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Spectroscopic Study on Cloud Formation of
Dust and Molecules in Cool Objects (Brown
Dwarfs and Red Giant Stars)

Takashi TSUJI
Institute of Astronomy, The University of Tokyo

Summary

The major outcomes of this research project can be summarized as follows:

1. Red Giants and Supergiants: We confirmed the presence of molecular condensation
(or referred to as MOLsphere for simplicity) in the outer envelope of red supergiant star p Cep
and determined its physical structure by a consistent analysis of the infrared spectrum and recent
visivility data. In a large sample of M giant stars, we found that their infrared spectra are a
hybrid of at least two components originating in the photosphere and extra molecular condensation
(MOLsphere). Only the weak lines, mostly of high excitation, are relatively free from the effect
of the MOLsphere and can be used to extract photospheric abundances. The strong lines and
the intermediate-strength lines, which dominate the observed infrared spectra, are affected badly
by contamination from the MOLsphere. In the interpretation and analysis of the infrared spectra
of M giant stars, it is essential to consider their hybrid nature. Also, molecular condensation
referred to as the MOLsphere in M giant stars may exist in the K giant star Arcturus as well.
The MOLsphere, however, is not necessarily a separate “sphere” but may be an aggregation of
molecular clouds formed within the outer atmosphere. The formation of molecular clouds (referred
to as MOLsphere in our modeling) in the outer atmosphere appears to be a basic property of all
the red giant stars from early K to late M types (and red supergiants).

2. Brown Dwarfs : We extended our unified cloudy model (UCM), which we has proposed
before, and applied it to analyze a large sample of observed data. We found that the spectra
and colors of brown dwarfs cannot be interpreted in terms of the four basic physical parameters
(the effective temperature Tog, surface gravity logg, chemical composition, and micro-turbulent
velocity Emicro), Which have been sufficient for stellar cases. In fact, even for the objects of the same
Terr, spectra and colors of brown dwarfs show large differences, which cannot be explained by the
differences of other parameters such as log g, &micro, and chemical composition. For this reason, we
should have a 5-th parameter to specify the observed characteristics of brown dwarfs and it should
be related to the physical property of dust cloud. For the 5-th parameter, we choose the critical
temperature T, which is a measure of the thickness of the dust cloud. With the 5-th parameter
T in addition to the 4 classical parameters, the observed characteristics of brown dwarfs can first
be understood consistently. At present, the 5-th parameter T¢, is an empirical parameter to be
inferred from observed data, and it remains to be specified by the theory of cloud formation.
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4.1.1 BIHREEFTS ARD MILICKD MOLSPHERE (73-FYEK) D#EhS4M

IR 1%, 1980 FEARITTHMABE FTS 1T E D CO AT MVOFRKTA &, I3 M U E AL o RN
A% 1000-2000K DIEFHIN A FHUBATFET 5 2 & 2R~ L 7248 1], Z D%, Stratoscope X ISO 72
EDORGEA» S BN, R MBERE - MIEEOFAIZAXT MVIZIEZ 6 o L o)ERiciE
FELZWIZT ORI TR SN 2] €Ok, I MMELDRZ S FHRIGMUEL - @B
BEE0 ORMUEA - HELICE, JEEK, BE, ik Z-F 2 MELISNS, KADH 4 OREREZ e L
T PO TE OFENL VRN oz, 2D & R DY THIR — AT OCERE 721
Molsphere £ IiF5Z 12T 5 — OFEE, LR LADENDDH 543, (ROMHIEZ Ok, FHic
B/ 2 i 2 2 6 TH L. 2 DIDITITRMFREA XY MV OIINIAIAG] KTH 273, 4l
Ak ¢ OBIHIN R B 2 T T M IH E AL Betelgeuse (a Ori; M2Iab) 12T, HAREEL,
BRSO R D Z5- D38 20 B AN & Sl D AR 7 N VRO RIEE DM 2175 7=, 26 O
R 6 | B A NI FOCERIOCER O RN IHEE L T 203, B Km /sec DATTEEAL S 2, IR
TR 2 R OTRAZ RS Z E DU S 5Tz, 2D & D 2B o R ZEE) D AT H> &
VX, B ZVEETERNC A INEL - TERRIC LV, VISP ORISR S D & T A ET VL, X
Fahhnz efsmasns.

