions

Motion of stars

Spot the moving star
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These two photos, of a small patch of the sky only
a fraction of a degree across, were taken several years apart




Proper motions

Motion of stars Spot the moving star
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All stars are physically moving relative to the Sun but most are
so far away that even accurate astrometry can’t show it clearly



Proper motions

Motion of stars

Spot the moving star
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Proper motions

Proper motion

Astronomers call the apparent angular motion of stars
across the sky “proper motion”

This Is an actual motion relative to other stars
not just the diurnal (daily) circular motion of all stars
In the sky due to the rotation of the Earth

e 1985




Proper motions

Proper motion

Astronomers call the apparent angular motion of stars
across the sky “proper motion”

This Is an actual motion relative to other stars
not just the diurnal (daily) circular motion of all stars
In the §ky due to the rotation of the Earth

Celestial

Proper Motion aphere

Direction to Skar Star
Earth /



Proper motions

Proper motion

Astronomers call the apparent angular motion of stars

across the sky “proper motion”

Proper motion is an angular speed

and since the apparent motions of stars

are so small

we use units of arcseconds per year (arcsec/yr = “/yr)

Proper Motion

Direction o Star

Celestial
aphere

Star



Proper motions

Proper motion

The star with the largest observed proper motion Is

Barnard’'s Star

u ~ 10 arcsecl/yr
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Proper motions

Proper motion

The star with the largest observed proper motion is

Barnard’'s Star
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Proper motions

The first exoplanet?

Peter van de Kamp — with data from the Sproul Observatory
— found a planet

1.6 Jupiter masses
P~24-25yr

F1G. 1. Barnard’s star: Yearly means, averagmg 100 plates
and weight 68; time-displacement curves for P=25 yr, ¢=0.75,
T'=1950.




Improper motions

The first exoplanet — NOT!

Peter van de Kamp — with data from the Sproul Observatory
— found a planet

1.6 Jupiter masses
P~24-25yr

But the “wobble” in
the astrometry
corresponded to
the schedule of
maintenance and

F1G. 1. Barnard’s star: Yearly means, averagmg 100 plates
CIETACIN IR MO RIlEIM and weight 68; time-displacement curves for P=25 yr, e=0.75,

T'=1950.

telescope lens




Other planetary systems

Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around
a common centre of mass
which is much closer to the
centre of the star because

It IS much more massive

Planet (unseen) ——7

Angular
diameter
of star’s g

The angular extent of a star’s “wobble” JA
wobble due to an unseen ‘
planet is too small to be
measured reliably by current
Instruments and techniques




Other planetary systems
Searching for exoplanets

We must rely on indirect technigues

A star and planet orbit around

Planet (unseen) —————<

a common centre of mass . ’\‘.
which Is much closer to the 0 ,,'

/ /
centre of the star because Blueshiteid & Sotan’
It IS much more massive light from

/
star | Redshifted

\__ light
But the motion of the prom sar
wobbling star can be
measured through the
Doppler Effect if the planet

IS massive enough




Other planetary systems

Detecting an exoplanet Hostsma

centre of mass

~
.
........
________
-----------------

EXOPLANET

Star and planet orbit
around a common
centre of mass
causing the star

to ‘wobble’ with the
same period as the
unseen planet




Other planetary systems

A BC-born technique HOSTSTAR o e

centre of mass

Gordon Walker (UBC) and
Bruce Campbell (UVic) pioneered
this technique in the 1980’s

~
.
......
- -
-------
--------------

EXOPLANET

Star and planet orbit
around a common
centre of mass
- causing the star
to ‘wobble’ with the

UBC Astronomy Professor Emeritus same period as the
Gordon Walker unseen planet
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Other planetary systems

Finding exoplanets

Most of the planets around other Sun-like stars have been
discovered through Doppler surveys

radial velocity (RV) curve of
3 star with planet in orbit

by tug of planet

O

E?a:‘
5]
5 stellar motion caused
S
2
]

)

o

velocily (m/s

|
n
O

starlight starlight
redshified blueshifted

to Earth lime (days)




Other planetary systems

The semi-major axis of an exoplanet orbit

That’s the easiest thing to ... using Kepler's Third Law
derive from the RV curve ... and the measured period

radial velocity (RV) curve of
star with planet in orbit

)
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—
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»
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lime (days)




Other planetary systems
The semi-major axis of an exoplanet orbit

That’s the easiest thing to ... using Kepler's Third Law
derive from the RV curve ... and the measured period
> _ 4172 Ml radial velocity (RV) curve of
P< = a star with planet in orbit

G( Mstar planet)

)

You estimate the star’s mass

Mg, from its spectrum (and
luminosity, if known)

7]
f—
—
=

o

»

=

lime (days)




Other planetary systems

The semi-major axis of an exoplanet orbit

That’s the easiest thing to ... using Kepler's Third Law
derive from the RV curve ... and the measured period
> _ 4172 Ml radial velocity (RV) curve of
P< = a star with planet in orbit

G( Mstar planet)

)

You estimate the star’'s mass
Mg, from its spectrum (and
luminosity, if known)

\Y

7]
f—
—
=

o

»

=

>>> M

star planet

lime (days)

so M

star T Mpjanet ~ Mstar



Other planetary systems

The semi-major axis of an exoplanet orbit

Kepler’s Third Law simplifies
to the following ...

