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Sub-Neptunes are common...what are
they made of?
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POSSIBLE
SUB-NEPTUNE

Do Sub-Neptunes
have water/ice!?

Upper atmosphere,
cloud tops

Atmosphere
(hydrogen, helium,

methane gas) L Core (rock, iron)

Mantle
(water, ammonia, — Atmosphere (hydrogen,

methane ices) helium)

Core
(rock, ice)

NEPTUNE / POSSIBLE SUB-NEPTUNE

Sunday, September 14, 14




Measure stellar radial
velocity

determine msini

Planet (unseen) =
/7 \
£ I
‘ |
4 [
// p Ill
Blueshifted & ~Star
light froms ¢ 7
star | Redshlfted
v light
N\

s
from star

==2rzz == crmamramzazaszz oo s N ]
1 ol \3 -

N

\NERENNEEERP

Sunday, September 14, 14



Measure transits,
transit timing variations

determine Rp/Rs,m x e
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Mass determinations and upper limits of 65
exoplanets smaller than 4 Earth radii from RVs, TTVs
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Marcy et al. 2014
40 RV-determined masses and upper limits

Literature
| 3 RV-determined masses
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65 Masses of Exoplanets Smaller than 4 Earth radii
(40 from Marcy+ 2014)

Exoplanets with Masses or Mass Upper Limits and Rp < 4Rg

Table 1

Name

Mass
(Mg)

Radius
(Rg)

Flux®@
(Fg)

First Ref.

Mass, Radius Ref.

555 Cnc e
CoRoT-7b

GJ 1214 b
HD 97658 b
Kepler-10 b
®Kepler-11 b
“Kepler-11 c
®Kepler-11 d
“Kepler-11 f
Kepler-18 b
Kepler-20 b
Kepler-20 ¢
Kepler-20 d
¢Kepler-30 b
¢Kepler-36 b
¢Kepler-36 c
Kepler-68 b
Kepler-68 ¢
Kepler-78 b
Kepler-100 ¢
Kepler-100 b
Kepler-100 d
Kepler-93 b
Kepler-102 e
Kepler-102 d
Kepler-102
Kepler-102 ¢
Kepler-102 b
Kepler-94 b

8.38+0.39
7.42+1.21

6.45+0.91
7.87+0.73
4.60+1.26
1.90+1.20
2.9042.20
7.30x1.10
2.00=0.80
6.9013.48
8.47+2.12
15.73+3.31
7.53x7.22
11.3+1.4
4.46+0.30
8.10+0.53
8.30%+2.30
4.38+2.80
1.69+0.41
0.851+4.00
7.34+3.20
-4.36+4.10
2.59+2.00
8.93+2.00
3.80+1.80
0.62+3.30
-1.58+2.00
0.41+1.60
10.84+1.40

1.990+0.084
1.58+0.1

2.65x0.09
2.34+0.16
1.4640.02
1.80+0.04
2.87+0.06
3.121+0.07
2.49+0.06
2.0040.10
1.91+0.16
3.07x0.25
2.75x0.23
3.90 +=0.20
1.4840.03
3.68+0.05
2.31+0.03
0.95+0.04
1.2040.09
2.20+0.05
1.3240.04
1.6140.05
1.5040.03
2.22+0.07
1.1840.04
0.88+0.03
0.58+0.02
0.4740.02
3.51+0.15
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Lissauer et al. (2011)
Lissauer et al. (2011)
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Lissauer et al. (2011)
Borucki et al. (2011
Borucki et al. (2011
Borucki et al. (2011
Borucki et al. (2011
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Borucki et al. (2011
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)

)
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Borucki et al. (2011

Endl et al. (2012),

Dragomir et al. (2013a)

Hatzes et al. (2011)

Carter et al. (2011)

Dragomir et al. (2013b)

Batalha et al. (2011)
Lissauer et al. (2013)
Lissauer et al. (2013)
Lissauer et al. (2013)
Lissauer et al. (2013)
Cochran et al. (2011)
Gautier et al. (2012)
Gautier et al. (2012)
Gautier et al. (2012)

Sanchis-Ojeda et al. (2012)

Carter et al. (2012)
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Gilliland et al. (2013)
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65 Masses of Exoplanets Smaller than 4 Earth radii

Kepler-103 b
Kepler-106 c
Kepler-106 e
Kepler-106 b
Kepler-106 d
Kepler-95 b
Kepler-109 b
Kepler-109 ¢
Kepler-48 b
Kepler-48 c
Kepler-48 d
Kepler-79 b
Kepler-79 c
Kepler-79 e
Kepler-113 ¢
Kepler-113 b
Kepler-25 b
Kepler-37 d
Kepler-37 ¢
Kepler-37 b
Kepler-68 b
Kepler-68 c
Kepler-96 b
Kepler-131 b
Kepler-131 ¢
Kepler-97 b
Kepler-98 b
Kepler-99 b

iKepler-406 b

dKepler-406 c
Kepler-407 b
Kepler-409 b
KOI-94 b
KOI-1612.01
KOI-314 b
KOI-314 ¢
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15.965
13.571
43.844
6.165
23.980
11.523
6.482
21.223
4.778
9.674
42.896
13.4845
27.4029
81.0659
8.925
4.754
6.239
39.792
21.302
13.367
5.399
9.605
16.238
16.092
25.517
2.587
1.542
4.604
2.426

4.623
0.669
68.958
3.743
2.465
13.78164
23.08933

(40 from Marcy+ 2014)

14.11+4.70
10.44+3.20
11.17+5.80
0.15+2.80
-6.39+7.00
13.00+2.90
1.30+5.40
2.22+7.80
3.94+2.10
14.61+2.30
7.9314.60
10.946.70
5.91+2.10
4.1+1.15
-4.60+6.20
7.1043.30
9.60+4.20
1.87+9.08
3.35+4.00
2.78+3.70
5.97+1.70
2.18+3.50
8.461+3.40
16.1343.50
8.25+5.90
3.51+1.90
3.55+1.60
6.15+1.30
4.71+1.70

1.53+2.30
0.06+1.20
2.69+6.20
10.50+4.60
0.48+3.20
3.83+1.37
1.01+0.38

3.37+0.09
2.50+0.32
2.56+0.33
0.82+0.11
0.95+0.13
3.42+0.09
2.37+0.07
2.52+0.07
1.88+0.10
2.71+0.14
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3.47+0.07
3.721+0.08
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1.8240.05
2.71+0.05
1.944-0.06
0.75x0.03
0.32+0.02
2.33+0.02
1.00+0.02
2.67+0.22
2.41+0.20
0.84+0.07
1.484+0.13
1.9940.22
1.4840.08
1.4340.03

0.85%0.03
1.07x0.02
1.1940.03
1.71+0.16
0.82+0.03
1.61+0.16
1.61+0.16
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84
16
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43
180
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95
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o1
64
670
7.7
16
37
380
220
74
72
29
850
1600
90
710
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The Mass-Radius Relation for 65

Exoplanets Smaller than Neptune

(Weiss & Marcy 2014, Ap]L)
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The Mass-Radius Relation for 65

Exoplanets Smaller than Neptune

(Weiss & Marcy 2014, Ap|L)
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