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Abstract HEPS (Habitable ExoPlanet Survey) is a planning astronsetigilite that aims to find Earth-like
planets in the solar neighbourhood. In this paper, we sdet40 planet harboring stars within 30 pc of
the solar system to be potential targets for HEPS. We cdfetitee detection probability of the planet in
habitable zone (HZ) for each system using the simulatedafadatrometry measurements. For those host
stars without planets in HZ, we inject an additional plarfet® Mg, in their HZs and check the stability
of the systems. Considering five observation modes of @iffesampling cadence and total observation
time, we obtain a table containing the total detection phbdlig of the planets in HZs for all of the 140
selected systems. This paper provides a potential rangedfltarget stars for HEPS, or other astrometric
mission to detect Earth-like planets in the future. We alsloudate an empirical fitted expression of the
detection probability as a function of both sampling cadeand total observation time. We conclude a
guantitative method to estimate the detection probabiditgertain planet hosts and observation modes via
the empirical expression. We show the minimum requiremehib®th sampling cadence and observation
time for Proxima Centauri, HD 189733 and HD 102365, if theedgbn probability of habitable-zone
planets of these three systems needs to be 90%.

Key words.: astrometry — stars: planetary systems — planets and sasellietection — methods: numer-
ical

1 INTRODUCTION Anglada-Escudé et al. 2016; Barnard b Ribas et al. 2018)
or photometry (Trappist-1 b,c Gillon et al. 2016), although
The launch of the Gaia satellite (Gaia Collaboration et althese planets lack definitive mass information. Given the
2016) marks a new era for detecting exoplanets using higieccurrence rate of Earth-like planets around GK dwarf-
precision astrometry. Unlike traditional detecting metho s based on the Kepler mission (Burke et al. 2015) and
such as radial velocity (RV) and photometry, planet masghe SAG-13 parametric model of planet occurrence rates,
and orbital elements are simultaneously obtainable usingozens of planets of this type within 30 pc should be
astrometry measurements (Wright & Howard 2009). Gaigpresent. Considering the detection probability and the re-
monitors the motions of billions of stars on the celestialquired precision of RV or photometry, nearby Earth-like
plane with an unprecedented precision. For stars brightglanets detected by astrometry are able to provide us with
than a G-band magnitude 12, a precision of 106 is  information of planetary mass and orbital elements, which
achieved. Perryman et al. (2014) estimated that a total d¢ very important to study the habitability of these planets

21000 high-massl(— 16 Myupite:) €xoplanets would be For the purpose of detecting Earth-like planets, space-

found gfter Its S-year misston t_|me. Hovye\./er, deteCtIngbased astrometry satellites with extremely high precision
Earth-like planets is still challenging for Gaia; for examp have already been proposed, such as NEAT (Malbet et
an Earth-like planet in the habitable zone around a sun-likgl 2012), SIM (Unwin et al ’2008) Theia (The Theia
star at 10 pc requires a precision of uas. Collaboration et al. 2017), TOLIMAN (Tuthill et al. 2018)
Finding nearby Earth-like planets is crucial to under-and MASS (Shao 2019), whose precisions were designed
standing the uniqueness of our solar system. Several Eartte reach sub-microarcsecond level. Simulations made by
like planets have already been detected by RV (Proxima kinwin et al. (2008) demonstrated that 61% of all terrestri-



35-2 Z.-Y. Yu et al.: Astrometry Detect Planets in Nearby Systems

al planets within 30 pc could be detected by SIM, showingng on systems with known planets has a higher chance of
that detecting Earth-like planets in the solar neighbochooyielding better results, which makes selecting targetsfro
using astrometry is feasible. the NASA Exoplanet Archivea reasonable choice.

The main scientific goal of a newly proposed space- We first rule out active stars in the exoplanet
based astrometry telescope, HEPS (Habitable ExoPlanedschive because stellar activities significantly increase
Survey), whose former name is STEP (Searching foobservational noise, which hampers high precision as-
Terrestrial Exo-Planet Satellite) (Chen et al. 2013), is tarometric measurements. Therefore, stars not satisfying
find habitable Earth-like planets in the solar neighborhoodlog,, Ruk < —4.35 are excluded. Then, we exclude the
This spacecraft is designed to operate for a 5-year missioninary systems with P-type planets because astrometry sig-
time on a halo orbit at the L2 point of the Sun and Earth.nals of the companion stars are very large and they make it
With a 1.5-meter telescope steadily pointing to individualdifficult to correctly reveal the planet’s signals.
targets of careful selection, HEPS is able to achieve an as- |n the first paper of this series, one of the most impor-
trometry precision as high as @8s for stars brighter than tant factors influencing the detection probabilities of the
V- magnitude of 8. Unlike the observation mode of Gaiaplanets is the SNR of the planetary astrometric signals (Yu
HEPS only monitors specific targets. Its preliminary ob-et al. 2019), in which case a planet is detectable when the
servation plan is to observe 200 targets with a cadence @NR of its maximum astrometric signal is larger than 3. To
0.1 year during its mission time. An efficient target list is calculate the SNR of a planet, the first step is to calculate
therefore very important for HEPS to yield fruitful results the maximum astrometric signal of the planétwhich is

Previous works on selecting targets for astrometryin the form of
missions mainly focus on calculating the signal-to-noise
ratio (SNR) of the astrometry signals induced by Earth-like , _ ( M, ) ( ap ) ( M )1 (i)l o
planets in each system (Malbet et al. 2012). 1Mg 1AU/ \1Mg 1pc ’

In this work, we adopt a more comprehensive method, )
where we fit the orbital elements of the planets in the HZVhere; is the mass of the stai/., is the mass of the
of each system using simulated astrometry data, and selee4™ M, is the mass of the planet/q, is the mass of the
t our targets based on the fitting quality of the Earth-likeEarth.a, is the semi-major axis of the planet, aid the
planets. distance of the target. The blue curve in the left panel of

The Kepler Space telescope finds that multi-plane{:igure 1 shovv.s. the calculated signal of a plgnetyvith amass
systems are common based on existing data, and sta§ 10 Me, orbiting a star of M/, at 1 AU, with differen-
known to harbor planets have a high chance to have ur-distances from the solar system. Based on Equation (1),
detected planets. Therefore, we focus on systems listed #{en the distance is 30 pc, the maximum astrometric sig-
the NASA exoplanet archive and obtain their distance anf@l caused by the 1U, planet is luas, which is just
proper motions from Gaia DR2 (Gaia Collaboration et a|_a.bove the detection threshold considering the b.est preci-
2018), which is a step forward from the first paper of thisSion of HEPS (0.3as). Therefore, we only select inactive

series, where only artificial data is used (Yu et al. 2019). Planet hosts within 30 pc from the solar system in the ex-
We aim to make a list of target stars within 30 pc for OPlanet archive, based on the distance data of Gaia DR2.

the HEPS mission, and rank these targets based on therelected systems will also benefit from high-precision as-
detection probability Pir). trometric measurements in terms of refining the parameters

This paper is arranged as follows. In Section 2 we disOf known planets, which will lead to a better characteriza-

cuss the standards of the chosen planetary systems and hign Of these systems.

we simulate and fit the planetary parameters. Section 3 N total, 144 planetary systems meet the above crite-
presents our fitting results and the target list, and discuséi@: four of which are discarded since they lack informa-
es the requirements of the HEPS mission. We discuss odien of either mass or effective temperature. Finally, 140

results and conclude in Section 4. systems with measured planet masses are selected for fur-
ther study. All of the information of selected stars, includ
2 SAMPLE SELECTION AND ASTROMETRY ing their masses, proper motions and distances, is listed in
SIMULATION Table 1. Note that after checking the binarity of stars in
our sample, we find the minimum period of these binaries
2.1 Sample Selection is over 70 years, which is much longer than the mission.

