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. R T H AR BB 2 . 20 S 60 AR, ZEV MR IE L gt i R BURERR 2
RIRERRSTRAE, IF B SCR S o TR SR G RHE AR M & o 21 20 22 90 44, WAL
SOV P £ T PR R RFAIE B IRAE TSO PSR BRI P PRI B, L5 B B 2 I AL 4h A A R
X £ (Spitzer. Herschel 55) HIA ST, AIL T RKERA L S RER SRS AL, JUHZ i (0 B I
B, JLT#E TEAIK S A B (LER . WEERR ., BITRERER TERES. 48
EURSE). SRR AR RHE 2 20 A 7E 10~70 pm BKTEE A, RICAZAF R . 19
AT T B R g R RERR R AR IR (KR I L RERRAE WS . 45 R ML
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5 R o BERR AL K P & h e W RSy, ML EF, BERRER EEh O, Si. Mg. Fe
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PR AR B 7 1O HE S 7 2 b, AN R R A B o SR (M o5, R AR 28 AT A 7 55 AR RE R
PR T BCEER « THPIR DA 0 BE STARAG ) 3D 4505 76 AU 1tk 0 A HE A P R BRAR 5 7 AT LA
AMEMPERRE T 0288 T, AR FEMERLE, lia (Mg, Fe),SiO, FE A
(Mg, Fe)SiOs; MAEKFEAFMIMIHES o, BT 2 FEREIR 2 2 T, AN O REFR AR B 73 AT
s 5 HAMRERR N T2 =R RSE mEE 7> 7,
1.1 REERERAIERM

B JE A 1 T RE IR BT 9 FFAA T 20 40 60 4EARH). 1963 4F, Kamijo' B 4C7EH S
st MBI K 1A S R R RS AT T TG, TS Si0, e H AR R R Rk, K
J& Gilman T 1969 4" 7504 i) 5 SUE I th AR 20 T 45 18P O S b S e e
DR AR EL, 10 AlSiO5 Fl Mg,SiOy %5 . MW _ERAE, iR LA RERR ShAF 1L 2 &
SHRFE, 2051002 9.7 um &1 Si-O SRR ZNFFAERT 18 wm AbfY) O-Si-O Hik A 25 ih 4k 2h 45
fE™ ™. HS Bedjin (1987) &1 24 1 15 2 8 LB JE 3 B AR AR O8I opm > 3.0)
I, I AR E R A A2 b AT g DL O s B T 1983 4R, A R TR
IRAS (Infrared Astronomical Satellite) & $ 775, £ 4 AN ZLAMEEBCHEAT 1 4R BTG
WK, R4 5 7SR 7~23 pm A TE A AR 2> PR (Low Resolution Spectrum,
LRS), KILAKZ) 2000 MEEA TCE MR ERAE 9.7 F1 18 wm MRERRAE, Hd 1700 Z24NER
B RGHHFAE, 200 2 NEAARBCREAE" 5 32 2 O kR h R AT I R T R 28, AL
B E L.
1.2 ZARERREAEN

FHR DU 9.7 wm A 18 pm FEFR Eh #E A 58 1 Y6 UARRAE, J HLX Lekm S AFAE AT LA
SR P TC E TR ER AR A B T, UK e ok T R R, I R SR
B AT T RERR R R e e B Y. 20 AT 80 4EAR, HA R S5 M 10 45 SRR
ERTE R P R I E R LU G-Pictrois 4238 h "™ WM F, 47 R R ARABE B
RIT . 1989 4F, HIERBEE N IRAE K BH 2 AL B £ T RE R ER KRR AE, JE T TRAS
LRS H#E 1% B FE k20 4h B 43 (0 3 il Herbig Ae/Be JE {8 % 4K 34T 618 20 1 it &
7 HD 100546 AT 11.3 pm 45 s R 2045 1E; A2 T IRAS—LRS BUKKOGE 7 #F
R, X REHERA #A45 A EE AR SR bR . 3 20 4l 90 4EAX, FE# ISO (Infrared Space
Observatory, ZLAMNSIEIRICE) WIS, o HEae el A e 5 45 5 ek R h 1) 7 Azt L
BAVERIE 2, BFEFH AR ATt AT g E ™

