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Exploring Exoplanet Atmospheres with High Dispersion Coronagraphs
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In this study, we aimed to develop a novel method for characterizing
exoplanets based on the spectra of exoplanets and brown dwarfs, utilizing unprecedented
high-wavelength resolution. We successfully developed a first-principles analytical tool combining
molecular data with planetary atmospheric modeling and radiative transfer simulations. This

innovative method enables gradient-based optimization and rapid Bayesian estimation using HMC by
employing automatic differentiation.

By applying this method to brown dwarf data, we confirmed that it is possible to estimate not only

atmospheric temperature profiles but also the mass of substellar objects solely from their spectra.
Furthermore, we demonstrated that our method can be applied by obtaining spectra using a dedicated

device under development with the Subaru Telescope. We showed possibility to extend REACH to K-band.



¥ X C—19,. F—19—1, 2—19 (58

1. WHEBHARZS IO 5=

ST LD RAEREDX v T 7 Z VP — g id, RAICKRE R R Z H LAY
TWe, L, EHERE, FICBRMELY - 20777 72lvnicgar b7 X MEE
kD EERBICH T 2m OB I L D RIEEX Yy T 7 X VB —va i, E7ERM
HORETH o7, 2D, Fx T2 LimBIOMBHHE YT SCEXAO LRI &5
B SR IRD 24468 7- REACH & W) Eptia nt 75 7B OB 39 H T
oo LINLRISE, Z OME TG SN A7 MLVOMITHEIR, REBHSE ThH 7272
b, FT T —F RO 5N TV,

2. WEDOHB

Foxe DAL, MBI L DRIINERERRDF v 77 2 U B— a Az L, [k
D 30m FREEHFIZ L DB ~DIEMEZ BT 2L THDH, ZHUTK Y LV FEe R
FRACIRBED AT S FIRE & 72 0 | RIOVERENIIED - e 28 W B < Z & i s b,

3. BRIk

BRIED ik L LT, RS SRR O BN A RS MUTHIETE 5 89, R
Lab—ya eV ARY MO A R FE N T D, S 5IT, FRIIC—#R
{bpesre £ 2RI LIZRE ¥ 77 4 U ¥—v 3 v & R 2. REACH ¥ % K 3 Fi
PEEYH 2 & B LTS, JIUCE Y | & IEREIHAR R T O BRI R SARAT Y T e
L7 | FAMERIITIC I D ARMANE LN T LSS,

4. WFIERE

A. BEMBOFIRERERIBARY MDA IR FIE

BEWMMY & 13, 70 7T A CHBEERT D8R ZOBBOERIC L 5O bR TE S
FERECTH 5, BHMER BB AR R BB DOMA GO TRILIND Z L RZ W, T
PHHI 2 > THy 2 BHR C & 5, B3 £l Tl Al — X TR 21T 5 FiEN £ <,
WA, 2o AR EE - Tnd, HMC-NUTS X, MCMC O/37 X — X Tk Fihiy
MDINT A= LD, TROBLARERE NN THRILT L FETHY R Tr s
7 IV EExAVWTHMC-NUTS 2 E{THEETH 5, 2D K H REREL RS> HEMDY .
BECREAERDORE A7 MLy I ab—ya AR AND Z LT, BHIESNT-ES
BAT MVEBIHMEEY R 2 b—3 a Y ERE OO 2 @R i b oA ZHEE 23 7T
REL 72 %,

T IXHEB FIREI A7 FLVET L ExoJAX % U U —2A L, #HeET M3 LT
<A THET AN EIT2 %5 HMC-NUTS % U T, @A~ T MDA XET
JALIAIRE & 72 o 7=, (https//github.com/HajimeKawahara/exojax)