2 4172
GM

3 radial velocity (RV) curve of
a star with planet in orbit

star

)

... and then solve for
the semi-major axis a

7]
f—
—
=

o

»

=

since the period of

the star’s orbit around
the centre of mass is > -

the same as the period of time (days)
the planet’s orbit




Other planetary systems

The mass of an exoplanet

The velocity v of the exoplanet depends on the gravitational
force, which results in the centripetal acceleration in the orbit

radial velocity (RV) curve of
star with planet in orbit

)
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Other planetary systems

The mass of an exoplanet

The velocity v of the exoplanet depends on the gravitational
force, which results in the centripetal acceleration in the orbit

My Vo GMga My radial velocity (RV) curve of
PP _ b star with planet in orbit
r 2
_ GMstar g‘
SO Vp = " S

For a circular orbit r=a

lime (days)




Other planetary systems

The mass of an exoplanet

Center of
mass

Momentum
IS conserved V
IN this system

10
m VI — I\/Istar star

_ M Ustar
pl — "Wistar =,
Vp|




Other planetary systems

The mass of an exoplanet

Center of
mass

Vstar

Star

V GMstar for a
My = Mgy, =& -V = J circular
orbit

L\




Other planetary systems

The mass of an exoplanet

radial velocity (RV) curve of
star with planet in orbit

100

)

(]
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—
=
o
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n
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m, = M Vstar VA circular
| — Wlstar —— - V| — 1 |
P Vi | P a orbit




Other planetary systems

The minimum mass of an exoplanet

We don't in general know the
Inclination | of the orbital plane
so the amplitude of the RV 100
curve doesn't give us v, but
Instead v, SIn |

radial velocity (RV) curve of
star with planet in orbit

)

7]
T
=
—
=
o
K]
-

So we don't get the mass my,

but instead m, /sin |

—
74

m, = M Star V., = 1 circular

pl star V., / pl a/ i




Other planetary systems

e

“Hot Jupiter” R

The first exoplanet around a
Sun-like star was discovered
In 1994 by Swiss astronomers
Michel Mayor & Didier Queloz
with sensitive Doppler velocity
measurement techniques
pioneered at UBC and UVic

51 Pegasi
100 Mass = 0.45 MJUP/éini ' %Z%'az.eé%?éf; _
e=001

Velocity (m/s)

[

—100

5 10 15 20 25 30
TIME {(Julian Day — 2450000)




Other planetary systems

“Hot Jupiter”

The first exoplanet around a Our Solar System
Sun-like star was discovered
In 1994 by Swiss astronomers
Michel Mayor & Didier Queloz
with sensitive Doppler velocity
measurement techniques
pioneered at UBC and UVic

51 Pegasi was a surprise.
The planet’'s mass is at least

New Solar System

Y45 that of Jupiter but its semi-
@o New planet (51 Peg:

major axis is only 1/20 AU




Other planetary systems
“Hot Jupiter”

The first exoplanet around a
Sun-like star was discovered
In 1994 by Swiss astronomers
Michel Mayor & Didier Queloz
with sensitive Doppler velocity
measurement techniques
pioneered at UBC and UVic

51 Pegasi was a surprise.
The planet’'s mass is at least
Y5 that of Jupiter but its semi-

major axis is only 1/20 AU




Other planetary systems

“Hot music?”

A DEW BREES OF ELECHZONILC ZOCK



Other planetary systems

More exoplanets

| . . Our solar system
MERCURY VENUS EARTH MARS

47 Ursae Majoris

045 My, 51 Pegasi

© 0.93 M]up 55 Cancri

Tau Bootis
| M]up 1

' ' " Upsilon Andr d
0.68 Mjup 2.1 M_]up psilon Andromedae

® 66 M, 70 Virginis

16 Cygni B 1.7 My,

C 1M, Rho Coronae Borealis
L Mijup
I ) N KN
0.5 1.0 1.5 2.0
Semimajor axis of orbit (AU)




Other planetary systems

More obscure bands
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Other planetary systems

More exoplanets

There are currently

429 exoplanets
as of this morning

known around other
Sun-like and red dwarf stars
mostly discovered through
the wobble of each star
seen through the star’s
changing radial velocity
because of the Doppler shift

Circular Orhit: rhao CrB
E= B67.4 m/s e = 0.03

w = 2100 deg, simfi)= 0.3 §*)

Radial Velocity Curve
of the Star [m/=]

100 [

50 F R
~100 | . . . . '
00 02 04 06 08 10

Orhital Phase
5.6, Koveennik (CHy B) 1997)




Other planetary systems

-
PSR 1257+12

Rho Coronae Borealis

p. &

HD114762

» '70 Virginis

- Tau Bootes

51 Pegasi
-
Gemings
16 Cygni B
.
55 Caneri |
. | 47 Ursae Majoris
Upsilon Andromedas |
S T
"2 ‘sa = -
Gleso 229 —
Q085T+5¢1
.

