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Qutline

Planet Occurrence - what can we measure!
Planet-Metallicity Correlation

Doppler Surveys - Eta-Earth Survey

Transit Survey Completeness

Kepler Planet Occurrence
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Planet Occurrence

Apparently simple measurement:

Number of Planets

Occurrence =
Number of Stars
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Driven by Science Questions

High planet occurrence —
planets of particular types
commonly
form and evolve

under particular conditions
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Driven by Science Questions

High planet occurrence —
mass / radius / temp

orbital characteristics

lanets of particular types
P P 7P degree of multiplicity

commonly
form and evolve

under particular conditions
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Driven by Science Questions

High planet occurrence —
planets of particular types
commonly
form and evolve

under particular conditions

initial conditions:
stellar mass
stellar metallicity
stellar multiplicity
implied disk properties

evolutionary conditions:
planetary dynamics
planet/disk dynamics
star/planet interactions
stellar evolution
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Driven by Science Questions

High planet occurrence —

planets of particular types

difficult to disentangle
commonly formation and evolution

e

form and evolve

under particular conditions
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Planet Distribution - Msini-Period

"Planet Semi-Major Axis" vs "Planet Mass" (428)
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Planet Distribution - Msini-Period

"Planet Semi-Major Axis" vs "Planet Mass" (428)
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Inferring Planet Formation Mechanisms
from Planet Population Statistics

Measurements Models

"Planet Semi-Major Axis" vs "Planet Mass" (428)
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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Exoplanet Distribution - Msini-Period
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How do you compute!

# of Planets

# of Stars
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Planet Occurrence

Apparently simple measurement requires
careful treatment of numerator and denominator:

Number of Planets

Occurrence =
Number of Stars
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Planet Occurrence

Apparently simple measurement requires
careful treatment of numerator and denominator:

e Define planet parameters of measurement (M, R, P, e, etc.)
* Set planet detection threshold
* Incompleteness — correct for missed planets

'

Number of Planets

Occurrence =
Number of Stars
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Planet Occurrence

Apparently simple measurement requires
careful treatment of numerator and denominator:

Number of Planets

Occurrence =
Number of Stars

1

e Define stellar parameters of measurement (M, R, Fe/H, Ieff, logg, etc.) ‘
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e Define planet parameters of measurement (M, R, P, e, etc.)
* Set planet detection threshold
* Incompleteness — correct for missed planets

'

Number of Planets

Occurrence =
Number of Stars

1

e Define stellar parameters of measurement (M, R, Fe/H, Ieff, logg, etc.) ‘
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Pause ....

... questions so far!

e Define planet parameters of measurement (M, R, P, e, etc.)
* Set planet detection threshold
* Incompleteness — correct for missed planets

'

Number of Planets

Occurrence =
Number of Stars

1

e Define stellar parameters of measurement (M, R, Fe/H, Ieff, logg, etc.) ‘
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Qutline

Planet Occurrence - what can we measure!
Planet-Metallicity Correlation

Doppler Surveys - Eta-Earth Survey

Transit Survey Completeness

Kepler Planet Occurrence
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Planet-Metallicity Correlation

Early Observation:
4/4 Jupiter host stars are iron-rich (Gonzalez et al. 1997)
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Planet-Metallicity Correlation

Early Observation:
4/4 Jupiter host stars are iron-rich (Gonzalez et al. 1997)

Science Question:
Are jovian planets formed by core accretion, which
depends critically on quickly accreting a ~10 Earth-mass
core out of metals from the protoplanetary disk?
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Planet-Metallicity Correlation

Early Observation:
4/4 Jupiter host stars are iron-rich (Gonzalez et al. 1997)

Science Question:
Are jovian planets formed by core accretion, which
depends critically on quickly accreting a ~10 Earth-mass
core out of metals from the protoplanetary disk?

Core Accretion
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Planet-Metallicity Correlation

Early Observation:
4/4 Jupiter host stars are iron-rich (Gonzalez et al. 1997)

Science Question:
Are jovian planets formed by core accretion, which
depends critically on quickly accreting a ~10 Earth-mass
core out of metals from the protoplanetary disk?

