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Choose Subset of Planets/Stars

“t + GK dwarfs

3.0F

35F

4.0F

Stellar Gravity, log g (cgs)

45F

5.0F

10000 9000 8000 7000 6000 5000 4000 3000
Stellar Effective Temperature, T, (K)

Full sample Restricted sample
~156,000 stars — ~58,000 stars
1,230 planets 438 planets

Relative Flux

1.002 |°, °

0.998

for High Detectability

|+ Only GK dwarfs (Tefr/log g)

i|* Only bright stars (Kp < 15)
i|* Only high SNR transits
I (SNR > 10 in 90 days)

Phase (Hours)
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planet transit
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3) Geometric Transit Probability = d'2a




n = number of planets per star
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n (R>2Ra,P <50 days) ~ 0.2 planet per star

Trust detection efficiency down to |Rg,
and extrapolate to 365 days :

n (R> 1| Ra,P <365 days) ~ 2 planets per star



o : Eccentricity alters

eccentric

<e>=0.5 .j transit duration

08

o) O'6-- ) 2R*
a . : D..=PXx
© 04F circular ] Clrc 27TCL
02k i ) inclined
' d  Actual D lowerif )
! near periapse
0.0
Actual D higherif nearapoapse
LOF— Kepter / Y| — Kepler ' — Kepler
0.8 f == Simulated: 0.8 == Simulated: 08f-- Simulated]"
o 06k e=0.05 e=02 e=054
-
O 04}
02k KS Stat: KS Stat: . ‘ KS Stat;
00 §=0.182 §=0083 | 6=0.285 |

15 20 1.5

Mean <e> ~ 0.2 but beware uncertainty in Rx



Observations of Extrasolar Planets

|.  Kepler transits
Il.  Doppler velocity
lll.  Microlensing

IV. Imaging

V. Disks



HD 156668 b

HD 7924 b

05 1.0

Orbital Phase

0.0

1.0

0.5
Orbital Phase

HD 97658 b

0.0

Gl 785 b

0.5

Orbital Phase

0.5

1.0

0.0

1.0

ObitalPhase 1 vard et al. 2009, 2011a/b, Ap

0.0



NASA-UC Eta-Earth Survey

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini > 3 Mearth)
Constrain population of low-mass planets

G stars K stars M stars 39% G stars

33% K stars
28% M stars

Statistically unbiased (nearly)

10} - stellar population:

V<11

12|~ Eta-Earth stars :
[ Hipparcos (d < 50 pc) - ¥ * distance < 25 pc |
s cons oo o gep_pn R palro S ] * log R’HK < -4.7 (inactive)




Minimum Mass (Msini / Mg,

| U BLRLRRLL | UL R LLL] LB R LL T 1.0

s
(]
0.9
1000¢
0.8 ® Detected planets
A Candidate planets
0.7 (FAPs ~ 1-5%)

100}

Candidate planets
included in counting
planets.

o
o,
Search Completeness (C)

1 10 . 1 QO 1000
Orbital Period (days) Howard et al. 2010, Science, 330, 653



Key Result: Power-law Mass Distribution

10
Planet Minimum Mass (Msini / M,..)

100

Howard et al. 2010, Science, 330, 653
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1000
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Compute Errors
assume binomial statistics
scale missed planets w/det + cand
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Giant Planet Occurrence Rates
Eta-Earth Survey

II 1 | llIIllI |} I l1l]lll I 1 lllllll 1

10 jmm e o

Cumming et al. (2008)

475 FGK dwarfs
Giant Planet Occurrence:

dN
din P dln M

= CM“P"

x=-031 0.2
B=+0.26+0.l

[ 1 1||||}-

M sin i (M)

10.5% occurrence for
Msini = 0.3—10 M,
P =2-2000 days

P=8yrs
I

llllll | | lllllll 1 Liii1l

1 10 100 1000 10¢
Period (d)

See also, e.g., Udry et al. (2003)



Number of Planets per Star with P < 50 days

Planet Occurrence vs. M.

