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A zoom-in to a massive star forming region
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A zoom-in to a massive star forming region
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Nebula
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Disks around young stars
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The Solar System's
- Habitable Zone -
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The Solar System's
Habitable Zone
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Venus

Habitable planets need water!



VWater delivery

“Frost line”

Accreting rock-ice
planetesimals

T~ 150 K
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VWater delivery

“Frost line”

Narrow feedlng Zone: DRY
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VWater delivery

“Frost line”
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VWater delivery

“Frost line”

Inward mlgratlon REALLY WET
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Most stars have planets
(e.g., Cassan et al 2012)
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Mayor et al 201 1)




>15%

(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)




(o)
>|5%
(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)

MWcmwwsdaMom

N
-~

¢ . - _HDY%I16Tb




>15%

(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)
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(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)

Planet's Orbit Compared to Our Solar System

HD 96167 b

10% A 30-50+% of all stars

(Mayor et al 201 I, Howard et al 2010, 2012)
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Solar System(-like) Angry gas giants

>15%

(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)
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(Mayor et al 201 I, Howard et al 2010, 2012)



>15%

(Cumming et al 2008; Gould et al 2010;
Mayor et al 201 1)

]

(Mayor et al 2011, Howard et al 2010, 2012)

<85%




- .
Formation of the inner Solar
System




Asteroid distribution

e
Jupiter

52 AU

Total asteroid mass
~10-3 Earth masses

Hungarias

3.0 35 4.0
mean distance from Sun (AU)

percentage
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Sequence of events

Gas giants form fast (a few
million years)
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Sequence of events

Gas giants form fast (a few  Earth formed slow (~100
million years) million years)
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Water content of planetary building blocks
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Need eccentric orbits for
collisions to happen

® Semimajor axis a =
average distance
between planet, star

® Eccentricity e =
measure of how
elliptical an orbit is
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Hit-and-run collisions

Asphaug et al 2006



The Moon formed from debris in the last giant
impact on the proto.—E'arth;
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giants
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planet-planet
scattering
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Credit: Nahks Tr’Enhl
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Planet-planet scattering

.

Simulation Time: 00.0 years

Credit; Eric Ford



Planet-planet scattering
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Simulation Time: 00.0 years

Credit; Eric Ford
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Formation
of systems
of hot
super-Earths
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Sizes of Planet Candidates
Totals as of November, 2013

1 457 Neptune-size
(2 -6 Rg)

Super Earth-size - 1 076
(1.25- 2 Ry) SRIERD

Earth-size - 674

(< 1.25 R&))

:
B A SR S
A

229 - Jupiter-size, (6 -15 Ry)
102 - Larger, (> 15 Ry)




Model |. Hot super-Earths formed where they
are: DRY
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Model 2. Hot super-Earths migrate inward from
farther away:WET
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VWater delivery

“Frost line”
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VWater delivery

“Frost line”

Inward mlgratlon REALLY WET
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Extra slides



How many planets are out there?




UBBLE

. ULTRA
o\ o DEEP FIELD
® 'Eridanus / ( H U DF)
2 Fornax

®
o
° &
Phoenix
&

* “
B B
3
Pictor Tucana

South Celestial Pole

The Hubble Space
Telescope stared at
a dark patch of sky for
15 days straight



Joeut iy
.' ...I ‘
..- .
\
' .\\
: '. “ P .
» " . ‘
5.3 %
’ .t
-t
' o
‘. ‘ 1]
' . ¢
-
' .‘Q
. ‘ -




“ ..
A e 2 - - ;
f. LN - 4 -
-
- R .
. - - v . -
- - - -~ -
- g i, ' : e
.' B » vl » . o~
- . » ‘ o g '
B > ‘
¢ X Pk :
. . e . -
.\ - . >~
- .i - ° . . -
. r - s >
v b . .

‘ s .' S i anls ANE. 7 s ‘ % . ¢ .-‘ . ;
% 100s of billions stars in our galaxy. Yo
SR TR . - . » .- - 2o

~

2 - -“ " ’ -
- - . "
’ - N - - - . -
. - - -~ . »
.- -
-_— » -~
-

-~ - .