Statistical Question:
Are jovian planets more commonly found orbiting metal-
rich stars! VWhat is the occurrence of jovian planets as a
function of stellar metallicity?
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Planet-Metallicity Correlation

Early Observation:
4/4 Jupiter host stars are iron-rich (Gonzalez et al. 1997)

Science Question:
Are jovian planets formed by core accretion, which
depends critically on quickly accreting a ~10 Earth-mass
core out of metals from the protoplanetary disk?

Statistical Question:
Are jovian planets more commonly found orbiting metal-
rich stars! VWhat is the occurrence of jovian planets as a
function of stellar metallicity?

Many responses:
Focus on Fischer & Valenti (2005)
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Measure [Fe/H] using Spectroscopy Made Easy (SME)

Valenti & Fischer (2005) — measure stellar parameters (SME)
Fischer & Valenti (2005) — planet-metallicity correlation
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Define the Sample

1040 nearby dwarfs and subgiants in planet search
programs at Keck/Lick/AAT — nearly unbiased sample
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Compute Planet Occurrence

e Define planet parameters of measurement (M, R, P, e, etc.)
* Set planet detection threshold
* Incompleteness — correct for missed planets

'

Number of Planets

Occurrence =
Number of Stars

1

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos) ‘
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Compute Planet Occurrence

e Define planet parameters of measurement (M, R, P, e, etc.)
* Set planet detection threshold
* Incompleteness — correct for missed planets

'

Number of Planets

Occurrence =
Number of Stars

1

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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Compute Planet Occurrence

* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

|

Number of Planets

Occurrence =
Number of Stars

1

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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Planet-Metallicity Correlation
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Fit to Model
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Fit to Model
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Fit to Model

Poisson errors « sqrt(Np)
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Planet-Metallicity Correlation

Statistical Question:
Are jovian planets more commonly found orbiting metal-rich
stars! What is the occurrence of jovian planets as a function of
stellar metallicity?

Answer:
Yes, metal-rich stars are more commonly planet hosts.
Jovian planet occurrence scales as the square of the number of
Iron atoms

Science Question:
Are jovian planets formed by core accretion, which depends
critically on quickly accreting a ~10 Earth-mass core out of metals
from the protoplanetary disk!?

Answer:
The planet-metallicity correlation supports the core accretion
mechanism, both qualitatively and quantitatively.

Monday, July 23, 2012



* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

|

Number of Planets

Occurrence =
Number of Stars

1

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

No incompleteness /! &
Number of Planets

Occurrence =
Number of Stars

1

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

No incompleteness /" ‘
Number of Planets

Occurrence =
Number of Stars

Well-defined sample T

 FGK dwarfs and subgiants — nearby; nearly unbiased (Hipparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

No incompleteness /! ‘
Number of Planets

Occurrence =
Number of Stars

Well-defined sample T Uniform [Fe/H] Catalog

 FGK dwarfs and subgiants — nearby; nearly unbiased (Higparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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Pause ....

... questions so far!

* Period < 4 years, ~Jovian mass (depending on period)
e K>30m/s
e Assume 100% planet detection completeness (reasonable)

No incompleteness /! ‘
Number of Planets

Occurrence =
Number of Stars

Well-defined sample T Uniform [Fe/H] Catalog

 FGK dwarfs and subgiants — nearby; nearly unbiased (Higparcos)
e [Fe/H] and other stellar params measured uniformly by SME
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Qutline

Planet Occurrence - what can we measure!
Planet-Metallicity Correlation

Doppler Surveys - Eta-Earth Survey

Transit Survey Completeness

Kepler Planet Occurrence
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NASA-UC Eta-Earth Program

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)