The astrometry signal due to very long period stellar com-

As mentioned in Section 1, Earth-like planets are morgyanions can be fitted linearly, which is degenerate with the
likely to be found in systems that are already known to

harbor planets. Given the operation mode of HEPS, focus- ! https://exopl anet ar chi ve. i pac. cal t ech. edu/
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Fig.1 The left panel of the figure is the distribution of themagnitude of the 140 selected host stars of detected plésesSect. 2).
The black dashed line representd” = 8.0, where the assumed astrometric precision ji@4. Nearly 53.9% of the stars are brighter
thanV” = 8.0. Thered dotsin the right panel represent astrometric signals of all #tected planets around the planet hosts, according
to Eq. (1). Theblue line represents the astrometric signal of a 10 Earth-mass pdaieAU around a solar-mass star from 1 pc to 30 pc
away.
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Fig.2 Thex axis represents the planets’ period andgheis is the mass of the host star. Tited andblue dots show the inner and
outer boundary of HZ, respectively. We also plot three tgpptanetary systems: Proxima Centauri, GJ 3293 and ep3 tigiorange
circleis the mass of the host star. Therple circles represent the position of the planets already found in tkeegy. We can see that
the Proxima Centauri has one planet in the habitable zon82@3 has two planets in the habitable zone and two planetsnvilie
inner boundary, while eps Eri has one planet beyond thediabizone.

stellar proper motion, while the signal due to stellar com-whereo is the standard deviation which is the larger val-
panions with shorter period can be corrected based on thee of the bracketed, and is the V-band magnitude of
precision of binary orbital parameters. In our simulation,the targets. The best precision is only reached when the s-
we assume that all of the astrometry signals that are due tars are brighter than a magnitude of 5.3%irband. Note
the companions are ignored, but we marked all these plan#tat this equation represents the noise of one measure-
hosts with* in Table 1. ments of the target after multi-exposure. The right panel
Based on the initial design of HEPS, the precisionof Figure 1 shows the histogram for all selected host stars
of the astrometric measurements is related toltlleand  based on theii’-band magnitudes. For about 53% of the
magnitude of the host stars, which can be expressed as stars, HEPS is able to achieve a precision better thas]
since they are brighter thai = 8, whereas almost 17%
o= max[10$ ,0.3] pas, (2) of the stars are brighter than = 5.39, for whom HEPS is
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Table1 Parameters of the Host Stars and the Detection Possibitifitne Earth-like Habitable Planets

