Habitable planets in the solar
neighbourhood
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~5500 exoplanets
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Planet occurrence rates (Sun-like)

« 200,000 Kepler FGK stars
« ~1 planet per star (0.8-400 d); 0.5-16 R,
* Ng~0.1planets per star (0.75-1.5R)

Radius (R@)

FGK Occurrence Rates

16.0
019+ 018+ 018+ 03+ 037+ 081+ 166+
0.08% 008% 01% 018% 026% 047% 0.95%
11.31
0.09+ 016+ 006+ 02+ 058+ 155+ 1.09+
0.06% 0.09% _ 0.07% 0.14% 0.33% 069% 0.87%
8.0
. ., 008+ 007+ 024+ 027+ 053+ 086+ 275+
<0.02% <002% §06% 0.06% 0.13% 0.16% 033% 051% | 1.24%
5.66
018+ 017+ 019+ 026+ 092+ 067+ 131+
0.09% 0.1% 017% 022% 0.49% 0.56% 0.95%
4.0
005+ 027+ 061+ 213+ 345+ 362+ 282+ 221+
0.03% 0.11% 022%  046% 0.65% 0.89% 1.07% 1.41%
2.83
01+ 099+ & 337+
0.05% 0.18% . 0.43%
2.0
012+ 052+ 179+ 2.66+ 241+ 219+ 15+ 104+ 057+
0.04% 01% 027% 0.4% 059% 064% 0.72% 0.71% 0.68%
1.41
018+ 046 137+ 234+ 150+ 043+ 033 04l: _ o
0.05% 0.1%  023% 039% 044% 0.38% 036% 0.48% = 1:43%
1.0
01+ 025+ 071+ 051+ 026+ 025+ 028+ . .
0.04% 0.09% 021% 026% 022% 026% 033% = L12% <3.4%
0.71
01+ 034+ 018+
0.06% 0.18% 0.17% <0.28% <057% <1.11% <3.5% <14.1%
0-5 T T T T T T T
078 156 313 625 125 25 50 100 200 400

Period (days)

107t

1074

Kunimoto &
Matthews (2020)

[ 3 OO |

This Work

Zink & Hansen (2019)
Garret et al. (2018)
ExoPAG SAG13

Mulders et al. (2018)
Burke et al. (2015)

Silburt et al. (2015)
Catanzarite & Shao (2011)

Number of Planets per Star

=

o
&
1

=
o
|
N
I

=

o
b
I

— Rp=1-2Rg
— Rp=2-4Rg
Rr=4 -8 Rg
—— Rp=8-16 R®
— Rp=1-16RQ®
1 10 100

Period (days)

Conservative HZ Estimates
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The solar neighbourhood.: stellar inventory

An inventory of stars within
32 light-years’ distance from Earth
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Gaia 10-pc sample 83 .

Reylé et al. (2021)
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Stellar properties

Earth

M7

G2 MO M3 M=0.1 Mg

M=1M M=0.6 Mg M=0.45Mg R=0.12Re
= ’ R=0.6R R=0.45Rg T =3000 K

e caoe N T=3500 K

T =5800 K T =4000 K

--sizes to scale--



Planets
around

stars of
different

types
(as of 2015)

Star Mass [Solar Masses]
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carmenes ()

 Mounted on 3.5-m @ CAHA ’ carmenes
» Consortium: 11 Spanish and German o® & &t B O
Institutions = .. W
* GTO:2016-2020 (750 un) CSIC|
DFGE*m e T D o @RS

* CARMENES Legacy-Plus: 2021-2026+ (370 un)

* VIS (520-970 nm) & NIR
(970-1710 nm) channels

* Goal: detecting low-
mass planets in M-dwarf
habitable zones (focus
on >M4) =» architecture
& statistics




Number of stars

CARMENES sample
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 Completeness at 20 pc: 15%
* 48% of M dwarfs within 10 pc
* Upto 10 pc, ratio >50% except late Ms (28%)
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# of stars

CARMENES sample

o 1 2
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Spectral Type M
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caarMmenes

<d>=13 pc

Typical target:
M3-M4 & J=7-9
(50% of all)



CARMENES planets

50% of all known RV planets with
stellar hosts below 0.2 M have been
discovered by CARMENES

Majority of CARMENES planets are
super-Earth to Neptune-mass

In spite of low occurrence rate,
CARMENES has discovered 6 Saturn-
and Jupiter-mass planets

Most CARMENES planets have P from
a few days to a few 10s of days

5 new CARMENES low-mass planets
orbit within the liquid-water HZ

Killed a few planets...

Orbital period [d]
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+ Catalogue planets

* New CARMENES discoveries
A Reanalysed by CARMENES
® Follow-up transiting planets

Semi-amplitude [m/s]

Ribas et al. (2023, A&A)
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Planet mass (ME&l I~th)

CARMENES planets
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Planet zoo
- Neptunes in

armenes

temperate orbits

— Close-in eccentric

- With active star

hosts

- Nearby systems

with transits
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More Teegarden planets!