4.1.2 ZEEAFHHAT —IROFTHNIRT RILICLBHREBEE MOLSPHERE (9FY%
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RO BEEIS DN T ORIT OB & LT, RN BT 250 EE MBI, ITRA
M & HRRANRIC D 7z B LR T o2 THEHT & 5 Visibility OHER 3BT 5 5. RS,
AART 4 IV E —IT R Y AR O B B IR O Visibility O HIEAM TN [3], SN 0 FHIR—
K MEITHFAART NV OFEKT A SFEIE L 2y 1OCERE 7213 Molsphere & IFA7Z Y O — DOZE[EFEIE
DEFLEMNMGTNJEEL 57z, LL, 2h 607 —F offfliconTiddie oGS, Zh
ST L OB RIILT L O AMTAEN SN TR, FRHS, Zh b2l FilkEtT — 21, X7 b
T &IELLHERLBZVTIHRINTNE 720D, FIEL RRIAREIN TS, —#RIC, Visibility
DFFFRIIED 2 Y O HHEESH V|, Visibility DRI & BEF N O—BHIILT L b HRAFShiRnz &
PWIRESNDG. — 1, BIRERICDE B A ART MIVITE DR DICZEERPIZENTEY, 2hb %
M—ICHNT T2 Z e EETH L. FE, 20 & IICEH T — & & A2 MV RG]
WCIRMT T 2 2 212k 0, DT RIROEIEZIHE & 72 0 | BEMEH 5 2 T OLERDEERIN T 5 L DS
n[gEE 72 o 2. KR, R E AL o Orionis &% U 1 Cephei ICDWTZ D & D R 24TV, 20 6
DO FHIROYJHR 2 PEL 72 [4]. WTIUCTLTYH, AXT M S ZOFENRTREN T 0T
HERDIFEDS, 2EH Tl ORI R Z RS Z 212k Y, X0 L EHEIMNS O DRI REEE S
lzZ L OFFRTIKREV. ROMEE, 2D KD 2 CRROERERRENZHEMMTTEHZ L THS.
Z OREE, KRR L TR D E ISR T D08, BZ 6 A TR Y & B i
L7zBIZcdH 0, [a UBE o K ORE O A G MO FEER e L THRBIL T b b e £
N5, FEIIONTY, ZOREIIABHTONTT S04 L b IRETIEAR O, g FERO
IREERE AN S huid) ROBIRIR TS - 7okt B A - PR O FIEBUHEE b 0 7R B &
THZLITLDR—INCHET 5 Z L JEETH A .
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HAMERITE L OSSR S NS HITBOW TS, EmAREEY — U B (FTS) 1, L
WRFUIRCT D72 R OKSEOFAARY M e G2 5 R TEHRBMOTHHTH L. 4k, KPNO
FTSIC & O BIHIL 72 MHEE FTS A7 hicy & & 120160, 13C160, &1 12C170 i —fifHlx
B DFFNT 2 S, 12C/13C KO 160/170 oRiEE 23 o MAIEEISHIIR L 72 [5]. £9°, AGB Bffic