Constrain population of low-mass planets
and planet formation theory

2,:_T'_ Nl T TR TR T ey ] 3 9% G Stars
) e | ] 33% K stars
i : 28% M stars
= 3 -
; _ Statistically unbiased (nearly)
10¢ 5 stellar population:
12} Eta-Earth stars - ) V.< 11
[ Hipparcos (d < 50 pc) Ao ] * distance < 25 pc
[ | RN SN S PP S Tt P B Wt * log R’HK < -4.7 (inactive)
04 06 08 10 12 14 16 1.8
B-V
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NASA-UC Eta-Earth Program

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)

Constrain population of low-mass planets
and planet formation theory

G stars
D[ 39% G stars
N 33% K stars

28% M stars

_ Statistically unbiased (nearly)
3 stellar population:

121 Eta-Earth stars i V<11
[ Hipparcos (d < 50 pc) | ', o ] * distance < 25 pc
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04 06 08 10 12 14 16 1.8
B-V
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NASA-UC Eta-Earth Program

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)

Constrain population of low-mass planets
and planet formation theory

G stars K stars
PSS st NS 39% G stars
S : 33% K stars
i : 28% M stars
= 3 :
i _ Statistically unbiased (nearly)
10¢ ,. 5 stellar population:
12} Eta-Earth stars | . ’ V_< 11
[ Hipparcos (d < 50 pc) | ', o ] * distance < 25 pc
[ | RN SN S PP S Tt P B Wt * log R’HK < -4.7 (inactive)
04 06 08 10 12 14 16 1.8
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NASA-UC Eta-Earth Program

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)

Constrain population of low-mass planets
and planet formation theory

G stars K stars

T R .

__Mstars 39% G stars
33% K stars
28% M stars

Statistically unbiased (nearly)

10} ] stellar population:

V<1l

* distance < 25 pc
* log R’HK < -4.7 (inactive)
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Stellar Masses
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Histogram of stellar masses for Eta-Earth stars.

Number of RVs per Star
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Histogram of number of RV measurements per Eta-Earth star.

G & K Main Sequence:
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Stellar evolution Tracks
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Stellar Metallicities
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166 GK Stars in Eta-Earth Survey