Star Mass Tetr  fla s d \% o ihz  ohz N N P Pripa

Name M) (K)  (masyr™') (masyr™!) (pc) (mag) {tas) (AU) (AU) “urm TThabl Thebi Tpo B k10 Prao Prso Pps
HN Peg 1.1 5974.0 231.1 -113.1 18.13 5.95 0.389 1.137 1.995 1 01.0 0.88 1.0 1.0 1.0 0.98
HD 192310 0.8 5166.0 1242.5 -181.0 8.8 573 0.352 0.63 1.132 2 O 0.41151.0 1.0 1.0 1.0 0.98
HR 810 1.34 6167.0 333.8 219.5 17.33 5.41 0.303 1.667 2.913 1 00.299 0.14 0.98 1.0 1.0 1.0
HD 219134 0.81 4699.0 2074.5 294.9 6.53 5.57 0.327 0.66 1&09 0 1.0 0.809 0.98 1.0 0.991 0.98
tau Cet 0.78 5344.0 -1729.7 855.5 3.6 35 0.3 0.593 1.06 4 0 729.8.787 0.96 1.0 0.983 0.959
61 Vir 0.94 5577.0 -1070.8 -1063.0 851 474 0.3 0.85 1.507 3 0 0.969 0.553 0.96 0.966 0.991 1.0
HD 19994° 1.36 6188.0 193.2 —69.3 22.54 5.06 0.3 1.715 2.996 1 0 0.0965 (0.96 0.967 1.0 1.0
eps Eri 0.83 5084.0 -975.4 20.3 32 382 03 068112281 0 608.6.82 0.94 0.933 1.0 0.98
HD 3651 0.88 5221.0 —462.1 -369.8 11.14 5.86 0.373 0.76 1164 0 0.96250.8 0.9 09 095 0.92
GJ 86 0.93 5182.0 2124.9 638.1 10.79 6.12 0.421 0.85 1528 1 0 0.8 09 0.867 0.9 0.92
51 Peg 1.12 5793.0 207.4 62.1 15.47 5.5 0.316 1.191 2.1 1 0 69.096 0.9 0.833 0.967 0.94
HD 26965 0.78 5072.0 —2240.5 —-3421.4 5.04 443 0.3 0.60151D08 0 0.994 0.76 0.84 0.967 0.975 0.94
tau Bod" 1.34 6400.0 -467.9 64.7 15.66 4.5 0.3 1.644 286 1 0 1.00.32 0.84 0.667 0.8 0.72
HD 177565 1.0 5778.0 -187.6 -367.0 16.93 6.16 0.429 0.957616 0 0.995 052 0.8 0.867 0.8 0.7
GJ 504 1.22 6234.0 -336.7 190.6 1754 5.22 0.3 1.376 2.402 1 0 9919 0.1 08 0.833 0.917 0.92
HD 102365 0.85 5630.0 —1530.6 402.9 9.29 491 0.3 0.693 1r27 0 0.95250.88 0.78 1.0 0.975 09
psilDraB 1.19 6212.0 33.8 —-275.9 22.73 5.699 0.347 1.318922 0 0.4465 0.1 0.76 0.967 0.957 0.898
HD 217107 1.0 5622.0 -7.1 -14.8 20.07 6.16 0.429 0.959 1.699 2 0 0.703 0.1460.68 0.9 0.915 0.898
HD 1461 1.02 5765.0 417.9 -143.8 23.47 6.47 0.494 099 1.746 2 O 0.994 0.277 0.66 0.862 0.914 0.816
HD 69830 0.86 5385.0 278.8 -988.3 12.56 6.0 0.398 0.719 1283 0 0.611 0.1910.66 0.828 0.948 0.735
HD 190360° 0.99 5552.0 683.3 -525.7 16.01 5.73 0.352 0.944 1.676 2 0 90.66104 0.64 0.833 0.974 0.878
rho CrB 0.89 5627.0 -198.5 —772.4 17.48 5.41 0.303 0.76 12845 0 0.91450.354 0.62 0.967 0.949 0.653
HD 179949 1.21 6168.0 118.6 -102.2 27.48 6.25 0.447 1.359528 0 0.998 0.24 0.6 0.8 0.846 0.633
HD 16417 1.2 5936.0 -18.5 —-258.9 25.41 578 0.36 1.356 2.381 1 0 0.996 0.1 0.6 0.667 0.889 0.755
GJ 687 0.45 3340.0 -320.6 -1269.5 455 9.15 1.698 0.21 041110 0.6355 0.3 0.56 05 085 054
HD 75289 1.29 6117.0 -20.5 —227.9 29.14 6.35 0.468 1.55 2.711 1 0 0.9906 0.54 0.633 0.838 0.694
HD 42618 1.01 5727.0 197.3 —-254.8 24.35 6.839 0.586 0.97381T 0 0.97950.22 0.48 0.667 0.718 0.449
GJ 832 0.45 3472.0 -45.8 -816.6 497 8.66 1.355 0.21 0.408 2 0 .82600.25 0.46 0.767 0.923 0.592
HD 4308 0.93 5686.0 157.5 —741.6 22.03 6.56 0.515 0.827 1u61 0 0.998 0.26 0.46 0.733 0.769 0.633
55 Cn¢ 0.91 5196.0 -485.9 -233.7 1259 596 0.391 0.814 1.461 5 0 580.4.021 0.44 0.786 0.851 0.898
alf Ari 1.5 4553.0 190.73 —145.77 20.21 2.0 0.3 2275 4196 1 0 0.5595 0.0 044 0.6 088 1.0
HD 114613 1.27 5641.0 -381.6 46.1 20.29 485 0.3 1546 2.736 1 0 0.905 0.0 042 0.567 0.588 0.98
Fomalhaut 1.92 8590.0 329.22 -164.22 7.7 1.16 0.3 3.23265157 0 1.0 0.08 04 0.467 0.658 0.429
HD 154345 0.71 5468.0 123.2 853.7 18.29 6.76 0.565 0.48880186 0 0.941 0.28 0.36 0.567 0.899 0.49
HD 134987 1.1 5736.0 —400.3 -75.2 26.2 6.45 0.49 1.153 2.036 2 O 0.068 0.0 0.34 0.448 0.724 0.837
HD 87883 0.66 4915.0 -64.6 —-61.6 18.3 7.55 0.813 0.434 0.788 1 0 0.852 0.18 0.32 0.4 0.723 0.286
HD 7924 0.65 5131.0 -34.6 -32.7 17.0 7.185 0.687 0.416 0.75 3 0 0.9915 0.17 0.28 0.464 0.871 0.469
HD 164922 0.76 5372.0 389.7 —-602.3 22.02 6.99 0.628 0.56R31D 0 0.882 0.1490.26 0.621 0.793 0.408
HD 90156 0.84 5599.0 -39.1 99.1 21.96 6.92 0.608 0.678 1.201 1 0 0.992 0.14 0.24 0.533 0.769 0.469
HD 150706 1.17 5961.0 94.9 -87.0 28.29 7.02 0.637 1.287 2P59 0 0.7255 0.02 0.22 0.4 0.667 0.571
HD 189733 0.79 5052.0 -3.3 -250.2 19.78 7.67 0.859 0.618 1.115 1 0 1.0 06 00.18 0.367 0.773 0.449
HD 164595 0.99 5790.0 -139.1 1735 28.28 7.1 0.661 0.9311164 0 0.9965 0.04 0.18 0.367 0.701 0.286
HD 97658 0.89 5175.0 -107.5 48.7 21.58 7.71 0.875 0.779 1.4 1 010 0.1 0.16 0.533 0.761 0.469
HD 147379 0.6 4156.0 —498.0 84.1 10.77 8.896 1.511 0.368 0.693 1 0 5.4808 0.16 0.467 0.792 0.24
HD 62509 2.1 4946.0 —625.69 —45.95 10.34 1.14 0.3 4.311 7819 0 0.887 0.0 0.14 0.133.248 0.735
HD 104067 0.62 4937.0 141.9 —-423.9 20.38 7.93 0.968 0.3894056 0 0.7075 0.02 0.12 0.260.538 0.245
HD 192263 0.66 4976.0 -62.7 261.0 19.65 7.79 0.908 0.43340178 0 0.906 0.04 0.08 0.3 0.647 0.184
HD 70642 0.96 5665.0 —202.0 224.8 29.3 7.18 0.685 0.882 156 1 0 0.3135 0.0 0.08 0.433.667 0.224
HD 82943 1.2 6016.0 1.5 -174.7 27.61 6.53 0.508 1.349 2.365 2 00.0 0.0 0.0 0.0 0.0 0.0
HD 215152 0.77 4935.0 -154.1 —-289.7 21.61 8.11 1.052 0.597114 0 0.9925 0.021 0.06 0.170.579 0.245
GJ 674 0.35 3600.0 572.6 -880.3 455 9.37 1.879 0.148 0.287 1 00.993 0.08 0.06 0.5 0.725 0.3
GJ 849 0.65 3241.0 11325 -22.1 8.8 10.37 2.979 0.439 0.863 1 00.7645 0.04 0.04 0.0670.417 0.16
HD 176986 0.79 4931.0 -126.9 -235.9 27.81 8.42 1.213 0.622712 0 0.994 0.0 0.04 0.069.319 0.041
GJ 536 0.52 3685.0 -825.4 598.1 10.41 9.72 2.208 0.279 0.538 1 0 0.997 0.02 0.04 0.1 0.233 0.08
GJ 96 0.6 3785.0 215.926 41.087 11.94 9.345 1.858 0.371 01711 0 0.7285 0.04 0.04 0.2 0467 0.24
GJ 433 0.59 3461.0 -70.8 —-850.7 9.07 9.806 2.297 0.361 0.702 1 0 0.9955 0.04 0.04 0.333 0.508 0.12
HD 113538 0.58 4462.0 —786.0 —795.6 16.29 9.057 1.627 0.363202 0 0.784 0.021 0.04 0.138.35 0.061
HD 99492 0.48 4815.0 —728.3 188.5 18.21 7.58 0.824 0.231 0.42 1 0 0.9 @0.04 0.233 0.504 0.163
HD 46375 0.92 5285.0 111.5 -96.9 29.58 7.912 0.96 0.828 1482 0 0.9975 0.02 0.04 0.16D.436 0.224
GJ 625 0.3 3499.0 432.1 -171.7 6.47 10.1 2.63 0.124 0.242 1 0 9780.0.0 0.02 0.1330.258 0.04
GJ 581 0.31 3480.0 -1221.5 -97.1 6.3 10.56 3.251 0.129 0.251 3 0 0.9775 0.0 0.02 0.103.31 0.0
Wolf 1061 0.29 3342.0 -94.0 -1183.8 4.31 10.03 2.547 0.123%0.2 0 0.859 0.0 0.02 0.345 0.741 0.0
GJ667C 0.33 3350.0 1131.6 -215.5 7.25 10.22 2.78 0.139 6272 2 — 0.0 0.02 0.036 0.132 0.041
GJ 328 0.69 3900.0 44.7 -1046.0 20.54 9.97 2.477 0.49 0.933 1 00.825 0.0 0.02 0.0 0.043 0.02
GJ 649 0.54 3700.0 -115.5 -507.9 10.38 9.69 2.178 0.301 01579 0 0.788 0.04 0.02 0.2 0358 0.1
HD 156668 0.77 4850.0 -72.6 216.8 24.35 8.42 1.213 0.59281107 0 0.996 0.0 0.02 0.267 0.308 0.041

Ross 458 0.49 3621.0 —632.2 -36.0 11.51 9.72 2.208 0.248 (147 0 0.7825 0.02 0.02 0.138.275 0.0
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Table1 Continued.