K2 KO GB G5G2GD F8 F5 F2 FO

2-32 R,

3600 4100 4600 5100 5600 6100 6600
Stellar Effective Temperature, T, (K)

Occurrence within 0.25 AU
of small planets
decreases with M«

Howard et al. (2011c)

. T T T T T T
1061 stars 1761 stars 6009 stars 18865 stars 31369 stars 11795 stars 2299 stars

Ooj_l i e WP

7100

Planet Fraction, f(M,F)

o o
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o
ok
I

g T v r Y T T T T T v T v v v T T -

+——e Observed Fraction

e f(MF) = 0,07 10'2" W'
o——o f(M) = 0.07 M'°

- = = = Kennedy & Kenyon (2008)

R
A 1 A A A A L

0.5 1.0 1.5 2.0
Stellar Mass [M ]

Occurrence within 2.5 AU
of giant planets
increases with Mx

Johnson et al. (2010)




Eccentricities from Doppler Surveys
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P > 10 days: At face value,10% of systems have e < 0.05

But corrected for eccentricity bias: 28+/-8%




Transits with stellar rotation

* Intensity of the star is Doppler  :  Planet blocks blue shifted and

shifted. x red shifted side at different

times.

+  Results in an “anomalous”
Doppler shift of line centers.

Blue shifted Red shifted \/




Transits with stellar rotation

HD 189733

Q.

Radial velocity [m s7']

Blue shifted Red shifted Time [hr]

6 Blocks blue --> Appears red

Q Blocks red --> Appears blue

Winn et al. 2006 ; Winn 2011



Three examples
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Winn 2007
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Projected obliquity

+  Orbits with the same A = (sky projected) stellar obliquity

photometry (same b) can have
different obliquities.

* The RM effect depends on A, b
and Q, sin i. .

* The angle A relates to the true
stellar obliquity .

COS Y = Sin 7, COS A SIN 2, + COS 7, COS 1y,




RV [ms’]

RV -RV,, [ms’]

12

10+

vsini [kms’]

A 6 4 B & 150

Time from midtransit [hr]

Large spin-orbit
misalignments

200 250
A [deg]
= 180" u Discovered in RV survey ' i
& 150 ® Discovered in tronsit survey ?
> 120f i &
g 9oF -
S e0fF i
o 30t 3.
- oF ™ +- 2 '. ﬂ? * ol
< 7500;- 5 -
& 7000&- -
§ es00F cor &
¢ 6000F ® - - .
S 5500F ¢ 8a o
5 5000 F a 3
4500 €

Even

retrograde!
(HAT-P-14)

2000 2002 2004 2006 2008 2010

Earliest observation dote of RM effect



Observations of Extrasolar Planets

|.  Kepler transits
Il.  Doppler velocity
lll. Microlensing

V. Imaging
V. Disks



Gravitational Microlensing

source at
infinity
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MAGNIFICATION MAGNIFICATION

LENSED IMAGES
SOURCE

STAR 0 o 0 o O

I ; I

| I

| [

|

|

I

¢ S

T—OBSERVATORY

Planetary Microlensing (Binary lens)
D ~ 52102 kpc a~3.01T)1 AU

M, ~0.3670% My M =~151 M,



16.05 14.6

———————— r — 13.8 — T
T | — T | — T | B T 1 [T T | A: Feature #1 I | B: Feature #2 If’i | C: Feature #% |
B OGLE - i | i
B P #FUN Auckland - ]
- l4]f #FUN Wise 7 [ | 148} - [ i
14 [ S I S Ll -
B o Lo n g i [ i
| | - =
| ’ 'ai uFUN CTIO H i g §
| I #FUN Mt. Lemmon _| d - 1 18} . I ¥
g = 1616 | . it
= 2| E #FUN New Mexico _| —_ I ] I 1142 f i
% - 1 'ji #FUN Farm Cove - i i i ;gii
. B - | : i
_E B ﬁ PLANET Canopus - - {1192 ¢ 7 Hﬁﬁ
) B B - 16.2 |- - i
515_ iy 2-5 | AP T Y L 14.4 A
=Yo Maadil I I N B W 1 R H 3822 38225 3823 3830 3830.5 3831 3831.2
© [ IR S i 4
E [ £ 008 P ] | D: Feature #4 = ] | E: Feature #5 ]
- 5 1 ] - uFUN Auckland A L J
[ — [ : i ﬁ E ] 0- uFUN Wise . 164 | ig _
] P E 5 I i : ;
B N : 11 I ] o 146 t : uFUN CTIO H = A i ]
= = DA : — T - % uFUN Mt. Lemmon | ]
| F ¥ } : A | 3 \ uFUN New Mexico J }
rhp oom iy E { \ wuFUN Farm Cove | 158 - -1
= 1 | ;- - - ) Y I i
1 6 | g [ 1 El 1 © E &  PLANET Canopus | | i
PR . E_ Iy ;‘_i = 15F Y . 3
B % vk hg — [ \ ] I ]
- il - | %, ] 158 / P
| b i L ta
= | | | - by, i }} g 3 _
L1 11 L1 11 L1 1 1 | - ] et
155 | - }i ¢ 1
3820 3825 3830 3835 L ' L L