Z DO E LT, Google ® HEN#Sr JAX (Google ® JAX (X HEWK/3 7215 T2 < |
GPU/TPU FI|H "7 @I gk X » 77— XLA OHE b FF>#EiL7z Python ~<— A D
EV2—/LThb)E Uber-Al DfER 7 1 7 Z A5 5E Numpyro % VT ExoJAX 2558 L
2o B 1 ICRINEREITEWVBAERE TO ExoJAX D7 A N7 4 v MERZRT, ZHET



https://github.com/HajimeKawahara/exojax

W2V L UL TEIGEEA NS ML EET L TE T2, R, SO LTI TRROBZND
BE-WBOBEET), TRbbEREEFHETE D WO EERMAES, JiUTEERS
BHORAY v FERELL M ESHDLHOTHD, £o. ZHETOET /UL T OWIHFED
7Yy RR=ZADET N EFEINCHBEL TN AT MAETAVEFHET D DICH L,
ExoJAX (35017 —Z X—ANLEWP AT FLETET% end-to-end (ZFHHR TX 5 R
MDA MVET NV ThD, ZOXIRE-FBORET NV THLILD, T —F—
ADRE L HEBNE R TE D LW IR EZ A THO TR 72 A7 MLET LT
b,

Planet Rotation E Carbon/Oxygen Ratio Spectrum

B s . f, \ Gravity
xlmf"v\,/\.’/"’W»
& 2
g m
3
g y
< ata

Autodiff by

s

g Atm c g)
£50 o= X

.g [%} (1} % Google
85 52

22 &[22

2 g . ® . - . Uber-Al
22880 22900 22920 22940 22960 22980 23000

wavelength (4)

Kawahara+2022 AplS in press ‘ Physical Quantities

1 ExoJAX |Z X 2005 Luhman 16A OE S A~_7 ML 4w 1]

S BITIRHIR IR AT M ~DiEH b AIEEIC 72 V) REACH/IRD THE LN Em A~ K
VEFENTATRE & 72 o T, T OFRHTHRE RITBA R S CER T CTh 5,

Fo. FRROWFROT T—LRFOENBE RPN EEHEICEETHLICHLEADLLT ., &
B OKFERAF TOERNT —EZNARLTWELEZ L2 L, 22T, 20X H 7210
WA B IR IR D B ALV ERERAY 22 EBR 21TV AR 72 25 B 56 3 C E UL ATRE
ThdEDORERICTE LT,

B. REACH @ K /X FHE3E

BAE, T EEEBI TR a7 7 7 2 KB4 5 %E REACH X, 4t % IRD 12
P L TR, BN RIXY, J. HAY FIZBESNTWD, L, M1DXdke—
PLIRBEZ R F v T 72V EBE—2a R T 256, KOREED K N RE TR
THEMBEND D, 2T, KA RORE %> IRCS ~DO 5 & il AT,

Covid-19 OB LV  FADIRENEB Lo 720 VEBEOFZENENTZY LiZ720,
FTERBBERIIIEL R o Tc, LINLRIBD, 77 A N=T6&E AJ) L, Wt o584 H
ELTCAREZRE(LT 52 L ETERTE L, 2720, BURTIIATHRIC LD 7 7 A4 /13—
SOFANBFRETH D, EENKO AT, RFENENTZHFEBLTE TR,

e, RIEOBWZ V=T Vo 7T URERESNTCBRIC, EBEOEENZEAL, S HIC
IRCS ECHAERESELZLAAFL TN D,

C. -2+ - FBOBRHIT LS RABREDER

moanF I 7 LEFC, BEOESBF Y7724V E—vailBnTbInRd
AR L7z, BARMIZIZ, HDS & IRD O 5 THiz 7245+ « &R OBHICRI LTz,
FABERDHF O TR F O LV | ZEERICET 2 ERR G615, 20— &
LT, HRYohtETF 2 v (T REBEEEORREOOES>TH L[5, ZDORETIE,
TiO I3 S e o728, Ti A S, TIO M TH 2 Z L2vb, C/O EEAvE vy



TENRBEND, A IRETAPEMET D20 BITITE 220 A, HEYERE 2 7 Tl
C/O EEAEW &V D Z L, TR O KA :7k£?~<“%7)§ﬂﬂ%f‘% RNz EEERL, 2R
FKDBER & 725 TV D ERLLE TR S, ERIGEWSGITE THEI L7 2 & 2R
T3, (2]