35-5

Star Mass Tese s s d 1% o ihz  ohz N N P Pyps

Name M) () (masyr™!) (masyr™') (pc) (mag) (ras) (AU) (AU) v et Thebi B B s /F10 Pr2o Prso Pps
GJ 1148 0.35 3264.0 -575.7 -90.0 11.02 11.92 6.081 0.1498 0229 1 — 0.146 0.02 0.067 0.034 0.041
HD 93083 0.7 4995.0 -92.7 -152.2 28.54 8.3 1.148 0.486 0.88 1 00.017 0.0 0.02 0.067 0.308 0.122
BD-06 1339 0.7 43240 -1.0 -346.7 20.28 9.7 2.188 0.499 0331 0 0.3835 0.0 0.02 0.0 0.188 0.061
GJ 3942 0.63 3867.0 203.9 62.0 16.94 10.25 2.818 0.409 0.78 1 00.9945 0.0 0.0 0.033 0.067 0.0
Ross 128 0.17 3192.0 607.7 -1223.3 3.37 11.15 4.266 0.06%8 011 0 0.803 0.0 0.0 0.060.408 0.0
Kapteyn 0.28 3550.0 6491.5 -5709.2 3.93 8.845 1.476 0.122301 0 0.753 0.0 0.0 0.467 0.825 0.0
HD 285968 0.45 3679.0 656.4 -1116.5 9.47 10.038 2.556 0.200301 0 0.994 0.02 0.0 0.060.25 0.02
GJ 436 0.47 3318.0 895.0 -814.0 9.76 10.67 3.42 0.229 0.449 1 01.0 0.0 0.0 0.033 0.133 0.02
HD 85512 0.43 4300.0 461.4 —-472.0 11.28 7.67 0.859 0.1892015 1 — 0.0 0.0 0.0 0.042 0.0
GJ 273 0.29 3382.0 57251 —-3693.51 3.8 9.872 2.368 0.12 (234 0 0.852 0.0 0.0 0.379 0.802 0.061
HIP 57274 0.29 4510.0 -27.1 -381.7 25.88 8.98 1.57 0.1176021 1 — 0.0 0.0 0.036 0.0 0.0
HD 181433 0.63 4918.0 -230.9 235.8 269 8.4 1.202 0.395 0318 O 0.801 0.0 0.0 0.036 0.207 0.041
GJ 9827 0.61 4269.0 376.0 216.1 29.69 10.25 2.818 0.38 0.71 3 01.0 0.0 0.0 0.0 0.009 0.0
YZ Cet 0.13 3056.0 1208.53 640.73 3.6 12.074 6.528 0.0485039 0 0.9845 0.0 0.0 0.0 0.121 0.0
GJ 876 0.32 3129.0 958.0 —673.6 4.68 10.191 2.743 0.135 4266 1 — 0.0 0.0 0.0 0466 0.0
HD 102195 0.76 5301.0 -188.7 -113.4 29.36 8.062 1.029 0.562 11 0 0.988 0.0 0.0 0.06.274 0.061
51 Eri 1.75 7331.0 444 —-63.8 29.78 5.23 0.3 2.676 4.614 1 0 746.80.0 0.0 0.0 0.0340.286
GJ 3779 0.27 3324.0 -615.951 —865.128 13.75 12.96 9.817 ®M1A16 1 0 0.994 0.0 0.0 0.0 0.0 0.0
gam Cefl 1.4 4800.0 -63.0 1715 13.54 3.21 0.3 1.962 3.581 1 1 — 0.0 0.0 0.0 0.0 0.0
GJ 179 0.36 3370.0 153.4 -306.1 12.36 12.0 6.31 0.154 0.3 1 0 9109.0.0 0.0 0.0 0.0 0.0
GJ 1214 0.15 3026.0 580.4 —749.6 14.65 15.1 26.303 0.05620111 0 1.0 0.0 0.0 0.0 0.0 0.0
WD 0806-661 0.62 10205.0 335.5 —-288.9 19.26 13.71 13.8682 0928 1 0 0.8465 0.0 0.0 0.0 0.0 0.0
GJ 1265 0.18 3236.0 856.89 —-306.305 10.26 13.57 13.002 000B3%6 1 0 0.9815 0.0 0.0 0.0 0.0 0.0
HD 147513 1.11 5883.0 74.1 3.7 12.91 5.39 0.301 1.164 2.047 1 1— 0.0 0.0 0.0 0.0 0.0
TRAPPIST-1 0.08 2559.0 930.9 —-479.4 12.43 18.8 144.544800P256 7 3 — 0.0 0.0 0.0 0.0 0.0
bet Pic 1.76 8052.0 2.5 82.6 19.75 3.85 0.3 2.674 4.604 1 0 0.0.0 00.0 0.0 0.0 0.0
GJ 1132 0.18 3270.0 -1054.0 414.3 12.62 13.49 12531 0.06%6 Q2 0 0.8845 0.0 0.0 0.0 0.0 0.0
GJ 317 0.42 3510.0 -461.2 805.6 15.2 11.97 6.223 0.183 0.356 20 0.13 0.0 0.0 0.0 0.0 0.0
HD 128311 0.83 4965.0 204.4 —-250.4 16.34 7.51 0.798 0.688112 1 — 0.0 0.0 0.0 0.0 0.0
GJ 3998 0.5 3722.0 -137.3 -347.3 18.16 10.83 3.681 0.258 249 0 0.9945 0.0 0.0 0.0 0.0 0.0
HD 114783 0.85 5135.0 -138.4 10.2 21.08 7.55 0.813 0.7122128 1 — 0.0 0.0 0.0 0.0 0.0
ups And 1.3 6213.0 -172.2 -382.9 13.41 4.1 0.3 1.564 2.732 3 1 — 0.00 O. 0.0 0.0 0.0
GJ 163 0.4 3500.0 1046.1 584.1 15.14 11.81 5.781 0.173 0.336 30 0.881 0.0 0.0 0.0 0.0 0.0
HD 20794 0.7 5401.0 3033.7 730.8 6.0 4.27 0.3 0.476 0.849 4 1 —0.0 0.0 0.0 0.0 0.0
HD 160691 1.08 5807.0 -15.3 -190.9 15.61 5.15 0.3 1.107 195 41 — 0.0 0.0 0.0 0.0 0.0
GJ 676 A 0.73 3734.0 -257.9 -184.5 16.03 9.58 2.07 0.55 1.056 4 0 0.00 0.0 0.0 0.0 0.0
GJ 3293 0.42 3466.0 -81.4 —-485.5 20.2 11.962 6.2 0.183 0.357 41 — 0.0 0.0 0.0 0.009 0.0
HD 40307 0.77 4956.0 -52.4 —60.2 12.94 7.17 0.682 0.589 1069 1 — 0.0 0.0 0.0 0.0 0.0
LHS 1140 0.18 3216.0 317.6 -596.6 14.99 14.18 17.219 0.068702 1 — 0.0 0.0 0.0 0.0 0.0
GJ 3323 0.16 3159.0 -551.7 -533.9 5.38 12.22 6.982 0.061 @12 0 0.3125 0.0 0.0 0.0 0.026 0.0
GJ 3634 0.45 3313.0 -566.9 -91.4 20.39 11.93 6.109 0.21 01412 O 1.0 0.0 0.0 0.0 0.0 0.0
HD 128356 0.65 4875.0 -19.3 -137.9 26.03 8.29 1.143 0.4287017 0 0.0 0.0 0.0 0.0 0.0 0.0
HD 210277 1.01 5538.0 855 —-450.5 21.31 14.4 19.055 0.9846117 1 — 0.0 0.0 0.0 0.0 0.0
16 Cyg B 1.08 5750.0 -134.8 -162.5 21.15 6.25 0.447 1.111 1196 1 — 0.0 0.0 0.0 0.0 0.0
GJ 3341 0.47 3526.0 494.2 249.8 23.64 12.08 6.546 0.229 01444 O 0.9955 0.0 0.0 0.0 0.0 0.0
HIP 12961 0.69 3901.0 294.9 141.0 23.39 10.24 2.805 0.49 3013 0 0.856 0.0 0.0 0.0 0.017 0.0
HIP 70849 0.63 4105.0 -44.0 -201.8 24.07 10.36 2.965 0.407 0.767 1 0 026.1D.0 0.0 0.067 0.026 0.0
GJ 3470 0.51 3652.0 -185.7 -57.3 29.45 12.33 7.345 0.26980151 0 1.0 0.0 0.0 0.0 0.0 0.0
BD-114672 0.57 4475.0 -288.6 -235.6 27.19 9.99 2.5 0.329 06 0 0.927 0.0 0.0 0.0 0.009 0.0
HD 114386 0.6 4836.0 -137.1 -324.9 27.95 8.73 1.4 0.36 0.656 10 0.6655 0.0 0.0 0.033 0.085 0.0
HD 125595 0.29 4691.0 -561.6 —68.5 28.22 9.03 1.607 0.116301R 0 0.8855 0.0 0.0 0.0 0.068 0.0
HD 204941 0.58 5026.0 -279.1 -124.2 28.74 8.45 1.23 0.338306 0 0.9725 0.0 0.0 0.067 0.077 0.02
HD 218566 0.76 4730.0 631.5 -97.2 28.85 8.628 1.335 0.58 1106 1 — 0.0 0.0 0.0 0.0 0.0
Proxima Cen 0.12 3050.0 -3775.64 768.16 1.29 11.11 4.188 44000087 1 1 — 0.0 0.0 0.0 0.0 0.0
HSV 1 256 0.07 2620.0 -277.0 -189.0 12.7 17.759 89.495 0.024801 0 0.0 0.0 0.0 0.0 0.0 0.0
alf Tau 1.13 4055.0 62.78 -189.36 20.43 0.85 0.3 1.31 24751 1 — 0.0 0.0 0.0 0.0 0.0
K2-129 0.36 3459.09 51.4 -312.1 27.82 13.63 13.366 0.159902 0 1.0 0.0 0.0 0.0 0.0 0.0
70 Vir 1.09 5495.0 -235.6 -576.3 1791 497 0.3 1.148 2.042 1 0 0.0 0.0 0.0 0.0 0.0 0.0
HD 39091 1.09 6037.0 311.2 1048.8 18.28 5.67 0.342 1.11281D4 0 0.0 0.0 0.0 0.0 0.0 0.0
HD 10647 1.11 6218.0 165.8 -105.5 17.34 5,52 0.319 1.14 1891 O 0.0 0.0 0.0 0.0 0.0 0.0
HD 27442 1.23 4846.0 -48.3 -167.8 18.28 4.44 0.3 1.512 2.753 1 0 0.0 0000 0.0 0.0 0.0
HD 219077 1.05 5362.0 478.2 —424.1 29.21 6.12 0.421 1.074710© 0 0.0 0.0 0.0 0.0 0.0 0.0
HD 33564 1.25 6250.0 -78.4 162.1 20.97 5.08 0.3 1.443 2518 1 00.0 0.0 0.0 0.0 0.0 0.0
GJ 3021 0.9 5540.0 433.9 -56.3 17.56 6.59 0.522 0.781 1.386 1 0 0.0 0000 0.0 0.0 0.0
14 Her 0.9 5338.0 132.0 —-296.5 17.94 6.61 0.527 0.79 1412 1 0 .0 00.0 0.0 0.0 0.0 0.0
HD 30562 1.12 5882.0 311.4 —249.1 26.18 5.78 0.36 1.185 2084 O 0.0 0.0 0.0 0.0 0.0 0.0
HD 60532 1.5 6245.0 -39.8 46.5 25.99 444 0.3 2.079 3.628 2 0 0 0.00 0.0 0.0 0.0 0.0
HD 216437 1.06 5887.0 -435 73.0 26.71 6.05 0.407 1.061 1B66 O 0.0 0.0 0.0 0.0 0.0 0.0
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Table 1 Continued.