H5HEEZSNDHI MALLTIE, 160/170 1HFF 500 LLNT 100 ICET L0 0 b H 543, HU Ml
FATIE, 1°0/170 13 100 1T < 2 6 AR D (= 2700) ISILWD D ETRELRNTY F2/RT .
Feniz160/70 oBlHNIE & FEOME 2 X5 729, Hipparcos I X 2R &AL N T v 7 6 H
HOHEEERIT-> 2. ORI, 100/170 13/ NEEE TR ERLE 2R A%, 2 first dredge-up TlE
FEIHTE S, L L, HEEEICY 100 1TV 160 /170 LR IRT O o23% 0 | Z 1uld first dredge-up
DEFNCHNT 52 L IIHIECHS. —J5, 12C/BC 1L Kb — M8 I<b 7 Db TRE <, 5 — 10
DORIPHICEE 5 Z L HEPD STz, 2D K D RARIT, first dredge-up 1T &k 5 EA TR T E 2R
NWZ 2 EFH LSO NTEY, IT T ad-hoec RIVEICH & T CIRGET IV (eg. cool bottom
mixing) THAL LD & T2RBLH L. LML, 2D & D72 ad-hoc RIEGET IWVIT/NEEEICL 2
WHTET, e DMRFIZNICk > THRMNT S Z 23T TERNWI MBS Lo . H Lo
ATREICBT 5ILRIEG KO Z OHit & 72 3o B, 72 B TAFTENTH B Z L B3 5.
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P O e S O AL RIS DO T, L, KB CERIC O W Ty, WERIA KBRS h Tk
S0%FEEA TR 2 T HMRMEH S h, lE e 2o Tna. S S ICHEoZWREaELE (BERZ) 12
DN, R FEFMREEFTS A7 M VIT kD CO KT OH 4 T DN 2 & 532 M O A R D #
it &R Tz 6] S F TIHEC CO IO TN 2 470, IR o iR O IR R e ki % § 5 2
ERPSMITURZAS, SRR T HEROSHIC & 5 & LTIk & iz, L L, OHIC
DT, T L B AU Tl e g i s iBGEAS, AR S k%2 35 Z et ih s hv iz,
F72, COIDNTHH— KO AHRENC & 5 RFEMKB =B L 202 &30 5 THeds, 2h bl
BRI — AIREN D RIS IR B R L T2 8 A 6NE. 26 D2 L2 6 RIFIRHR
BORT &9 R E A o LRI RO IR IE, /R < 7 a L' T & B R e 2y
NVIENT D )5k BT 5 2 L IZREETH 2 Z e 2mSha. 2hooZehs, Tn e bk
HEREOILEMRORES, 50 & Z ARFNREIE L A LTRE R0 & D 2 LI5S 7RIS
FOITHRTNITR S . BEHKIC O W T, BC CO 3 AHIREND & K& 7o AR ANTIT LY T
H Y | BFHARIT OV TE OH FUEIRE) K O —AHREN D95 R & RO 7 RUTITE—RT 5.

4.1.5 HREBEEICHIFTIHRNDFIRD RILOESHESE

FHEELE (RGB AU AGB &) TRl S 15 CO, OH 7 & o MRINARE, ZDigfEic kv ¥ bz
BrERT 3D N—T B 1 (logW/v < —4.75), 11 (—4.75 < logW/v < —4.4), KO 1II
(logW/v > —4.4) I NEM, 2h e oW, I 7 aflfit® T Ivic k5 H KR 2R 7 R VRRIZKR
HERICK VM CE201%, V=T 10HRTHL. 7 )V— 7 ILFRGHED IR CO DURIPHRD H >
5720 BRSOy AKX MOLsphere Da7 G2 E & HA 6N TS, LA L, Z)v—7 11 oittjiil
KIFRDE FITFEEN T2, ZN—TF 11T 2V ICET SRINMEOME TEZA TS DT, Y,
Z)v—7 I D & 51T MOLsphere D5 Tl 2Tz, LA L, Z)Vv— 7 11 ORI DI
BIINV—TIMOZh e IPTHD I EMBIHENERY | Z)Vv—TF 11 DAY MVIRITCERS D
MOLsphere & B L 7z AW BEFTIRICH 72 5 HARKSWBLEIC L VPR SN b O TH SH Z & 3%
MSNDICE ST [6]. 2D D6, FHIRARY NV T KRN 22 KT8 04y FIkIG O GER & Fid
MOLsphere IZ B9 2 R KRN & OHEYTH Y, 2D Z & 2L THERE FIVTHAHE AR
7 RIVEITLTY, IELOHRIRZHES Z LIIAJRETH - LB L I RS o6 e o7z, 2o
& 912, AR BT IS B UINER DA D oy & S £ 0070 — T T ORI D B % Fv 7z huid
2SRRI SN b FEEEANRT NV OFENT o WO ARE N SR S h iz, &
BIT, 2D LD IaNnA TV REEE ORI Z DT E 2 unm - ORI T2 7 N IVh ALK
IR ERRD B Z LTSI THETH 5 Z e Aim S b,
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D, Cat H, K Fif72 ENSMENLENEEET IR, E5ICIEWDYD DL T JHETF NV ETH 4L
I TERNZ EDBPSNE RS T, 2D KD AN O A TEOFEZRTEMNICH R T 2 2 &1
b e LY AIJEETH B2%, AT MVARORERE, SIREIE, iRshe & ofifht & it T, fH2 e T IVl
Mick>T, 20 KHEEAKRGUSHFEREFMAERL THE EHFX6NEH%k ¢ Dz Rz &
MTE S (8] Feld, FAAXT MUVDak oM 2Rk T & R0 MAIER HEAEICDOWT
&, MR THEHT — 7 2485 L T, MOLsphere ¥ 721320 FOCER & 2490 7ot 22 4@ DT L kR
PWEMFET D & ZATEED, ISP U H LR EZ 2 v k0, ARk
LN TEDESGERTH L L ZEZLONEYTHL. b, HEKRQUTBY 20 rEoLRKE, Al
Y KLY b REHo B, MERICBT 2 EMNBETHL L EX LI EMNTED.