MG UG, A8 A SRR R I AL T 8 TERE IR R A8 2 7E R 204N 10 pm A1 20 pme ff
IR Si-O BRI AN O-Si-O #4125 M S BUY ek RRE, BN HES 1045 ek Rg 2kl T
FERRAR 25 7 A AR M HE P 25 A0 48 BOARAE , FF HLES SR RERR ER7E X >25 um AU S8 I K Tu
S ARG, AR DS TE 8 TR 25X 4. 1996 4F Waters 25 A™" %} ISO-SWS ]
6 ANEALBEHAVRAE 30~45 wm PRI HEAT 0TS, B IRIEIN T S ARG A E R R )2 ]
Be o oK 1A 45 R RERR Eh AR AE (WL 1), BEJS, 1999 4F Sylvester 25 N i TAEIES: 71X —
R ABATTPEHE T 1SO/SWS F ISO/LWS X 7 ANy Ak B B 1E 2 1 6 Wl 25 5, 188 7 & 55



150 XX 2 HE 32%

2.4~197 pm KT B OB, 7R 5 S B 4% S RERR H ok X U R L, BT S
ol /D M A7 AE 45 R R SR RRAE s AT T 20.6, 23.6, 26.1, 27.8, 33.0~33.6, 40.4, 43.1, 69 um
AT 45 R RERR B RFIEHEAT T 3138, R IIX BERRAE 8 0 8 TR IR Eh IR B R R AE— A%, a7 BLLA
WS TE R . R T SEAFHE T MRS SRR B4R AE, 2002 4F Molster 25 A% xf 17 A
fEE 1) ISO J6HE (2.4~195 pm) AT 7O/ HT, UESCH R AEE R4S T 45 R L 1 — &R 51
AR, B RFIE R LE 10, 18, 23, 28, 33, 40 Al 60 um AL E A HRHE (2 MFIE
BETE—HTD).
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B 1 SEKEREIEE RS
P VORI 380 5K 1 98 1 G SO v ) 6 A R R ER A AE , B AR LUK SE 2R T LN S B K AL 1 2 SR RE R R ARAE, Joh W Hya K
) SR LR KR ISO/SWS [5G ma B [ 2k

b 7 IE R E R, &5 R Sh B AE HoAh 2 PRSI B o AE 2SR £L 40
izt 1SO M1 Spitzer KU 2 |, 45 fn bR £k ¥ 75 2 B AE 2 3R #% AL (debris disk)
WM E), s SR f B-Pictoris™ , FEREET 11.3 um (45 SR EAFE™ ™ . bE
% ISO A1 Spitzer MIFFZS, JEUGAN VI3 K 78 56 v Bl R Rt 2 J2 20438 5 1H) (40 ISO/LWS 11
PK AT DUE A F] 29 200 wm), AL HATE A JEAT B A ROA IS IR Sh A R L. R
HAr AL, &5 SRR MRE I KB & fHA . WAMNE RFIREAR) AR, nE
J2. Herbig Ae/Be A T Tauri fHEMFATEA. ¥ F1EE B mgkEa™ ™. £FEHE
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BERRERARE ™ B a bR 27 BEAET L WA, Stardust 64T ER EIK A £
2 81P/Wild2 (kA 47 R FRAR A RO SRR 2Bk ™Y . Spitzer 1 ISO %
LMC(Large Magellanic Cloud) [JRRIIHIESE, 7R A5 Z FE B 1S [RIFEAT 45 5t e L £h 4
AEET

R 4 RS LB R LT AL ARE, {H 2 TSO-SWS SH4RC 77l 4R T 3 W A2 B A i
L R AETE S5 A RERR B, SR RN B P IR R #h 3 B2 e TR REMR 25, MO A5 2 L 1
R4S ST R 40 T B L5 SRS AEAE . Kemper 28 N 0K B AN A 26 10 45 5 1
RemT 2.2%, 1fi Li 1 Draine’™ ™ WK R FRA T 045 SRR i s EA S T 5%. H
FE BT B M T 55 04 R SR 4 e £, (B R A B UL T34 4 i R £k 11
RIS, X R B R BRA R h R R £h A7 7 — AN AR B s A, el 4 ke 2k
REAE s TC E TR RERR SR 26 7Y

