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ABSTRACT

Small, rocky planets in the habitable zones of their host stars are the most promising places to search for alien life.
With the discovery of thousands of extrasolar planets, we now know that small planets like Earth are also some of
the most abundant. Detecting these planets around Sun-like stars is very challenging due to the low probability of
transits (<1%), the infrequency of transits even if they do occur (⇠1/year), and the tiny radial velocity (RV) signal
(⇠10 cm s�1). Late-M dwarf stars (LMDs; spectral type later than M4) are much more promising targets for a Doppler
search. Low stellar masses (⇠0.1–0.2 M�) and short planetary orbital periods (⇠3–30 days) result in much larger RV
signals (⇠1–5 m s�1) for ⇠1–3 Earth mass planets (hereafter Earth-mass planets) in the habitable zone (HZ). However,
LMDs are very faint at optical wavelengths, and there have as yet been no systematic planet searches around nearby
LMDs.
We propose an extensive, precise near-infrared (NIR) RV survey focused on LMDs using the newly-commissioned

InfraRed Doppler (IRD) instrument in the framework of the Subaru Strategic Program (SSP). IRD is ideally suited
to measure precise RVs of LMDs because: (1) the stars have a flux peak in NIR, (2) there are many absorption lines
in their NIR spectra, and (3) those lines are less a↵ected by stellar activity than optical lines. IRD is an echelle
spectrometer that covers the NIR wavelengths from 0.97 to 1.75 µm with a high spectral resolution (70,000); it uses a
laser frequency comb as an extremely precise wavelength calibrator. IRD’s high instrumental stability and its use of
a laser frequency comb allow us to measure the RVs of LMDs with a precision of 2 m s�1 or better.
The goals of our survey are: (1) to discover Earth-mass planets in the HZ around these low-mass stars, and (2) to

uncover the distribution of planetary systems containing Earth-mass planets and more massive planets. To achieve
these goals, we will carry out an extensive high-precision RV survey of 60 carefully selected low-mass stars using 175
observing nights of the Subaru telescope over 5 years. Our initial target samples are collected from the literature and
from the results of our pre-selection observations with optical spectroscopy of H↵ lines. This will screen out active
stars, leaving us with the targets best suited for very high precision RV measurements. According to a simulation of the
RV observations based on both theoretical and empirical planet populations, our proposed observations can discover
Earth-mass planets in close-in orbits with periods less than a few tens of days and super-Earths (⇠5 Earth-masses) in
orbits with periods less than a few hundred days. So far, only two Earth-“mass” planets in HZ have been reported with
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spectrometer that covers the NIR wavelengths from 0.97 to 1.75 µm with a high spectral resolution (70,000); it uses a
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these goals, we will carry out an extensive high-precision RV survey of 60 carefully selected low-mass stars using 175
observing nights of the Subaru telescope over 5 years. Our initial target samples are collected from the literature and
from the results of our pre-selection observations with optical spectroscopy of H↵ lines. This will screen out active
stars, leaving us with the targets best suited for very high precision RV measurements. According to a simulation of the
RV observations based on both theoretical and empirical planet populations, our proposed observations can discover
Earth-mass planets in close-in orbits with periods less than a few tens of days and super-Earths (⇠5 Earth-masses) in
orbits with periods less than a few hundred days. So far, only two Earth-“mass” planets in HZ have been reported with



Summary
¤ InfraRed Doppler instrument (IRD)

¤ A high-dispersion (R=70,000) near-infrared spectrograph for Subaru 
telescope

¤ Currently RV precision of ~2 m/s is achievable for M dwarfs

¤ IRD-SSP
¤ Aiming at detecting earth-mass (~1-3Mearth) planets in habitable zone 

around late-M dwarfs, and unveiling planet population in wide range 
of mass and orbit around late-M dwarfs

¤ We expect to find ~60 planets in 60 sample stars by 5-year (175 nights; 
35 nights/year) survey.