RILFFIIIBHNGA D51 OH 1%, HERKKICHOMEIZEENLS D FThD, ZDHT
X, REPIKBIFET 256, ORIl 2 L T35, 97132 28 IRD %
AWz @maBFiE T, RO RMRERLZH O OH MRS Lz, Bt iz Rk 2%
FIXWASP33b L9 | HERYIO TiO (kT % ) A 31£25 HDS TiThbih /e miRo
Ry NabZ—Thsd, TiO OWGA & FERC, IREVRENFET D720, 7 F /UL
BURIZ 2 5, Al S N7 OH bR O 70 THh 0 . WASP33b 2358\ MR EE s e
HFRFOZ LR L E R D, ZOX I, BAOMTFENEROBERRI Ty 7774 )V EB—

VICHEEICERATH D Z ENFEIEES oo h D, (3]

[1] Autodifferentiable Spectrum Model for High-Dispersion Characterization of
Exoplanets and Brown Dwarfs

Hajime Kawahara, Yui Kawashima, Kento Masuda, Ian J. M. Crossfield, Erwan Pannier,
Dirk van den Bekerom ApdS 258 31 (2022)

[2] Neutral metals in the atmosphere of HD149026b

Masato Ishizuka, Hajime Kawahara, Stevanus K. Nugroho, Yui Kawashima, Teruyuki
Hirano, Motohide Tamura, AJ 161, 153 (2021)

[3] First Detection of Hydroxyl Radical Emission from an Exoplanet Atmosphere: High-
dispersion Characterization of WASP-33b using Subaru/IRD

Stevanus K. Nugroho, Hajime Kawahara, Neale P. Gibson, Ernst J. W. de Mooij,
Teruyuki Hirano, Takayuki Kotani, Yui Kawashima, Kento Masuda, Matteo Brogi,
Jayne L. Birkby, Chris A. Watson, Motohide Tamura, Konstanze Zwintz, Hiroki
Harakawa, Tomoyuki Kudo, Masayuki Kuzuhara, Klaus Hodapp, Masato Ishizuka,
Shane Jacobson, Mihoko Konishi, Takashi Kurokawa, Jun Nishikawa, Masashi Omiya,
Takuma Serizawa, Akitoshi Ueda, Sébastien Vievard, ApJL 910, 9 (2021)



15 15 7 5

Currie Thayne Lawson Kellen Schneider Glenn Lyra Wladimir Wisniewski John Grady Carol 6

Guyon Olivier Tamura Motohide Kotani Takayuki Kawahara Hajime et al.

Images of embedded Jovian planet formation at a wide separation around AB Aurigae 2022

Nature Astronomy 751 759
DOl

10.1038/s41550-022-01634-x

Kuwata Atsuki Kawahara Hajime Aizawa Masataka Kotani Takayuki Tamura Motohide 930

Global Mapping of Surface Composition on an Exo-Earth Using Sparse Modeling 2022

The Astrophysical Journal -
DOl

10.3847/1538-4357/ac64al

Harakawa Hiroki Takarada Takuya Kasagi Yui Hirano Teruyuki Kotani Takayuki Kuzuhara 74

Masayuki Omiya Masashi Kawahara Hajime et al.

A super-Earth orbiting near the inner edge of the habitable zone around the M4.5 dwarf Ross 508 2022

Publications of the Astronomical Society of Japan 904 922
DOl

10.1093/pasj/psac044

Aizawa Masataka Kawana Kojiro Kashiyama Kazumi Ohsawa Ryou Kawahara Hajime et al. 74

Fast optical flares from M?dwarfs detected by a one-second-cadence survey with Tomo-e Gozen 2022

Publications of the Astronomical Society of Japan 1069 1094

DOl
10.1093/pasj/psac056




Kawahara Hajime Kawashima Yui Masuda Kento Crossfield lan J. M. Pannier Erwan van den
Bekerom Dirk

258

Autodifferentiable Spectrum Model for High-dispersion Characterization of Exoplanets and Brown 2022

Dwarfs

The Astrophysical Journal Supplement Series 31 31
DOl

10.3847/1538-4365/ac3b4d

Murakami Naoshi Yoneta Kenta Kawai Kenya Kawahara Hajime Kotani Takayuki Tamura Motohide 163