Star Mass Tetf  fha s d % o ihz  ohz N N P Pyps

Name M) (K)  (masyr™') (masyr™!) (pc) (mag) {as) (AU) (AU) ~ " Thabt Thebi B B k10 Prao Prso Pps
HD 142* 1.23 6245.0 575.0 —40.7 26.21 5.7 0.347 1.398 2.439 2 0 0.0 0.0 0.0 0.0 0.0
47 UMa 1.03 5892.0 -317.6 55.0 13.8 5.05 0.3 1.002 1.761 3 0 0.0.0 0.0 0.0 0.0 0.0
7 CMa 1.52 4792.0 62.0 -72.8 19.82 3.92 0.3 2.314 4.224 1 0 0.0.0 @0 0.0 0.0 0.0
HD 111232 0.84 5512.0 27.3 112.4 28.98 7.59 0.828 0.681 1211 O 0.0 0.0 0.0 0.0 0.0 0.0
HIP 79431 0.42 3368.0 35.7 -214.0 14.54 11.34 4.656 0.18390B 0 0.0 0.0 0.0 0.0 0.0 0.0

able to achieve the highest precision of Q3. We list the the stability of the injected systems. We briefly describe
estimates of precision of astrometric measurements of ewsur method here.
ery stars in our sample, as well as thEiband magnitude

Most of the detected planets in our sample are ei-
in Table 1.

ther discovered by RV or have RV follow-up observations,
which only gives the minimum mass of any detected plan-
2.2 Injecting Earth-like Planetsin HZ et because of the mass-inclination degeneracy, which is in
the form of Mgy = M, sin i, whereMgy is the measured
One of the scientific goals of HEPS is to find HES aroundmass from RV observations ands the inclination of the
other stars. However, most of the selected systems in oglanet. Assuming that all of the planets in our sample are of
sample lack planets in their HZs. To check whether an HEplanetary mass and a strong coplanarity, the lower limit of
is detectable by HEPS, we first need to calculate the HZ aihclination is therefore constrained by the largest minmimu
each system before injecting an HE to the system. mass of the system. However, the upper limit of the mass
The habitable region around each star varies based ¢if a planet, which is also the lower limit of the mass of a
the stellar parameters. We calculate the HZ around each brown dwarf is still debatable. In our work, we adopt the
tar using the method described in Kopparapu et al. (2013)nass of the imaging planet HR 2562 b (Konopacky et al.
where stellar spectral energy and planetary atmosphe@916), 20.3Wjupiter, @s the upper limit. The planet mass-
mode are both considered. The Runaway Greenhouss used in stability tests are then generated by combining
Effect and the Moist Greenhouse Effect are selected in olthe minimum masses with a uniform distribution of incli-
work to calculate the inner boundary and the outer boundrations in the range dfircsin 555/~~——, 90]°. For sev-
ary of the HZs, respectively (for more details, we refer theeral planets with masses measured using other techniques,
readers to eq. 2 and table 3 in Kopparapu et al. 2013). Thguch as transit timing variations or direct imaging, plan-
stellar luminosity data is not complete for the stars in ouret masses are directly adopted from the NASA Exoplanet
sample, we therefore use the empirical mass-luminosity reArchive. The eccentricities,, the longitudes of ascending
lation to calculate them. The location of the inner bound-hode,(2, and the arguments of periapsis, of the planets
ary and the outer boundary of the HZ of each star is listin our sample, if available, are directly adopted from the
ed in Table 1. We note that the HZ mode in KopparapuExoplanet Archive; if not, then they are set as O or ran-
et al. (2013) is for main-sequence stars Witk between domly chosen from a uniform distribution betwe@&hand
2600 K and 7200 K, in which case six of the stars in our360°, respectively.

sample exceed this range, which may lead to slightly inac- A 10 Mg, planet is then injected to the HZ of such sys-
curate HZ ranges. tems. The probability of such a system being stablgy,,
The range of HZ is also affected by whether or not itis defined in the form of
is of a binary system (Eggl et al. 2012; Haghighipour &
Kaltenegger 2013). All of the binary systems in our sam-
ple are of large separations, which makes the flux from the
companion stars negligible. The influence from the com-
panion stars to the HZs of the planet-harboring stars invhereNg;,, is the number of simulations amd,; ;. is the
binary systems is therefore not taken into consideratiomumber of stable systemB,,,;, is calculated by computing
Figure 2 shows the HZs of the selected 140 planetary syshe mutual Hill Radius for 100 times, where the system is
tems, sorted by stellar mass in ascending order. Three staronsidered to be stable when the planet separation is larger
Proxima Centauri, GJ 3293 and eps Eri, are labeled to shotihan 10 times their mutual Hill Radius (Chambers et al.
both their HZs and the locations of the detected planets. 1996).

For systems without known planets in their HZs, we  The probabilities of different systems with stable in-
randomly inject an HE in each system. Before carrying oujected HEs are listed in Table 1. We note ti¥at;, for sys-
further astrometric simulations, it is necessary to ensuréems with known planets in their HZs is always