4.1.7 HEBEEE MOLSPHERE (73F)63K) & HERHHE

AL DHEA T2 RIS BT DRUSERYNE, 2 e oA 6 OB REFHIC & D FHZEfIicEt S h,
ST OALFHACO S ) 2 72 5. FHABALIR, 20 &5 2iliFe ik Wy 2 21C &0 BifE o
% i 7= R B LS R S iz, L L, (LA 2T BT 2 BFEBUH OBEIE, w72
IR CHfShThan, 2ok ) REEBUEEE oM, oA 725 DS ek o PR A
AlfEe 25, B 6 SHMERIAUITBT 20 17ER Th & BER L 20 FOCER O IZRESE R < ha
W, ROARIR TS - arteE i - HEAOHRERBTEY Ch o 2BNeT52 ik
WCHRS 2 Z 3] RETH A 5. AT, SRl EADI ORI, FadFgahc L Vs h
T2k 208, DD ZhOBUETH Y, 0 & 5 WAt Tl E Horh s < ekl v o'F
PO TES TH L. fAIE, u Cephei DA FIERDOE &L 1071 M, B L HEES N B DT,
B &S5 1077 My, /yr FEEE OB EBUHITIE A2 28" reservoire” & L THERET 5.



4.2 BEEE

4.2.1 HRALREXK[OERNETE

K 4 DEEIE L 7= Unified Cloudy Model (UCM) [9] T, & A h DFIRIT—FETHIRDJE S D & 2
NETHRBINTNWED, ZOFANED MRIES A b@&%lmJ#Twnd TREY, LRRIZS A R
ﬂﬁ%<&%bf%ﬂ?é@%ﬁ§j&?%ié.::fﬁﬁﬁ@@%ﬁ%mmmﬁémmeﬁﬁﬁ
JEASRENIZF A NEDJEEMPRE LD, ChE2HGBINICRET L2 L3450 2 ANEETH S, L
ML, BRI Y A NEOJES | 4> TRAMERBUCE IR S 5 0 T, Bl & v 5 535 EdF
SHEERETH 5. NI O =0 RAEEIFLTOETFT IV T ELIEL 7203, BT O BEHIE
IZ & DA S D ZAMEENE U TH - T, FAEIFRIIRE ST L T b Z 2255
MERoslz, 2O LIIHMMAENE L TH-> T, FR MEDFE, b, BRANRE, AR e
FHOZICEET 5 2 e 2TB%T 2. ZOXHEOJFERIE AN TH U | BRAE 0BG REIT AT « K
a&otwfﬁa@UCMfum%mWéﬁ%mﬁki%v WCEETAH LN TAE—L EZ LT

Sk, BUHEIR 2 SHINCH 92 Z L 30]RETH 5. JIb, K, TR T 5 25T
Avxa abfﬁ%mﬁy%ﬁmLEgm%m&1ﬁ$ﬂﬁLF@4o#M%a%x6hfwtﬁ
AN S NAHEEKRATIEZNZ T THEATANT, SHICHE5ONT AL LTHFANED
JEETHIEY B RAE T, ZHAT S Z N NI es T3 & ZTERY 5 [10].