’ o -



& -
-‘f. . - -
-~
o - -
’\
Q - : 5 r-e ’ -
- -
-~ X '
S
PR, \
\ N -
. .. - \
. - . =
~ ’ ‘ w a
.. ‘ .
i 3 - -
I 3 . . \, ¢
- A
e o 9= -
5 .‘. . 4 '
.
o e 5
. .. » - - - » \

*1003 of billlons stars in our galaxy vl
*1003 of bllupns of gaiames in The Um.verse

’
-l
- Rl
’ . »
-
< gy
" '
-~ - :
FyF 9P -
o
3 - " . »
- -




- -‘ .-
-
. - -
-~
' .' < - » ’ »
-~ - 'o
S
- \
. . -
- . \
. 2 2
e B
K] . e
~ 3 ® - L ¢
- A
- .
! »- ;
5 ..’ - » '
L
T R s
e 2 - g T
“'

*1003 of billlons stars in our galaxy
‘% 100s of billions of gaiames in the Um.verse
*Probably qumtllhon‘s of planets '

'(1,000,000,000,000,000,000) * * . 77




Semi major axis

Jupiter in the gaseous disk
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Semi major axis

Jupiter and Saturn in the gaseous disk
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Semi major axis

Jupiter and Saturn in the gaseous disk

Saturn

Time

Capture in
Resonance

Gas disk starts to dissipate

Masset & Snellgrove 2001;
Morbidelli & Crida 2007;
Pierens & Nelson 2008;

Crida et al 2009;

Pierens & Raymond 2011;

Pierens et al 2014

slide by Kevin Walsh
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Hydrodynamical simulation with Jup, Sat
accreting gas from disk (pierens & Raymond 2011)
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accreting gas from disk (pierens & Raymond 201 1)



he Grand Tack model

T= 0.0 ky

- .""
{ &
.
.
2
~h gt

’

L

s P .
P "‘ %
s 20

y ™

w

..‘

%

v
i
L4
\"Y
"
.

y (AU)
0

te
Lo..
<5
\J
al,

- ”5s
o‘\'

P
:"°‘V.

o
N\
..

i, N e A alv,. ".%.
RN R Lo 2t Wt
AT X AR R SR SN
. ..-. Q‘...". . 'fj.r.. P .:.‘ ‘. ; "'.’ “ - H
cu.o' . "'..f:‘.\lb . *.\"I r.'..o: \‘. . '\\’. 3
L:..' “:..:.t..::. \‘ o 'sﬁ".,‘- ﬂ.“‘ ‘.f" ‘3...2.0 f IR
':f..ﬁ.- 'ro ‘. ...'.. :‘ -...Q“.L L0
4 >

<
w

&

~

“i
3

-

- e W=
o SPRCCIERTES ¢ 3 N 2
iz fe” e eh s SEA e Ay e
et S Tt e S KT TR0 g
b"-..' ..-gq"o .}‘. :‘ J P.'r&... '\
. '. ..:‘ :* - o Q" J-. ..m.,.. .“: .I‘ ,....0 . .a'..'; 3;}:..‘ ...j
R AT O Gt B A W5

Walsh, Morbidelli,
Raymond, O’Brien,
Mandell 201 |, Nature,
475, 206



he Grand Tack model

T= 0.0 ky

- .""
{ &
.
.
2
~h gt

’

L

s P .
P "‘ %
s 20

y ™

w

..‘

%

v
i
L4
\"Y
"
.

y (AU)
0

te
Lo..
<5
\J
al,

- ”5s
o‘\'

P
:"°‘V.

o
N\
..

i, N e A alv,. ".%.
RN R Lo 2t Wt
AT X AR R SR SN
. ..-. Q‘...". . 'fj.r.. P .:.‘ ‘. ; "'.’ “ - H
cu.o' . "'..f:‘.\lb . *.\"I r.'..o: \‘. . '\\’. 3
L:..' “:..:.t..::. \‘ o 'sﬁ".,‘- ﬂ.“‘ ‘.f" ‘3...2.0 f IR
':f..ﬁ.- 'ro ‘. ...'.. :‘ -...Q“.L L0
4 >

<
w

&

~

“i
3

-

- e W=
o SPRCCIERTES ¢ 3 N 2
iz fe” e eh s SEA e Ay e
et S Tt e S KT TR0 g
b"-..' ..-gq"o .}‘. :‘ J P.'r&... '\
. '. ..:‘ :* - o Q" J-. ..m.,.. .“: .I‘ ,....0 . .a'..'; 3;}:..‘ ...j
R AT O Gt B A W5

Walsh, Morbidelli,
Raymond, O’Brien,
Mandell 201 |, Nature,
475, 206



The Grand Tack

=
O
g =
+—
-
[0}
O
(&)
L

4 6
Semimajor axis (AU)

Walsh et al 2011, Nature, 475, 206