Phab = Nstable/Nsim7 (3)
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2.3 Astrometry Simulation the Monte Carlo method is also applied to disturb the ini-

o ) tial parameters to avoid falling into local minimum. Planet
The astrometric signals of the motions of the host stars ofyjanet interaction is also neglected during the fitting pro-
the planetary systems on the celestial sphere include thgss pecause the time span of the simulated data is very
proper motions, the annual parallaxes, the annual aberrgp ot (less than 8 years), in which case the orbital elements
tions, and the gravitational tug caused the orbital motions, ¢ nearly unchanged. We refer the readers to Yu et al.
of the planets. The right ascensien,and declinationy,  (2019) for more information on the 4-step fitting process,
of & host star can be expressed as: with the only difference being Step 2, where precisely-
measured periods are used as the initial values and a 5%
. . ) interval is applied when fitted. This modification is to avoid
+ (paps tand — pemVi) t the under-sampling problem, where the periods of close-in
+ 7 (—ycosa + xsina)secd (4) planets can be hardly fitted if the cadence of HEPS is larg-
er than half of the period. Other parameters, such asd
w, have large measurement uncertainties, therefore we fit
these parameters with no constraint.
8 =00 + pst — (1%2 sind cosd + MMTVr) +2 To demonstrate the .impact of the under-sampling
2 problem, we use the Proxima Centauri (hereafter PC) sys-
+ 7 (zcosasind 4+ ysinacosd — zcosd)  (5)  tem as an example, where the host star is only 07212
1 ) o ) ] and the surface temperature is only 3050 K. PC b has a
e (# cosasind + ysinasing — Zcos9). semi-major axis of 0.0485 AU (11.262 days), which is well
. - within the range of the HZ of PC, which is from 0.0436 AU
In Equations (4) and (5)yp andd, are the initial po- X .
. qﬁ “) o N 0 P (9.599 days) to 0.0865 AU (26.82 days). The minimum
sitions ¢ = 0) of the host star, and}, and s are the stel- :
. L mass of PC b we adopt here is 12/%, and the real mass
lar proper motions along the directions of RA and DEC,. S -
. . . is related to the inclination of the planet. Here the inclina
respectively. The third terms are the accelerations of the

. . tion is set as7.7249°, which leads to the mass of PC b
stellar proper motions, which are related to the stellar par

allaxes,r, and the radial velocitied/.. The fourth and the 9.45M¢.We set the duration of the observation o be 5

fifth terms are the stellar annual parallaxes and the annuif 2> (year= 5). Simulation 1 contains the results of 50

. . . measurements with even cadence per yeat §0), and
aberrations, respectively, which can be calculated assuné-_ ) .
. . L imulation 2 contains the results of 100 measuremeats (f
ing the accurate positior(s;, y, z) and velocitieq, g, 2)

of the spacecraft are known at any observing time. 100) under the same conditions. During the fitting process,

Our mode can be simplified without losing significantthe initial period of the planet is set as 0.0308 yr and is not

. : . . constrained. The values of the simulated planetary orbital
accuracy, in which case we omit the accelerations of the - . .
. elements and our fitting results of Simulation 1 and 2 are
proper motions, the parameters of annual parallax and the : . o
. . L Isted in Table 2. The periodograms of the directionsxof

annual aberration. The motions along the directions of RA

and DEC can be projected onto-Y plane, which can be andY in Slmulatlpn land?2are plotted |n.the right panels
expressed as: of Figure 3 and Figure 4, respectively, while the left panels

of Figure 3 and Figure 4 show the phase-folded data. In
X = Xo + Vit — to) + P/d + 65 + oy, (6) Simulation 1, it is almost impossible to re_trieve the period
of PC b because the sampling cadence is larger than half
Y =Yy + Vit —to) + Py/d + 6, + oy, (7)  ofits period,~ 0.0154 yr. In Simulation 2, however, the
o N cadence is smaller than 0.0154 yr, making the retrieved
whereX, andY) are the initial positions of the stdr, and  parameters much more accurate than those of Simulation

Vy are the proper motions of the stafsjs the initial time, 1 especially the values of mass and period.
Py and P, are the parameters of the annual parallaggs,

andJ, are the motions caused by the planets, which is caI3 DETECTION PROBABILITY OF THE PLANETS
culated using the RKF78 method (Fehlberg E. 1968), and INHZ

ox andoy, are the random white noise added to resemble

the real observing data according to Equation (2). 3.1 Simulation Results of the Selected Sample

ap =ap + pnt

1
— — (¢ cosasind — ycosasecd),
c

The typical observation mode of HEPS is observing ev-
ery target 10 times per year during its 5-year mission time,
To fit for planetary and stellar parameters, we adopt thenaking the sampling cadence about 36.5 days. The HZ
Levenberg-Marquardt method (Marquardt. 1963), wheraround different planet hosts, however, varies significant

2.4 Fitting Procedures of the Simulation Data
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Table 2 Real and Fitted Parameters of Proxima Centauri b in Sinudatl and 2

Name My(Mg) Period (yr) a (AU) ecc inc (deg) € (deg) w+ My (deg)
b 9.45 0.0308 0.0485 0.35 7.7249 310.0 15.47

Fitted result for Simulation 1
b 6.75 0.057 0.073  0.386 24.80 55.87 45.32

Fitted result for Simulation 2
b 9.75 0.0308 0.0485 0.329 12.32 306.78 14.01

Table 3 16 Prior Systems with Higl#;

Name Mass Distance - P Pyp4 in different modes
(M) (pc) o f10 20 50 D8 D3

HN Peg 1.1 18.13 1.0 1.0 1.0 1.0 1.0 0.98 0.88
HD 219134 0.81 6.53 1.0 0.98 0.98 1.0 0.991 0.98 0.809
61 Vir 0.94 8.51 0.97 0.931 0.96 0.966 0.991 1.0 0.553
51 Peg 1.12 15.47 0.996 0.896 0.9 0.833 0.967 0.94 0.76
HD 3651 0.88 11.14 0.968 0.871 0.9 0.9 0.95 0.92 0.8
tau Boo 1.34 15.66 1.0 0.84 0.84 0.667 0.8 0.72 0.32
HD 26965 0.78 5.04 0.998 0.838 0.84 0.967 0.975 0.94 0.76
HD 177565 1.0 16.93 0.999 0.799 0.8 0.867 0.8 0.7 0.52
GJ 86 0.93 10.79 0.887 0.798 0.9 0.867 0.9 0.92 0.8
GJ 504 1.22 17.54 0.991 0.793 0.8 0.833 0.917 0.92 0.1
HD 102365 0.85 9.29 0.944 0.736 0.78 1.0 0.975 0.9 0.88
HD 1461 1.02 23.47 1.0 0.66 0.66 0.862 0.914 0.816 0.277
HD 16417 1.2 25.41 1.0 0.6 0.6 0.667 0.889 0.755 0.1
eps Eri 0.83 3.2 0.602 0.566 0.94 0.933 1.0 0.98 0.82
rho CrB 0.89 17.48 0.9 0.558 0.62 0.967 0.949 0.653 0.354
HD 114613 1.27 20.29 0.904 0.38 0.42 0.567 0.588 0.98 0.0

ly based on the spectral types of the host stars, in whiclyp, as

case, for M dwarfs similar to PC, the inner boundaries of Pap; = =21 8)

their HZs are less than several tens of days, while for stars 50

more massive, likg Pictoris, the inner boundaries of their Wherei indicates the number of satisfied criteria, a¥ig;

HZs are better expressed in unit of year. We therefore tedé the number of cases satisfying different criteria, which

two types of observation modes, main|y a Change from théepresents the gOOdneSS of fit of the fitted parameters. The

typical mode in either sampling cadence or total observacriteria used in this paper are the same with those in Yu et

tion time of a single target, in our simulations to see theal- (2019), with the only difference being the criterion for

goodness of the fits of the simulated signals. planet mass, which now requires the relative error of mass
to be less than 5 percent. When calculatifigry4, N, is

Type 1: Changing the observation cadence. 10, 20 and gfje number of systems satisfying all four criteria listed in
measurements per year with even interval, which ardU etal. (2019), which include constraints on the fitting re-
represented as Mode f10, f20 and f50, respectively aréults of planetary masses and orbital elements, such as the
tested. semi-major axis of the fitted planet must be within range

Type 2: Changing the total observation time of a single tar®f the HZ of the system, the mass of the fitted planet must

get. 3, 5 and 8 years, which are represented as ModRe Earth-like, and the uncertainties of eccentricity anrd in
D3, D5, D8, respectively, are tested. clination are must be smaller than 0.1 andrgspectively.