Baba Naoshi

Polarization-based Speckle Nulling Using a Spatial Light Modulator to Generate a Wide-field 2022

Dark Hole

The Astronomical Journal 129 129
DOl

10.3847/1538-3881/ac3510

Kasagi Yui Kotani Takayuki Kawahara Hajime Tajiri Tomoyuki Muto Takayuki Aizawa Masataka 259

Fujii Michiko S. Hattori Kohei Masuda Kento Momose Munetake Ohsawa Ryou Takita Satoshi

Dippers from TESS Full-frame Images. Il. Spectroscopic Characterization of Four Young Dippers 2022

The Astrophysical Journal Supplement Series 40 40
DOl

10.3847/1538-4365/ac4e8b

Aizawa Masataka Kawahara Hajime Fan Siteng 896

Global Mapping of an Exo-Earth Using Sparse Modeling 2020

The Astrophysical Journal

DOl
10.3847/1538-4357/ab8d30




Kawahara Hajime 894

Global Mapping of the Surface Composition on an Exo-Earth Using Color Variability 2020

The Astrophysical Journal -
DOl

10.3847/1538-4357/ab87al

Nakagawa Yuta Kodama Takanori Ishiwatari Masaki Kawahara Hajime Suto Yasushi Takahashi 898

Yoshiyuki O. Hashimoto George L. Kuramoto Kiyoshi Nakajima Kensuke Takehiro Shin-ichi

Hayashi Yoshi-Yuki

Obliquity of an Earth-like Planet from Frequency Modulation of Its Direct-imaged Lightcurve: 2020

Mock Analysis from General Circulation Model Simulation

The Astrophysical Journal -
DOl

10.3847/1538-4357/ab9eb8

Nugroho Stevanus K. Gibson Neale P. de Mooij Ernst J. W. Herman Miranda K. Watson Chris 898

A. Kawahara Hajime Merritt Stephanie R.

Detection of Fe i Emission in the Dayside Spectrum of WASP-33b 2020

The Astrophysical Journal -
DOl

10.3847/2041-8213/abadb6

Kawahara Hajime Masuda Kento 900

Bayesian Dynamic Mapping of an Exo-Earth from Photometric Variability 2020

The Astrophysical Journal

DOl
10.3847/1538-4357/aba%95e




Tajiri Tomoyuki Kawahara Hajime Aizawa Masataka Fujii Michiko S. Hattori Kohei Kasagi 251

Yui Kotani Takayuki Masuda Kento Momose Munetake Muto Takayuki Ohsawa Ryou Takita Satoshi

Dippers from the TESS Full-frame Images. |. Results of the First One Year Data and Discovery of 2020

a Runaway Dipper

The Astrophysical Journal Supplement Series -
DOl

10.3847/1538-4365/abbc17

Ishizuka Masato Kawahara Hajime Nugroho Stevanus K. Kawashima Yui Hirano Teruyuki Tamura 161

Motohide

Neutral Metals in the Atmosphere of HD 149026b 2021

The Astronomical Journal -
DOl

10.3847/1538-3881/abdb25

Nugroho Stevanus K. Kawahara Hajime Gibson Neale P. de Mooij Ernst J. W. Hirano Teruyuki 910

Kotani Takayuki Kawashima Yui Masuda Kento Brogi Matteo Birkby Jayne L. et al.

First Detection of Hydroxyl Radical Emission from an Exoplanet Atmosphere: High-dispersion 2021

Characterization of WASP-33b Using Subaru/IRD

The Astrophysical Journal Letters

DOl
10.3847/2041-8213/abec71

ExoJAX contributors

Ex0oJAX

2023

2023




ExoJAX contributors

. ExoJAX
2022
2022
, JASMINE collaboration

JASMINE

ISAS Astrobiology Exploration Symposium (ABEX)

2022

( ), ( ), ( ), lan J.M. Crossfield (U. Kansas)

2021

(Kotani Takayuki)

(40554291) (82675)




(Guyon Olivier)

(90399288)

(62616)

RCUH