UCM EBIED & 2 5 —FiO RN ET N TH Y | ¥ 2 NEOH R Z B L 72 & 0 PJFLT €
TIVICRIE SR ZENH L. 2RI S0 &2 L Tnas 2 R EX6Nh5. L
WL, —RACHE IR RTINS Y A MERE L 0 B IROANCH 0, Zooilfiie ¥ A M
TR & B & BN IAE T2 213 L, WED L 2 AZ D KD RNtiic & 5 A EFK
EFIVIFRINIL T, £/, Richzkoi ﬁ%mﬁy%ﬂmLEgm%mﬁtabwba%b
héfwfbﬁzb%Mﬁ&éﬁE%Tb,a@ioﬁﬁ%ﬁﬁzb*@ﬁﬁ%&ibfwémﬂﬁ
ZYHZ U RIFRTHS. Fe D UCM Tld, Z D &9 %BIFERIFRD ¥ 2 N E O ABFHITO & £
TN, FANEDOKREIERTNTAY—2EATLZLICLY, ¥ A NEOBIMIC & 6572
WREARERIN TV BT — & i 2tk 5 Z L 2 HINE LTW5. (ROBREE LT UCM DY)
RIFEEZ I & 2T B1cid, RAUSKITT ik « OELE SR L TR FDOTHREEAT 5 2 L BAE
THAD.

4.2.2 L-T ART <ILSEDBRSY

ML Y S HOIEEIT T2 T 5 AR MAVABIE, T2 LTRAY >V, K &) & oinv
AR LD L — TOAFDL L ffibh, e b UYWL TL — T 2AX7 "MVRINIEEE DR TH
5] EHERZTHED, TR TWizZ e 5 Tz, ZOEKIE, 26 D KK TIEKRS
5 H 2N DRIED, WEFEOMR L X WENT, LIV glill T\ ez Thb. 2hdHRIKT
A NPBERETH D Z LIFHRLI PSRRI N T, Zog itz B NH S h Tnzo Rz b
T EL b T s Z e SN o7z, FITHRRE DI, 20X LWE 50 H
mEJ@ﬁﬁﬁnh&ﬁALTﬁMéntxxabw&UCMK;OMMLtﬁ%Jr—TﬁﬁE@
BHED 2R M VT AR O ZINHEL TE 6T, L LAF 2 MEDJE &, fl b RAE 0%
FNOIEL T2 Z RSN E o T, 2L OFFRIIT 2/ T 2 0 HHACHIIICTER L 7o il A XY
VAR, fed]4 RERINICATDNVRICIRE ORI TH B Z L AVRE Nz, TR AR M Voy
FizTAL L Utbhbh @A o L — T, WfFEhiz ko RS0 Tldnl, 20z
e DRELBB T 6 Sz, Zhid, A MIERS NI KIED AR VIR o — IR ok
THAD. HEEED AT MVAFUIRERRIC MG O ENH 5 Z L Miimsh 5.