Table S1. G and K-type Target Stars in the Eta-Earth Table S1—Continued Table S1—Continued Table S1—Continued
Name Spec. Type  Mass(Ms)  Num. Obs, Name  Spec. Type  Mass (M)  Num. Obs. Name Spec. Type  Mass (Mz)  Num, Obs, Name Spec. Type  Mass (M) Obs.
HD 1461 Go 1.08 154 HD 29853 KS 0.76 n HD 89269 Gs 059 29 HD 136713 K2 084 ™
HD 3651 Ko 089 29 HD 32147 K3 0.83 2 HD %0156 GS 050 28 HD 139323 K3 049 9N
HD 3765 K2 084 38 HD 12923 G4 103 2% HD 92719 G2 1.10 24 HD 180538 A G2 1.06 %
HD 4256 K2 08S 36 HD 14721 Go 112 21 HD 95128 Gl 108 22 HD 141004 Go 114 6
HD 4614 GO 099 30 HD 34411 G0 113 40 HD 97101 K8 060 21 HD 143761 0 1.00 »
HD 4614 B K7 057 28 HD 16003 KS 0mn 42 HD 97343 G8 059 s HD 184579 G8 0.75 w0
HD 4628 X2 o 49 HD 17008 K2 073 2 HD 97658 Kl 078 61 HD 145675 Ko 100 »
HD 4747 GE 0K 2 HD 38230 KO 083 24 HD 98281 G8 X8 26 HD 145958 A G8 091 +
HD 4915 Go 050 37 HD 38358 G4 0N is HD 59451 KO 101 71 HD 145958 B KO 013 3
Y HD 40097 Go 092 n HD 99492 K2 026 47 HD 146233 G2 102 s2
HD 7924 Ko 053 135 HD 146362 B Gl 107 »
HD 9407 G6 098 s HD 42618 G4 096 @« HD 100180 el 1.10 24
HD 10476 K1 053 56 HD 45184 G2 104 46 HD 100623 KO 0,77 32 HD 148467 KS 067 n
HD 149806 Ko 0.54 2%
HD 458652 Go 1.17 el HD 103532 KS 0.76 44
HD 10700 G 098 133 HD S0692 Go 1.00 37 HD 104304 P 10 2 HD 151288 Ks 0.59 »
HD 12051 Gs 099 52 HD 151541 K1 0% »
HD $1419 Gs 0.86 40 HD 109358 el 100 41
HD 14412 GS 078 37 HD S2911 ot 100 pr HD 110897 Go 123 2 HD 154345 G 058 s3
HD 16160 K3 0.76 47 HD $5575 GO 126 12 HD 114613 G3 128 21 HD 13036 KS 064 o
HD172% Ks 0 3 HD 62613 G 094 24 HD 114783 KO 056 45 HD 155712 KO 079 »
HD 18143 Gs 0.90 3s HD 65277 Ks 0 2 HD 113617 aGs 095 61 e - il >
HD 15303 as 100 32 HD 65553 G 0.76 26 g :::ﬁ g g';‘s :; HD 157214 Go 091 25
HD 19373 GO 120 47 HD 63017 G4 085 43 i . = HD 157347 Gs 0.99 “%
HD 20165 K1 02 2% HD 65830 KO 087 46 HD 1171 G4 L HD 19863 - as 2
HD 20619 G 091 35 HD 72673 KO0 0.8 »n HD 120467 K4 07 20 HD 159062 Gs 0.94 »
HD 22879 2] 0.79 2 HD 73667 K1 0 » HD 122064 L % iy HD 159222 as 104 s
HD 23356 K2 0.78 n HD 75732 G 091 9% HD 122120 KS 0.7 36 HD 161797 Gs 118 2
HD 23439 K1 067 26 HD 84015 KS 0 » HD 125455 K1 0.7 20 HD 164922 KO 0.94 ©
HD 24238 X0 073 29 HD 84117 Go 115 » HD 126053 Gl 06 3 HD 166620 K2 0.6 s
HD 24496 GO 0.5 47 HD 84737 G0 122 24 % :2:’3“?‘ 2; ;'-',2 : HD 168009 a2 10 24
HD 25329 K1 05 3 i = e o HD 132142 K1 07 21 s e I oo "
HD 25665 Gs 078 21 HD 873s3 KO 0.80 0 ;
Table 51 —Continued Table S1—Continued
Na=e Mass (M) Nem. Obs, m— == = , =
i e Name Spec, Type  Mass (M) Nem, Obs,
HD 172051 as 087 2%
HD 176377 o 0.92 2 HD 217014 G2 109 26
HD 179957 G4 101 » HD 217107 8 110 4
HD 179958 G4 103 3% HD 218868 Ko 0% 53
HD 182488 G 0.96 s HD 219184 K3 0.78 74
HD 152572 G 114 27 HD 219518 K2 081 30
HD 155144 Xo 080 122 HD2ISW B K2 02 24
HD 185414 Go 107 27 HD 220339 K2 073 36
HD 156808 Gl 107 38 HD 221384 K2 0xs %9
HD 15641 @ 09 “ HIP 18280 K7 059 2
HD 190067 G7 0.80 S0 4
e A A e n ) 2
HD 150804 X1 00 21
HD 190506 a1 109 n
HD 191788 K1 D83 2
HD 191808 X3 0.69 3
HD 192310 K0 082 s
HD 193202 KS 067 3%
HD 196761 G 083 27
HD 197076 Gs 099 L4
HD 200091 XS 0.66 o
HD 201092 K7 0.54 62
HD 202781 K2 0.7% &
HD 204587 Ks 0.68 2
HD 208313 X0 D80 2
HD 210277 e 10 ©
HD 210302 ¥ 128 23
HD 213042 Ks 074 k)
HD 215152 X0 0.7% 27
HD 216520 X2 D83 “0
HD 216259 K0 0.69 %
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Minimum RV Observations for Eta-Earth Star
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Minimum RV Observations for Eta-Earth Star
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Minimum RV Observations for Eta-Earth Star
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Precision of Eta-Earth Observations

Velocity RMS of Eta-Earth stars
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HD 156668 - Discovery RVs
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Howard et al. 2011
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HD 156668 - ngh -pass Filtered RVs
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HD 156668 Re5|dual RVs
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Velocity (ms™)

HD 156668b - Detected Super-Earth!