19 Light Years




Other planetary systems

#+ Spectral
4 W Microlensing
A Imaging
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Other planetary systems

Condensation In the lanetary nebula

Water
condenses

to form ice
» | Methane

: condenses

| to form ice
>

)
w
—
=
=
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=
[P ]
ta ¥
5
—~

&
o
The 'snow line' or 'frost line'

20 | Eranel e
Di 02 05 10 26 50 10 20 4o

Distance from center of solar nebula (AU)




Other planetary systems

How do you form a hot Jupiter?

| . . Our solar system
MERCURY VENUS EARTH MARS

47 Ursae Majoris

045 My, 51 Pegasi

© 0.93 M]up 55 Cancri

Tau Bootis
| M]up 1

' ' " Upsilon Andr d
0.68 Mjup 2.1 M_]up psilon Andromedae

® 66 M, 70 Virginis

16 Cygni B

C 1M, Rho Coronae Borealis
- Jup

'
0.5 1.0 1.5 2.0
Semimajor axis of orbit (AU)




Other planetary systems

Planetary migration

Tidal interactions between
the forming planet and the
gas and dusk in the
protoplanetary disk can
cause the planet to slowly
spiral towards the star

A gas giant can form near

5 AU (like Jupiter in our
Solar System) and then
migrate inward, pushing the
iInner parts of the disk

to fall into the star
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Other planetary systems

Planetary migration

Tidal interactions between
the forming planet and the
gas and dusk in the
protoplanetary disk can
cause the planet to slowly
spiral towards the star

A gas giant can form near

5 AU (like Jupiter in our
Solar System) and then
migrate inward, pushing the
iInner parts of the disk

to fall into the star

Why didn’t it happen
to Jupiter and Saturn
in our Solar System?

Good question!




Other planetary systems

Planetary migration

Why didn’t it happen
to Jupiter and Saturn

The giant planets in other In our Solar System?®
systems may have formed |
while there was still a dense
disk of gas & dust with which
they could tidally interact
and be dragged inward

It may be a matter of timing




Other planetary systems

Planetary migration

Why didn’t it happen
to Jupiter and Saturn | -

In our Solar System ~ in our Solar System?

the protoplanetary disk may R
have been cleared by the
strong early solar wind just
as the Jovian planets

had condensed

It may be a matter of timing

There would have been no tidal interaction to trigger migration



Other planetary systems

Exoplanet orbits

The “hot Jupiters”
(which have the smallest
orbits) tend to have

low eccentricities e ~ 0
(almost circular orbits)

Circular Orhit: rho CrB
E..- Q% ...;-

A= 674 m/s e = 0.03
w=2100deg. sinfi)= 0.3 {*)

Radial Velocity Curve
of the Star [m/=]
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Orbital Phase
5.6 Kovzenndk (CHy 8 1997




Other planetary systems

Exoplanet orbits

The “hot Jupiters”
(which have the smallest
orbits) tend to have

low eccentricities e ~ 0
(almost circular orbits)

But many exoplanets
have highly eccentric orbits

e.g., 16 Cygni Bb e = 0.67

60
30 F

20 |

g0 b

—a0 |
_Eﬂ N

Highly Eccentric Orbit: 16 Cyg B

= d6.6 m/fs e = 0.67
w= 56.5 deg. sinfi)= 0.3 §*)

Radial Velacity Curve
of the Star [m/=]

0.4 0.6 0.5 1.0 |
Orhital Phase

5.6, Koveennik (CHy, £ 1997)




Other planetary systems

Orbital eccentricities

Many of the exoplanets
found have very eccentric
orbits unlike the planets
In our Solar System



Other planetary systems

Orbital eccentricities

Many of the exoplanets
found have very eccentric
orbits unlike the planets
In our Solar System

Reported data June 2007

Rough selection limit

)
3
e
2
=
=t
=
€L
O
o
LH]

largest eccentricity of a
planet in Solar System 3}
(I\/Ier(;ury) ......... :

6 Of 8 p|anets .........
in Solar System have
eccentricities less than this

semi—major axis / AU




Other planetary systems

Opening our eyes to new perspectives

Planetary astrophysics
IS finally becoming a
statistical science with a
sample larger than one

There are “selection effects”
In our current sample of
exoplanets, biased towards
giant planets in small orbits

But there are hints that our | .
Solar System may not be as < >
“typical” as astronomers had | *®

assumed for many decades
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Alien worlds like Pan :
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I've become a

real estate agent
to science fiction writers