ASCH 2 B A GG IR R PR AR Eh . DA A IR R0 4 Bk R 7 4T A B
BEAE; 5 3 BAAL TR IOTE R, O SRR IR MRS . RBRIBE . BB R
R . RERR Bh (045 5 5, 5 4 BP0 T 45 IR SR (0 I R FT RO TR BB LAEL: 55 5 ZikAT
I A S S R,

2 TEALREIYIE A2 AR R £

T P 2L 2 7 JH P 0 A AR o 1 G, 37 308 3o 805 1 KGR AR AR K IR R, R
TR N 1077~ 1074 M, - a0 fEFU/NREAE R (0.8~8 M) 1, XA & A 1E
AGB W, R EE A (8~25 M) 2 £ RSG(Red Supergiant, ZLiEE &) BBt k1R
KIGF . T AGB 2, HIRSHR 28 O A R B R £ 1 R e 7 B E S 1 AT, 7 b
MG — AN EWEA H R A AR, 2ERRE hAESs ThY (EERT
1400 K) 2R (W 2), 3l Bl e B (1) TARst EHEBIAN R, IF BBy 5 2 bR
2T R ] X s R

w EFTR, AGB B IEIREE T T (O O %) Fliid AGB S 42 4 11 F #ri%
BN RAME, HACX TR M C. O TEMEEMKA, FHS 5HMbiE
Gity, FTBL C. O e B MR IELE . C. O TTRSE LMK CO 4T, AW
C. O FEEL TR LS (T TEHM SiC 45) R1IE R VASY (R4
BAEE) HE. WY AGB Erh C. O JLEILE], AGB E—E A (C/0<1, M
) BEE B (C/0>1, C ) &, ERNIBET, 24 C TEM O TEEAMY (C/0~1)
R S B, T RSG I — B2 S8 2. 56 AGB BRI N EWAE, Wik, Ak
ZONTRIF AR, BRI A B SiC. 20 T 60 4 AN B 4 e I AE R 1 20 40
BOWIRIESE, 7R K A<10 pm bFH KER A5 F (CO. OH. HoO. SiO 55) FIZRIR4EF
A2 TR KRB B, RIS AE S A S, b, REE MR 9.7
A1 18 pm A H L RERSAE, —B0E T T6 & ke #h /R R k. ISO RS S5T K4 50 %



152 XX 2 HE 32%

1500 T I I I T T I I I

1400F

1300F

1200F

1100F

1000}

T/K

| ——

800F

1 1
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2
lg P/dyn-cm™

B2 SSEKBRIIESh—E RIS Fh R
TR BRI RN Feor Mga(1—4)SiOs MIAREMIR (FFAGEEAEE ) 2 @ = O I BRI A, X o i T0T s 1 K 2k
BB R o = 1, BOA, SRR R IaE IR, BRI ER: » = 0.5, BERE EAN S RN A, XA () e R 2k,
2R P AR A T RO A RO A 2 ]

AERTRHIE R I, EAIHA Rk A 45 SRR Sh AR BkAh, 7E 13, 16.8, 19.5 A 31.8 um AbHY
LT — RFT B A AR S BRRAE , R B T8k (e Si LY. Ca-Al HI%AL
Y. Mg-Fe ALY TE5E RIEAED " .
2.1 SREEBREER

A S JE 45 R EERR BRI AT A 20t 90 AEARA TR 4G, MR 20 4RI R I T
BRI G5 R ERE R, 1 B T — S R ) LA 45 S A R SRR A0E 1V Ak B S 1
B. BRT, &5 SRR O 2 7R AL I & A B E R ERY . alE
i AGB BT post-AGB BTN AT EIRE S (PNe) T AT
AR ZE (PPNe)™ ™ ™| =i i (LBV)™ | @yimin™ . 518 MR, 45
R Eh— AP T 8 S AL e 2 b (E B 150, Waters 25N b RIL, DHE
BRPEL R op S AEAE 45 R REIR 2h AR AR HE XUR MR 9T RE AR, (L H BTG TR AR
%R R AT Gi— AR 5 T Molster Al Kemper ™ Ay, X648 5 g £h % R T
B R R B 1) B U K
2.2 PE4FE

TC e TERERR 2h R B ASAE EEAL T 9.7 um A1 18 um &b, 145 FRERR 3 U 7E A>10 pum
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21, 24, 52]