Planet:

Star:

HD 156668 (K3V)
distance = 24 pc
V=8.3

[Fe/H] = 0.05
quiet

Msini=4.15 M
P=4.6455d
e = 0 (fixed)

" Mass =4.15 M /sin i P =4.6455d
i K=1.89ms™
i e=0.0
5 O 1 ®
- ® ® ®
I ¥ o' % 3 ?
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i QO~ ©) .o.'. e .."\.s ®
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: 8 e . . ¢ B ®
kL O ® ® O
_5 O e ® O
RMS =1.74ms”’ v, =0.97
0.0 0.5 1.0
Orbital Phase

Howard et al. 2011
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33 Detected Planets in the Survey

Planet Star Peniod (d) M sini (Mgz) Reference

14 Her b HD 145675 1754 1651 (15)
16 Cyg b HD 186427 798 521  (19)
47 UMab HD 95128 1050 826 (16)
47 UMac HD 95128 2590 252 (16)
51 Peghb HD 217014 4.2 147 (I7)
55Cnch HD 75732 147 264 (18)
55Cncc HD 75732 44 4 S34 (18
55Cncd HD 75732 5371 1241 (18)
55Cnce HD 75732 28 76 (18
55Cncf HD 75732 261 463 (I8
61 Virb HD 115617 42 51 (19
61 Virc HD 115617 380 11 (19)
61 Vird HD 115617 123 23 (19)
J0VIrb HD 117176 116 2372 (20)
HD 1461 b HD 1461 S8 b (21)
HD 3651 b HD 3651 62.2 728 (22)
HD 7924 b HD 7924 55 93 (6)
HD 69830 b HD 69830 8.7 102 (23)
HD 69830 ¢ HD 69830 316 119 (23)
HD 69830 d HD 69830 197 179 (23)
HD 87883 b HD 87883 2754 558 (24)
HD %156 b HD 90156 496 16.7 (295
HD 99492 b HD 99492 170 337 (1%
HD 114783 b HD 114783 493 351 (26)
HD 154345 b HD 154345 3341 304 (27)
HD 156668 b HD 156668 46 4.1 (28)
HD 1649225 HD 164922 1155 114 (15)
HD 1903605  HD 190360 2915 497 (29)
HD 190360 ¢ HD 190360 17.1 18.7 (29)
HD 210277 b  HD 210277 442 405 (13)
HD 217107 b  HD 217107 7.1 443 (301
HD 217107 ¢ HD 217107 4270 331 (30)
pCrBb HD 143761 398 338 (15)

e Some found by others
confirmed here

¢ Firm Period, Msini
e All published

4
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Key Result: Power-law Mass Distribution
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Key Result: Power-law Mass Distribution
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Key Result: Occurrence rate of Super-Earths + Neptunes
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* Period < 50 days, Msini = 3 Earth-masses
e Msini and period well-measured by Doppler signal
e Correct incompleteness with star-by-star analysis
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e GK dwarfs — nearby; nearly unbiased (Hipparcos)

Monday, July 23, 2012



* Period < 50 days, Msini = 3 Earth-masses
e Msini and period well-measured by Doppler signal
e Correct incompleteness with star-by-star analysis

f '

Significant incompleteness  Nlumber of Planets
Occurrence =

Number of Stars

1

e GK dwarfs — nearby; nearly unbiased (Hipparcos)

Monday, July 23, 2012



* Period < 50 days, Msini = 3 Earth-masses
e Msini and period well-measured by Doppler signal
e Correct incompleteness with star-by-star analysis

f '

Significant incompleteness  Nlumber of Planets
Occurrence =

Number of Stars

/ Well-defined sample T

e GK dwarfs — nearby; nearly unbiased (Hipparcos)

Monday, July 23, 2012



Break ....

... questions!
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