L P P 18 P L L PR
3831.6 3831.8 3832 3833.5 3834 3834.5 3835

HJD-2450000. HJID-2450000. HJD-2450000.

0.5Mq D ~ 1.5kpc

0.71M; a1 =~ 2.3AU

from orbital
motion!




Statistics from microlensing

|. At fixed M, dN/dM o< M-I/
2. 20 +/- 10% of stars have 5-15 Mg ata ~ 1.6-4.3 AU

. For every star 0.08 Mo < Mx < | Mo ,
there are ~2 free-floating Jupiter-mass objects!

.
'g " 8 L Power—law:lw/ PL -
g ~— F— — -Power—law:w/o PL 3
o Comeee Power—law: PL
g N - ——Log—normal:w/ PL
o - - — —Log—normal:w/o PL
= ol Log—normal: PL
— E 3
/
L /
< L I % 7/
_ L / [ 7. 1
2 m //
@ 7/
% N - | / \x |
= S /1

1

100

Q.01 :
o

AA
-0.50 0.5

3958 3960 3962
JD — 2450000



Observations of Extrasolar Planets

|.  Kepler transits
Il.  Doppler velocity
lll.  Microlensing

IV. Imaging
V. Disks



2MASS 1207 b

~25 M; brown dwarf

A
~5 M,

0.78 arcsec = 4| AU

VLT 8-m with Infrared Adaptive Optics

common proper motion
L~ 104 Lo ,t~8Myr—> M~5M



beta Pic b

8 AU =

2003 2009 0

AQ J-band Observations

Mouillet et al. 1997

line of nodes of the perturbing planet
VLT 8-m with L' Adaptive Optics

L~103" Lo ,t~12Myr—> M~9M
semimajor axis 8-15 AU; consistent with evolving vertical warp



Fomalhautb (L ~2 x 10”7 Lo)

Fomalhaut System Hubble Space Telescope * ACS/HRC

L]

Fomalhaut b Planet

/
2%

NASA ESA and P. Kalas (Universty of Caldornia, Berkedey)

if Wplanet = Whelt (nested ellipses)

Aplanet — 115 AU
then Cplanet — 0.12

Mplanet — O5MJ

STSc-PRC08-29a

1
>
-
-
x
=
1 q

1.0 20

Wavelength (pm)

not thermal emission from
planetary atmosphere

40 R, reflective dust disk?

Variable Hx emission?



A declination (")

HR 8799
A-type star 30-60 Myr old
with 4 Super-Jupiters

-0.30 -0.35 -0.40

1: 31 July 2009

2: 1 August 2009

3: 1 November 2009
4: 13 July 2010

5: 21 July 2010

6: 30 October 2010

A right ascension (")

(nv) uogesedes pejosiosd

Orbital resonances afford stability
d:c = 2:1 resonance

Other possibilities include

d:c:b = 4:2:1
e:d:c =4:2:1

dynamical masses < 20 Jupiter

150

masses each

0.00 0.05 0.10
ey COS @,

ec Sin ¢c.out

-0.04 0.00 0.04
ec out COos ¢c out



Cloudy spectra unlike

brown dwarfs

’ T=900K, mEg;-c uooeav;-os

T=900K, log(g)=4, Model E=0, 1 R B

)
L

.'
-~

¢ 1 November 2009, L’ band

(=

Flux Density (mJy)
~N
b
e
=

k- - /7 S
3k (] S : M
@ o~ Wovelength (Microns)
~ m
4 -
\ L 8' ....................... rTTTTTTYTY
; [ T=1000K, log{g)=4. Model A=0.5 ’
~ : | T=1000K, log{g)=4, Model E=0.4 “g"‘% 3
b.o A5,’_ AG"'
o : = |
P o 2
L ~—
[ > | "
; % 4k i
6~ 12m1207b s | i i5
E 2:ABPicb 3 3
- 3:1RXS1809b 2 P
F 4:BPicb “ LL i! »t s
: AT T
TF . SRR}
z : FIRTER NN U
SR PN PP B B o':f""' o RATITTUN .