4.2.3 BEEREDIIREETIVORSNKROLE

%E/éﬂ‘i@)%mﬂiaz FDEMEREND Z LIT—RICHD SN THEH, 2D F A MEDK
BRI DWW T o @ EERICITE L Ty, ZolEZMETT 50 -2 9y 7h32006 4 10 HIiC
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Leiden Tirbi 7z [11]. REHCHEE L 2d o 7208, BUERIE S W T B i ¢ 0= F NV E [l —D /85
A — & —TRRL THIMETT 2 DS INn % 255 S, I« @ Unified Cloudy Model (UCM) 12D
WTORIRZRE L 72, L RO T RREE T, AL, EE, &RaeNEHCThH-Ty,
ARG MVRHERAE L K25 Z L BEHITIEIH S M 5 72hd, 2o Z L1372 NEOFEA
KIKZLITKREL ESTNWBZ L 2BHRT L. 2 TORSRREIX, 2ok )%y 2 NEOFFEN
EFOEIRKATEDRESHTOZOPBHENTIZ RN L THDE. ZOMEEHRT L Z e
LIEEEE DI DYETBH 5783 AR FRBEBE G L T2 gt H 5. e ld, UCMICL D ¥
A NEDJEE ZRERINTHEE L TULWAT XY —JURTREWSH 2 ET NV EZERL, Thic k) K
W BHT — &7 DT 21D 5 Z E D TH L L EX TS, TDDH, UCM ZJLVINT A —F —
BURITHIR L 72

4.2.4 M, LRU T B%ZED Unified Cloudy Model 7 —5~X—2X

WESEE O SFHEBHIT — & Ot 7 ot ~DJEH 2 %8 L T, UCM 7V v K%
700 < T < 4000K
3.0 <logg <5.5
Ty = 1600K, 1700K, 1800K, 1900K, T¢ond
DOFPHNIZOWT, MR T — 7 MO Zhic b & T 27 bV, SED, HFMafElio THlESE %
T—HNRN—=22 LTR—LR—Y (www. mtk. ioa. s. u-tokyo. ac. jp/ ~ ttsuji/export /ucm) {23
L.

4.25 [HHDI (ASTRO-F) [CLD L RU T BUEEDRFRADNHER

(%70 | (ASTRO-F)IC &V L KT HREE D 2.5-5um FURO/MBIHIZ1TD 2 L 24EEL, I v
var/uarohe UTRREN, Z O%EIE SPITZER % &ML JR AR SCHiT 2 Tl BIHIT & 77,
BifED e 2 1HM0 | Ik > ToRBHINEETH 5. BlllZ TEL 202095 5, 11 KIKIZDW
TBIHIZFRATIN, 2095 b 7 KRBT, WEMPREB B &L Z 100 DRER AT MV RS Z
Mk,

4.2.6  [HHND1 FEFRNAIRD MIVICK B REZREDNERYIEE DREROIFFEHET L
DERIMIAREE

(B0 Ik WV RHAOT— 2 0oz 6 KIS OW TR R ZEL 2. WEfEE R
ICBJ 5 ¥ A MR, lE OMEEKAERUET 5 4 Moiity i, s, AT Ty, )
IR g, &di, SUNLREE 0 2722 63, Zh DS o KON T AFRFBIG?) IKikiFET 50T,
W5 DONRT XA =4 —& L CEOFRFIRE BET 6 RAEE T, 18 A L 7 unified cloudy model
(UCM) 1T K VT 24T - 7=, &lmi, SUNELRIEASIE KR 2 INE L, AT MV OR % il T &
% Tog, Ty, log g BRE LTz, BLEEZHOTRD MM & FIrRMyiE» S F ¥ 2 ko /. &
R, WIS ET VO TE D & DKL EROITIT 30% INICINE 5. £z, BER CO N 11, 1L
FINED Z A LA — )VISTRIC L BDIREDZN L VKW IEINCH B e S TR0, [H»
D] IC&LY CO46pum ANy RBBHISH, 2D &5 RETNOERMNBN LD T HEL 7t 5 72, K
Uk T BRSO ST TR L 72 CO MRENTEG L T, CO WIE¥r & 25 €57V TIRIX
BUHIASEN] T & 7248, R T HFRE TIE T TSI TR o CO BEFEETHDT, 2O LI RET
JVC CODSEEITHEL 725 2 LIFHIHTERWZ S e oz, £z, TR TSNS
TV COg 4.2 um 2N RSBl S N7z, TR ET VT, UCM @ & 5 2 FirET VT H Ak
TSRz &M 607z 12).
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