We note that for systems with known giant planets in their

We note that Modes f10 and D5 are the same as th'é'ZSAP Iipé IIS alsct) calgulﬁted forthem._t_ for detecti
typical observation mode, which is only tested once. For stable system 1S e pre-requistlion for detecting an

all other different modes, we generate the astrometric sidf'E' therefore the true probability of detection of an HE

nals using the method described in Section 2 and checR the combination ot} (EQ. (3)) andPyp4. The true

the goodness of fit by comparing the fitted parameters witI’iJrObabIIIty of detecting an HE;, can then be expressed
their initial values. In total, 50 cases are simulated fatea 2°
mode. Since some planetary parameters are randomly set
in our simulation, the fitting results may deviate from each  For each observation mode, we sort the planet hosts
other in different simulations for the same planetary syshy P; in descending order and obtain the top 10 systems.
tem. We define the probability of detection of the HEs,We list them in Table 3 if the system is one of the top 10

Ncri

Py = Phap * Prps . 9



Z.-Y. Yu et al.: Astrometry Detect Planets in Nearby Systems 35-9

0.020F 400
0.015f { 350F
0.010f \ 300k
_. 0.005F 250
3
£ 0.000F 200
<
—0.005F 150
—0.010f 100
—0.015fF { 50}
-0.020k, L . L L . O “ L‘""". ]
0.0 0.2 0.4 0.6 0.8 1.0 4x1072 5x10°2 6x 1072 7x102 8x1072
Phase Period(year)
500
0.015F
0.010F 200k
0.005F
% 0.000f 300
£
= —0.005F
= 200}
—0.010
-0.015F | } 100k
—0.020 | )
0 L—l‘
—0.025 kt 1 1 1 1 L | 1 L
0.0 0.2 0.4 0.6 0.8 1.0 4x107% 5x10°2 6x1077 7x107  8x107?

Phase Period(year)

Fig. 3 Fitting results of Simulation 1, i.e., 50 measurements ar with even interval, during the 5 year observations. Effteand
right panels show the signals and periodograms of movenoéfiteoxima in theX andY” direction due to Proxima b, respectively.
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Fig.4 Similar to Fig. 3, the fitting results of Simulation 2, i.eQQL measurements per year with even interval, during the b yea
observations.

in at least one of the five modes. Duplicities are excluded. The detection probabilities of all 140 systems are list-
In Table 3, we only show th&;s of the typical mode for ed in Table 1, sorted b¥yp, of Mode f10 in descending
simplicity, while Pyp4s of different modes are listed. In order. Figure 5 shows the histograms féfp, of Mode
most cases, it is not unexpected thiatp, increases with 20 against the stellar mass, distance, number of known
the lifetime of HEPS or the number of measurements peplanets, and periods of the planets in HZ. In Panel a, al-
year. though most stars have masses between 0.25 and/4;25
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we find stars with masses between 0.75 andVi:5have independent from the period of the planet in HZ. To inves-
the largest detection probabilities,50%. Panel b shows tigate howF and D influence the detecting probability, it
that Pyp4 decrease significantly with increasing distance,is necessary to exclude the influence of SNRx\{R) and
and a gap near 15 pc is present, due to lower SNRs. Thather planets®s) from Pypy. In Yu et al. (2019), we have
planet hosts withinl5 — 18 pc have the largest average obtained the expression #kxr and Ps, we therefore de-
Pypy, which is larger than 70%. In Panel c, systems withfine another probability’; as follows:

fewer planets have largdtyps, which is consistent with

our respults of Paper I.gFor several extreme systems with Py = Pupa/(Poxw x P) = f(F, D). (12)
more than four planets, the probability has a larger uncer- Note thatPsng and Ps are obtained in Mode f10 and
tainty statistically. In Panel d, planets in HZ with a periodthe HZs around solar-like star are adopted from paper I. In
of 1 to 5 years, which make up more than 70% of all planthis work, more measurements are also able to improve the
ets in our sample, haveR;p, larger than 50%, indicating SNR of the data, thereforg- and Pp with largerD or F'

that f20 is a suitable mode to detect planets around mogeay be larger than one, and enhance the total probability.

stars in our sample. Using simulated data, the dependency betwiéeand
F and D can be investigated. To constrain the expression
3.2 Empirical Estimation of Pypy of f(D, F), we choose a subset from the simulated sam-

ple to see ifD and F' can influencef (D, F') independent-
As seen in Section 3.1, the sampling cadence and obsgy. The left panel of Figure 7 shows the influence Iof
vation time on single targets significantly influen€gps.  on systems with# > 15. We only plot systems wittD
The left panel of Figure 6 shows that the SNR still plays anithin the range of 0.5 to 16. Beyond this range, few sys-
importantrole as it does in Yu et al. (2019) in determiningtems are found in our simulations, we therefore exclude

Pyp4, because the blue line well defines the upper limit ofthem to reduce the influence of the statistical uncertainty.
the distribution of the real data. Points of real data not fol p,, — f(D, F > 15) can be expressed as,

lowing the theoretical line are possibly the results of addi
tional uncertainties from the fitting of other planets, whic
is different from Yu et al. (2019), where only single-planet ) , . . (13)
systems are considereByp, of five different modes are Since most of the planet pgnods in HZ_S !n our sample
plotted in the right panel of Figure 6, which also shows thaf'® larger than 12 days (see Fig. 2), the minimum cadence

Pyp4 benefits greatly from more measurements and Ionge%'gogld bz 6 daﬁ/s to en;ure the lr.etrler\]/al of the correct pe.rlr;
coverage of single targets. od, based on the Nyquist sampling theorem. Systems wit

To analyze the influence aRp, due to different fac- F from 2 to 60 are thus selected to test the dependency

tors, we definef (Freq, Dur) as the influence of the sam- of P; on . We also select systems willi > 1, which

pling cadence and total coverage time, in which dase; are the majority in our simulations. SinéeinfluencesP;

can be rewritten as the product of three factors, in the fom§|gn|f|cantly according to Equqtlon (13), we define anoth-
of er factorP, = Ps;/Pp and estimateP, for each system

with different D to exclude the influence ab. The right
panel of Figure 7 shows the results@f with different 7.
where Psnr and Ps are the influence due to the SNR of The correlation betweer, and F is linear if F is small-

the planet in HZ and the fitting residuals of other planetser than 60. The fitting results are good enough considering
which are defined in equations (8), (9) and (10) in Yu etthe uncertainty of;, which is in the form of

gl. (2019), respecuvely. As mentioned garher, an mceegs Py = 0.03407F — 0.06605, 2 < F < 60. (14)

in the total coverage time or the sampling frequency will
result in more data points in one phase after phase folding, Note that Equations (13) and (14) are only suitable for
after which the SNR can be improved by binning the foldedestimating the expression ¢t D, F'), whichis f (D, F') =
data points, resulting in a higher detection probabilityeT ¢(D) x h(F), whereg(D) is linear andh(F) is quadrat-
influence of the two factors, when staying unchanged, als@. We use expression to fit all data within the range of
varies with the period of the planet in HZ. To exclude this2 < F' < 60 and1 < D < 16 and obtain the empirical
variation, we define two parameter3,andF’ as estimation off (D, F") as follows:

— 2
D = Dur/Period, F =Period*Freq, (1) 3= (0.040F=0.021)x(0.058D +0.340D 0.2(116%.)
where Period is the period of the planet in HZ, Dur is the ~ We plot f(D, F) in the left panel of Figure 8, and the
total coverage time, and Freq is the sampling frequencyifferences between the empirical estimation and the sim-
f(F, D) now represents the influence of the two factorsulated values ofP; are shown in the right panel. In the

Pp = 0.03767D*40.6357D—0.3263, when 1 < D < 16.

Pyps = Psxr * Ps x f(Freq, Dur) , (10)
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Fig.5 Thered bars are the statistics of probabilitip4 for all the selected 140 systems, correlated to (a) theastelbss, (b) the
distance, (c) the number of known planets and (d) the peridteoplanets in HZ. Thélue lines represent the fraction of planets
systems in our sample.
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Fig. 6 Inthe left panel, theed dotsare the simulation results in Mode F10 or D5, whilebhée lineis potted via theoretical equation (8)
in paper . The detection probabilities in five observatiomdes adopted in this paper are plotted in the right panel.

region of2 < F' < 25and1 < D < 16, the differ- possible to be larger than 1. We adopt a maximum value of
ence is less tha?0%. Combining with the expressions of 1 for Pyp4, Which is very rare in our simulations.