¤ The first-two-year survey (19A-20B; 70 nights) is now officially approved.
¤ Observations have been conducted almost every month since this 

February.
¤ The first screening observation is now ongoing.
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RV precision and stability

Total error Internal error Instrument + activity error
All data 4.1 m/s 1.8 m/s 3.7 m/s

Selected data 2.7 m/s 1.8 m/s 2.0 m/s
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51 Peg GJ436

Spectral type G2IV M3V
Planet mass (mpsin i) 0.466 MJup 21.36 MEarth

Period 4.23 2.644

K (m/s) 55.4 ± 1.4 (IRD)
54.93 ± 0.18 (Birkby et al. 2017)

16.4 ± 1.0 (IRD)
17.38± 0.17 (Trifonov et al. 2018)

K=16.4±1.0 m/s

GJ436

K=55.4±1.4 m/s

51 Peg

RV monitoring of planet-host stars



Purposes and goals of IRD-SSP

¤ Purposes
¤ Detecting earth-mass (~1-3MEarth) planets in habitable zone around 

nearby late-M dwarfs for future characterization
¤ Understanding planet formation and evolution (e.g. orbital migration) 

across snow line by unveiling planet distribution in wide range of mass 
and orbit around late-M dwarfs

¤ Goals
¤ Detecting a habitable-zone earth-mass planet around a late-M dwarf
¤ Unveiling distribution of

¤ earth-mass planets in P<100 d
¤ super-earths in P<300 d
¤ giant planets in P<1000 d across slow line



Sample
¤ D<25pc, M=0.08-0.25¤, J<11.5, no Hα emission

è 150 stars were selected by low-resolution spectroscopy

¤ Double-line spectroscopic binaries and rapid rotators will be screened 
out by initial observations with IRD

¤ Best 60 stars will be selected for IRD survey
18

Figure 15. Parameters of our sample stars.

parameters of the planets (Section 5.2.2). We aim to confirm the existence of planets down to one Earth-mass, and also
substellar companions up to brown dwarf masses in order to provide a complete picture of these planetary systems.
To decide a strategy suitable for our survey, we performed simulations with various survey plans. The requirements

of the survey are summarized as follows: 1) Many Earth-mass planets (in the HZ) should be detected, 2) We should
confirm the existence of planets with masses larger than one Earth-mass (= M�) and orbital periods less than 10
days, planets with masses of > 5 M� and periods < 300 days, and planets with masses of > 10 M� with periods <
1000 days. Furthermore, we expect to accumulate the 80 RV data points as soon as possible because we would like
to reduce systematic variations on the RV surveys caused by intrinsic stellar variability and instrument stability, and
to confirm planet candidates promptly. It is useful to be allocated onto mostly half nights as this would allow us to
complete the RV survey of a star in two years rather than the four years required for full-night allocations2 (Section
5.2.3). We also note that the queue mode observations combined with SCExAO/CHARIS can make the observing
schedule easier and the observations more e�cient. The e↵ective observing strategy for our goals is the plan shown in
Table 4.

5.2.1. Screening to select targets suitable for detecting Earth-mass planets

In the first step of our IRD survey, we exclude stars from the target list that are not suitable for our planet search.
Rapidly rotating stars, which disturb precise RV measurements due to their broadened absorption lines, are not fully

2 Multiple half-night observations can sample the orbital phase of a star more e�ciently than multiple full-night ones, avoiding
instrument/stellar-activity instabilities and leading to a prompt identification of planets with various orbital periods.

11

Figure 7. Te↵ �J mag distribution for M dwarfs in input cata-
logs of the past and currently planned exoplanet surveys. Sam-
pled stars in the HARPS, IRD, CARMENES, TESS surveys
are plotted by red diamonds, black circles, red circles, and green
dots (TIC6.2-CTL), respectively. The blue squares are the TESS
planets expected based on Barclay et al. (2018).
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Figure 8. Histograms of target fractions (%) for EW of H↵

(656.28 nm) in Å. Negative EW values (to the right) indicate
an “emission” at the line core; positive or near-zero EW values
(to the left) suggest the stars are relatively inactive. The IRD
targets (purple) include only quiet late-M dwarfs which were
selected by our screening observations, while the CARMENES
samples show a variety of activity levels.

of late M dwarfs with a more NIR-sensitive passband (Ricker et al. 2015), but according to the planet yield simulations
for its entire survey (Sullivan et al. 2015; Barclay et al. 2018), only a handful of planets are expected to be detected
around late-M dwarfs (Te↵ < 3000K), most of which are not bright enough for further follow-up observations such
as mass measurements (see Figure 7). Moreover, the K2 and TESS missions observe most of the sampled stars for a
relatively short period (⇠ 80 days for K2 and ⇠ 30 days for TESS) so that those missions basically will not be able to
detect a large number of planets beyond the snowline, a region that is of great importance in the context of testing
planet formation theories.