lofé (age /I g/'r) | | Wovelength (Microns)



Pan-STARRS (once a week,

Gemini Planet Imager (GPI) mag 24)
2012 and LSST (once every few

days, mag 24.5)

c 1 November 2009, L’ band
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Il.  Doppler velocity
lll. Microlensing
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V. Disks



Reconstructing protoplanetary disks:
“Minimum-Mass Solar Nebula”

solar composition by mass (Lodders 2003) \ = M
gas (H,He) :ice (O, C,...) :rock (Mg, Si, ...) ‘ & 0
| :0.015:0.005
Atr~ | AU:
1 Mg 5
dig ~ ~ 10g/cm
d - U2 g/

if just rock (too hot for ice):

1

Y~ 10 Z
g g/em” X oo

~ 2000 g/cm?

100 AU
M, ~ / 2g2mrdr

~ 0.03Mg




wl S |  Protoplanetary Disks

u' — o-.. ¥ disk mass ~ 0.001-0.1 stellar mass

3 -
.. F—=S 1 —a . 1 - = 1
11%o1™ea s1s
RA (8000) Wilner et al. 00
. Fe
. 3
‘ y -
s ;
. )
LN
: .
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Minimum-Mass
Kepler-11 system

(turns out
Toomre Q ~ 1)

Radii (Earth radius)

Kepler-11 Syétem

Venus

|T'
ok

N w R
T‘T‘T—T‘ T_r - ey ey ey g I‘V_Y‘ T“"_T‘W_T

-

1 20% Hydrogen &
4 Helium, 80% Rock

————
S
P

e ptune 1
Uranus ‘ . =1 10% Hydrogen &

Helium, 90% Rock
- -1 100% Water

1 Earth-like

-
-

o
C EmETEE

10 15 20
Mass (Earth mass)



Transitional Disks
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z (AU)

] 1 L] A ' L] . LJ l L] L] ]' L] L L] .

TW Hyd 1
]

.
E

—

.

r

Outer Disk
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J2000)

Brown et al. 08



Pre-main-sequence stars accrete

rTr [ rrrrrrrr[rrorT IITII1I]IIIIITITIIIITITI

BP Tau

|
(o))

|
Qo

héated interior

I
—
-

£

¥y 'pAre—shock flow

Py /JJ photasphere D R 0 s N 5T T O VA T ot O I I WY

Alxl111111.11.1.'1"(11111111 _1.5 _1 _0.5 O 0.5
2000 3000 4000 5000 6000

A(A) log M/M,

Blue excess powered by accretion

log dM/dt (M, yr™')

~
i
ot
T
]
~N
[
Q
1«71}
|
QO
A
~<
=
o11]
o

Calvet & Gullbring 98
Muzerolle et al. 05
Hartmann et al. 06

Herczeg & Hillenbrand 08




Holes are not empty

® Mild near-IR excesses in some sources

® Many accrete ® Inner molecular gas disks
M ~ 0.1 x median T Tauri Y(Hy) > 0.1gem ™ ?at ~ 0.2AU

0.6

o.5§ TW Hyo | !
0'4 | P(8) P(g) P(]O) P(1 1) P(12)'§

=

%\ : | l ] l L \ X "1 ]’l \ 2 5
- 0.3 ?f‘:‘u,c)ﬂ L"“(»l“"ﬁfh\*'k",» 1 ! wl]rJ Llif‘?".-"j Yf\"(’"r" ,iir""f*i,f ’r"»f’*\}llr“-ull ‘.’L‘It Lh-,f'[.,-‘. tf}

-, 13
0.2 E i GM Aur (xl 6) ' . lj | é
' FAMALY iy T '.*\ b ol W ey W‘“Mx’ﬂ A x*u

0.1 E HD 79211 A
f W'I \A \lf-’“‘.‘ A /["' 1 ‘n] i) ’ ~‘-_ L l U" !\;‘A’:A;‘,h‘ '.o f\il‘:
1 | UJ ' L[‘ { l \ R kr ‘I U _ﬂ i J
4. 74 4. 73 4. 76 4_77
Wavelength [um]
Najita et al. 07 Salyk et al. 07