Psnr and Ps in Yu et al. (2019), we can use the empiri-

cal Equation to estimate the detection probabiftyp, in

Equation 10 for a certain planet systems, i.e., 3.3 Applicationsin Known Planetary Systems

Pupi =Psnr Ps(0.040F — 0.021)

% (0.058D2 + 0.340D — 0.216) . (16)  we investigate three typical planetary systems, namely M

star systems with only one planet detected in HZ like

We note that if only one habitable planet is presentPC; systems like HD 189733 with one hot Jupiter; and
in the systempPs equals 1. According to Equation (15), a systems similar to HD 102365, with one warm Neptune.
value of larger than one is allowed 8%, thusPgp4 isalso  We will demonstrate how to estimate the requirements of
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Fig.8 The left panel is the detection probability as a functioond F', according to the expression of the last two terms in Eq.. (15)
Theblack dashed line is the region ofl < D < 16 and2 < F' < 60. The color represents the value of the detection probgbiliie
right panel is the fitting error between the calculated valoé the value form the simulation results. The color reprissthe simulation
results divided by the calculated results. The contousslisghe 0.75 and 1.25 means the fitting error:25%.

observations for these three types of systems, based diman the real value, as shown in Figure 8. Therefore, even
Equation (15). for D = 40, the detection probability is still less than 90%,
For the PC system, the known planet in HZ has ameaning the observation should last longer than 40 periods
very short period o~11.18 day, which is too short for (about 1.2 year). If PC is only observed for half a year, in
Mode f50 to determine the period correctly because th&vhich caseD equals to 16} should then be larger than
F value is smaller than 2, as seen in Table 1, whgge 9.6 to guarante@yp, = 90%.
is 0. If the frequency is increased to, for example, 100
measurements per year, however, the period of the plan- HD 189733 has a hot-Jupiter with a period of 2.22 day.
et can be well retrieved. The SNR of PC b is about 2According to the definition of SNR anB, the former one
based on Equation (2), ans = 1 because it is a sin- is estimated to be 2.9, and the latter one 0.689 for an inject-
gle planet system. Assuming is 3, to achieve a detec- ed planetin HZ with a period of 0.91 year. In Mode f10 or
tion probability of 90%,D > 40 is required, according to {5, Pygp4 is only 18%, if a much higher detection probabil-
Equation (15). We note that Equation (15) can only be apity such as 90% is required; needs to be larger than 43
plied whenl < D < 16, and in the region ofD > 40  during a 5-year mission, according to Equation (15). If the
with F* = 3, the calculated probability should be larger data cadence is fixed at 0.1 years, the valuelighould
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be 14.6, indicating the mission time should be longer thai < D < 16, where the differences between the empirical
13.25 years, which is very challenging for HEPS. and simulated results are relatively small. Combining with
HD 102365 is a system with a warm Neptune with athe correlation betweeRyp, and SNR and the orbital ar-
period of ~122 day. The SNR is 16.8, ang equals to  chitecture of multi-planet systems in Yu et al. (2019), we
0.748 for an added planet in HZ with a period of 1.02 yearcan estimaté’yp, for a certain system using Equation (16)
In Mode 10 or D5, the detecting probability is about 78%.in different observational modes.
If a detection probability of larger than 90% is expecti&d, In Section 3.3 we took PC, HD 189733, and
needs to be larger than12 during a 5-year mission. FixingiD 102365 for instance, to show how to use Equation (16)
the data cadence at 0.1 yeafsneeds to be at least 6 to to optimize the observational modes. If we wish to detect
achieve a probability of 90%, which means the lifetime ofpC b, with a data cadence of 3.76 day (ife = 3), at least

HEPS should be longer than 5.7 years. an observation time of 1.2 years is required to achieve a de-
tecting probability larger than 90%. Instead of the typical
4 CONCLUSIONSAND DISCUSSIONS observational Mode f10 or D5 of HEPS, smaller data ca-

. . dence are beneficial to enhance the probability of systems
In this work, we focus on the supas astrometry precision _ . o
with hot Jupiter or warm Jupiter, such as systems similar

of .nlext generation spage telescopg (i.e., HEPS) to test |;[% HD 189733 and HD 102365.
ability to detect Earth-like planets in HZs around nearby _ )
planet hosts. In Section 2, we selected a sample of 149 However, some assumptions need further studies.
planet hosts within 30 pc as the potential targets for HEPS,IStly, we assume an injected planet in HZ of each planet
We estimated the HZs according to the updated parametelPQSt' However, the occurrence rate of planet in _HZ is still
of the host stars, injected a 10 earth-mass planet in the H2§Known. Dressing & Charbonneau (2015) estimates the
around some of the host stars, and checked the stabili§ecurrence rate of habitable planets around M stars based
of the systems. Then, we simulated the astrometric signaf¥ Kepler data, and concludes that about 16% M dwarfs

including a random white noise based on the brightness diontain Earth-size planets in their HZs, and 12% M dwarf-
the host stars. s contain super-Earths in their HZs. For GK dwarf stars,

In Section 3, we adopted five different modes with g-(Burke et al. 2015) shows 0.1 terrestrial planets per Kepler

ifferent observation durations and cadences in our sim/SK dwarf star on average, with periods from 0.8 to 1.2

lations; that is, 10, 20 and 50 measurements per year fQféars. However, the uncertainty of the average planet num-
5 years, and 10 measurements per year for 3 and 8 yeafR€' in HZ is extremely large (i.e., from 0.01 to 2). More

Using the fitting procedures introduced in Section 2, wePPservations from TESS might reveal the occurrence rate
calculated the detection probabilities of the planets in HZ°T Planetaround nearby stars. Secondly, in our simulation-

of each system, based on the precision of planet mass, pe-We adopt even cadences in different modes to generate
riod, eccentricity, and inclination. Combining with thast ~2Strometric signals. However, uneven cadence would en-

bility of the system, we estimated the total detecting Iorob_hance the coverage of the orbital phase, which benefits the
ability of planet in HZ,. retrieval of the planet parameters. Additionally, the simu
In Section 3.1, all of the systems in our sample ardated signals only include a white noise model based on

listed in Table 1 and are ranked by descending detectioff' Prightness of the star. Realistically, red noise is com-
probability- Pps of Mode f10/d5. According to Table 1, mon and crucial to the dgtectloq of planets in HZ, which
we are able to choose target stars for HEPS, which prob&€€ds to be modeled during the instrument test.

bly own detectable planets in HZ. 16 systems with high de-  In this work, we ignore the influence of the binaries.
tecting probabilities of planetin HZ are listed in Table 8 fo Binaries would cause more complex motion of the host s-
different observational modes. We demonstrate that plarfars. In our results, we have not individually studied of the
ets in HZ around solar-like stars with75— 1.5 solar mass ~ detection probability of planets with periods of one year.
are preferred to be detected. Injected planets with periodgonsequently, we aim to make a more detailed research on
of 1 — 5 years, or in systems with fewer detected planetghe influence of binary and the period of planet in future
are also preferred to be detected, as shown in Figure 5. Work.

In Section 3.2, we choose parametéfsand D in The final data release of Gaia may reveal some
Equation (11) to investigate the influence on the detectingas giants around nearby stars, which will increase the
probability- Pgp, due to data cadence and observationahumber of stars in the sample of planet hosts, and the
duration, respectively. According to our simulations, we fi method in this work can then be extended to estimate the
the enhanced factof(D, F') (i.e.) P(3), to model the in-  probability of detecting planets in HZ of these systems.
fluence onPgp4, as shown in Equation (15). The fitting Additionally, there are RV measurements for nearby bright
results are available for systems with< F < 25 and  stars. Combining RV data and transit data, the more com-
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plete set of parameters of known planets could be calcuGaia Collaboration, Prusti, T., de Bruijne, J. H. J., et 1@,

lated more precisely, which would benefit the detection of A&A, 595, Al

planets in HZs. Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 8)
A&A, 616, Al
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