Table 1. Major IR Doppler surveys for M dwarfs

Spectrograph IRD CARMENES SPIRou HPF

Telescope Subaru 8.2m Calar Alto 3.5m CFHT 3.6m HET 9.2m

Elevation 4139m 2168m 4200m 2026m

Wavelength coverage Y, J,H Optical, Y, J,H Y, J,H,K z, Y, J

Wavelength resolution 70,000 90,000 70,000 50,000

Wavelength standarda LFC FP, Lamp FP LFC

First light 2017.8 2015.10 2018.3 2017.9

Survey start 2019A⇠ (5 years) 2016.1⇠ (5 years) 2018B (3 years) 2018Q1⇠
RV precision <2 m s�1 3–4(>M6) m s�1 1 m s�1 (goal) 3 m s�1 (1 m s�1 goal)

Targets (number of target) M4–M7 (60) M0–M7 (324) M1–M8.5 (100) M4–M9 (300)

Note—

a“LFC” stands for Laser frequency comb, “FP” for Fabry-Perot calibrator, and “Lamp” for Hollow cathode lamp of UNe.

3.4. Near-future follow-up prospects of IRD planets

Non-transiting planets: Even if our detected planets are non-transiting, further follow-up studies are possible
under the specific situations by several methods other than the precise RV measurements with IRD. In the case of a gas
giant system whose semi-major axis is farther than 1 AU, the orbit will be partially unveiled by GAIA astrometry at
the end-of-mission (2022). GAIA astrometry precision is expected to be about 40 µas for stars of GAIA G magnitude
⇠ 16 (de Bruijne et al. 2014), consistent with the magnitude of TRAPPIST-1 (M8, 12.5 pc), capable to detect the
planetary orbit on M⇤ = 0.1M�,Mp = 0.1MJ , 1 AU. By combining GAIA data with the RV measurements from IRD,

◆HARPS ●CARMENES
・TESS targets ■TESS planets
●IRD



Simulation

C = 0.1C = 0.01

Slow migration（Type-I） Fast migration（Type-I）

p We expect to find ~60 planets in 60 stars by 175-nights observations.

p The number of the expected planets depend on adopted theoretical 
models of planet formation and evolution.



observed 
stars

stars observed once 28

stars observed twice 16

stars observed 3 times 16

stars observe >3 times 11

Summary of February – July 2019

¤ Allocated nights
¤ 2/18(2nd), 19(2nd), 

20(2nd), 21(2nd), 22(2nd), 
23(2nd), 24(2nd)

¤ 3/21(2nd), 22(2nd), 
23(2nd) 

¤ 4/17(full), 18(2nd)
¤ 5/18(1), 19(2), 20(2), 22(f), 

24(1), 25(1), 26(1) 
¤ 6/15(f), 16(1st), 17(1st), 

18(2nd), 19(2nd), 20(2nd), 
21(2nd), 26(2nd)

¤ 7/11(1st), 14(2nd)

¤ Cumulative allocated 
nights
¤ 16.5 nights from S19A

¤ Rough success rate
¤ ~77% (12.7/16.5nights)

Month Feb. March April
Allocated 3.5 nights 1.5 nights 1.5 nights
Observed 0.5 nights ~1.5 

nights
~1.5 

nights

Numbers of Allocated nights and results in S19A

Current progress of observation

Month May June July
Allocated 4 nights 4.5 nights 1 nights
Observed 3.7 nights ~4 nights 1.5 nights



IRD Screening: Planet candidates?
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IRD Screening: AO images 
¤ To check existence of visual companions in the images of IRD-FIM
¤ e.g. A companion with contrast ratio 1:7  = M4 : M7

¤ Angular separation = 0.2“, distance 17.7pc è 3.5AU (P~13.5yr)



IRD Screening: Spectral shape
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IRD Screening: Spectroscopic binary
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IRD Screening: Target candidates

¤ NOT visual binary
¤ NOT spectroscopic binary
¤ Rotation is slow
¤ Small RV jitter
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➡ Long term RV monitor 
to search for planets



Summary
¤ InfraRed Doppler instrument (IRD)

¤ A high-dispersion (R=70,000) near-infrared spectrograph for Subaru 
telescope

¤ Currently RV precision of ~2 m/s is achievable for M dwarfs

¤ IRD-SSP
¤ Aiming at detecting earth-mass (~1-3Mearth) planets in habitable zone 

around late-M dwarfs, and unveiling planet population in wide range 
of mass and orbit around late-M dwarfs

¤ We expect to find ~60 planets in 60 sample stars by 5-year (175 nights; 
35 nights/year) survey.

¤ The first-two-year survey (19A-20B; 70 nights) is now officially approved.
¤ Observations have been conducted almost every month since this 

February.
¤ The first screening observation is now ongoing.