M 7T [T T

4.9063 +0.0004
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GJ 1002 b,c & Wolf 1069 b

A RV (m/s)

RV (m/s)

RV resid. (m/s)
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Phase Phase

Parameter GJ 1002 b GJ 1002 ¢
To —2450000 [d] 8583.27 £ 0.22 8585.54 + 0.50
Pow [d] 10.3465 £ 0.027 21.202 + 0.013
K, [m s™1] 1.31 £ 0.14 1.30 £ 0.14
my, sini [Me] 1.08 £ 0.13 1.36 + 0.17
a [au] 0.0457 £ 0.0013 0.0738 + 0.0021
Incident flux [F®] 0.670 +0.039 0.257 +£0.015
Eq. Temp.4-03 [K] 230.9 £ 6.7 181.7+5.2

HZ dry worlds

HZ wet worlds

GJ1002b GJ 1002 c

10 100 1000
Orbital period (d)

Suarez-Mascarefio et al. (2023, A&A)
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O
CARMENES occurrence rates ‘

« Update to Sabotta et al. (2021) - from 71 to 238 stars c@menes
* 53 planetsin 43 systems
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CARMENES occurrence rates

P (d) armenes
1-10  10-100  100-1000  1-1000

(a) Planets with 100 Mg sini < My < 1000 Mg

Npge O 2 4 * Planets of any mass (1-1000 Mg) &
o~ +0.010 +0.01 .
o <o 00w 0900 period (1-1000 d) around M dwarfs:
F 0.006 0.006%9003  (,03+0.01

h TP T os T Pooo N\ Foog > 1.44 planets per star

(b) Planets with 10 Mg, < Mp; sini < 100 Mg i i

Npger 4 7 3 14 » 94% of stars have planets
"y 0-024i8:8% 0-047i8:8% 0-042iS:8§ 0-0%8:8% Resylts ] Fwith

h g ’ 3 : * Resultsin good agreement wi
fo 00on O00%em 00y 00%y Bonfils et al. (2013), Pinamonti et al

(c) Planets with 1 Mg < Mp sini < 10 Mg ) > ’

Nopgee 18 15 0 33 (2022) but more precise (larger
n 0.39*010 (0 7+0-18 <0.40 1.37+02
1\?1: 150.07 1(—)0.15 5 230.24 samp [e)
F 0.3310:08  .47+013 040  0.89+008 .

- oo "oty < 0.1 » Excess of giant planets compared

(d) Planets with 1 Mg < My sini < 1000 Mg . . .

Ny 22 o4 7 with theoretical expectations
npl 0.37“_‘8:82 0.63j8:}‘2‘ 0.54j8:%§
Nu 9 18 6

+0.07 +0.13 +0.20
F 0327507 0477000 0477576 Ribas et al. (2023, A&A)




CARMENES occurrence rates

P (d)
1-10 10-100 100-1000  1-1000
(a) Planets with 100 Mg sini < My < 1000 Mg,
Npl,det 0 2 4 6
]ﬁ\?l <O.(())O6 0.0101:’8:8(1)2 0.03‘_“8:8} 0.03f8;8f
h
Fy <0.006 0.006f8:88§ 0.03f8:8} 0.03’:828}
(b) Planets with 10 Mg, < Mp; sini < 100 Mg
Npldet 4 7 3 14
Iﬁ\?l 0.02709%  0.04700%  0.041502  0.09700°
h
Fy 002900 0041002 0034002 (09+00
(c) Planets with 1 Mg < Mp sini < 10 Mg
Npl,det 8 0 33
Ry /0397010 067:018 N\ <040 137702
Ny 15 10 0 25
Fy 0.33*00°  0.47'012 _~ <040  0.897)%
(d) Planets with I Mg < M sini < 1000 Mg
Np1 det 22 24 7 53
7\?1 0.37;8:82 0.63%8:}‘2‘ 0.54+023 1.44;838
h
Fy 0.32*007 047700 0471010 0.941000

Criteria: 1d <P, <100d,
lM@<Msini<lO Mgorl3Rg<R<3.7Mg

Different assumptions on planet mass
distribution: log-uniform vs. power law

ng~>0.3 planets per star

Nsmall/ low—mass pl P€T star
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Nearby HZ planets

« d<10pc
* Msini<10 Mg

Gonzalez-Alvarez et al.
(2023, A&A)

Stellar Tef [K]
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Potentially Habitable Exoplanets APl

Sorted by Distance from Earth
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b L ) - o 2%, : A
[301 ly] (545 ly] (579 ly] (866 ly] (981 ly] EAN!

Kepler-1649 ¢ Kepler-296 e Kepler-186 f Kepler-1229 b Kepler-62 f Kepler-442 b

Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Distance from Earth in light years (ly) is between brackets. CREDIT: PHL @ UPR Arecibo (phl.upr.edu) Jan 5, 2023



Potentially Habitable Exoplanets APl

Sorted by Distance from Earth
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Distance from Earth in light years (ly) is between brackets. CREDIT: PHL @ UPR Arecibo (phl.upr.edu) Jan 5, 2023



POTENTIALLY HABITABLE

(WITHIN THE HABITABLE ZONE AND ROCKY)

HABITABLE
(WITH SURFACE LIQUID WATER)

INHABITED

(WITH A BIOSPHERE)

25-50

(0.5-1% OF ALL)



SPITZER

HST The lively world of exoplanets:
1 m, infrared, NASA

2.5m .
NASA/ESA decades of future instruments

HWO (2020 Decodol)

6 m, NASA ‘ T

TESS CHEOPS
wemin . AWST o PLATO 0 o o)

NASA/ESA/CSA

4x10 cm, NASA

1 m, spectrq,

Kepler

1 m, NASA
Gaia

!%« a
1 m, astrometry,

Space ESA

LIFE?S (Voyage 2050)
4x2.5-m ESA

Direct imaging

~ 10-m class telescopes
SPHERE/ESO

GPI/Gemini

Transit searches

Radio emission
10 cm-1.5 m telescopes

: TrES, WASP, HAT, NGTS, searches
MEarth, SPECULOOS, QATAR LOFAR
Doppler spec. , GMRT

2-m class telescopes ) -

Direct imaging and

HARPS (ESO) \ Microlensin
ESPRESSO _- aoroensing speciroscopy

; | .5-m class telescopes N
CARMENES _ " OGLE, LCOGT 30-m class telescopes : —
HARPS-N, GIANO : Sl :

APF, PFS, NEID, HPF