%1 B EAESERMRESHSEEELREEE'

R HM EE BTN

W Hya AGB [21]
NML Cyg Red Supergiant [21, 24]
AFGL 4106 post-RSG 8, 24]
HD179821 post-AGB or post-RSG star [21]
NGC6302 PN [21, 24]
NGO6543 PN [21]
IRAS 09425-6040 C-rich AGB star with O-rich dust [24]
NGC 6537 PN [24]
MWC 922 Peculiar object [24]
AC Her Binary post-AGB star [24]
HD 45677 Ble] star [24]
89 Her Binary post-AGB star [24]
MWC 300 Evolved star, B supergiant [24]
Vy 2:2 PPN [24]
HD 44179 Red Rectangle; binary post-AGB star [24]
HD 161796 Post-AGB star [24]
OH 26.5+0.6 OH/IR star [24]
Roberts 22 post-AGB star [24]
TRC+10420 post-RSG [24]
R71 LBV [39]
IRAS 18354-0638 post-AGB [52]
IRAS 2323945754 PN [52]
TRAS 16456-3542 PN 52]

TE: B 300K [50] B 217 MEIRFINR S, BHRSBHFZ BRI ER,
PR ARG B0 YRR .

Ja B — RAV B RAE (29 50 2%), Hohi R R E T AE 10, 18, 23, 28, 33, 40 M
60 pum Ab i A4 HE (WL 3). Molster 1 Waters™ ™" % %Hi% 7 AN S HAETE 17 W)
R A ()R SRR T I A, ARATTRE X R R 4 T 223 il B A BIR S5 A AN 5 AN ALRRAIE
I HAHT T XL G SRR R E R PRI (8 2). MATR A SR EE F 10
A 18 wm FRAEEL BT, 10 HLA 05N AURAE R 1E B X AN AE 2 TR 32 0k B T B T RE IR £
£ 10 A1 18 pum PRI L35 )52 R T AS KA 2 7E 23 pm BEAHF-IEH, BIFH ) 23.7 pm
FHIESRFE S 23.0 wm FRAE TR BE LOAE Fos 7/ Foso BOK, FFH 24.5 pm FRAEGREEROK, 155
MIZE 23.0 pm LA E 38 BE A K BT & ) 43.0 wm HFAE TR — A2 59T 43.8 wm 4HAE, 1M
40.5 wm REAETE 3 o L BCBEUE HF HA 2 M 2K 39.0 pm &b, BB PR AMARRFIE 018 2
NIGFAE s 60 wm A RFAELE BT HRIAE IR KAL T 65 wm &b, T7E AP AMRRHE [ 1E 2
HH U AR 0 K U — M T 62 pwme A2 A, I HLIC ISR 0 K 1m) <00 1) B B8 AR B 52 um 58
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SPRHEMIRIT L 20.6 pm 1 30.6 i JLARAPRHAEIGRIR, 750, AIFE 60 um JbH — MR
BURRAPHFL, T7E 2 iR EIE AL (L 4)™ ™

40 prrrr e Sianan 0.1 4 frTrrrrT
0.12 T 1
o 0.10 .
> ]
Q>> 90l Q> 0.08
R & 0.06 ;
10k 0.04 J
TRAS 16456-3542 HDGQS{%O
(planetary nebula) 0.02 (debris disk) .
Ol 1 1 1 1 1 0.00 1 1 1 L
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200f | ) l T
= 3 9
= = 100F 2 ;
= 150} e =
Ry < o |
100F | sob | ]
HD100546 Comet Hale-Bopp
50 (protoplanetary disk) - (r,=2.9 AU)
PECEEEE S BPEE AT S BPET AT S AP AT AT AT AR |
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[52]

& 3 FRERIEREERNRIERMEAIRGHHE )
(a) BHCMIMELR s (b) /52 B OBRASAE: (c) SRAURUT R AL (d) B (o) HAATTI Sgr A% WH SEERAE""
KF ISM: (f) Halley #87 A1 p-Pictoris B 1 9.7 um ARG SRERREASAE . m, A% HLBE.
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F2  GHMEE hEEREN—AISE
pm
frE B FHIE (F01K)
10 7~13 8.3, 9.14 (Si027), 9.45, 9.8 (Mg2SiO4+MgSiO3), 10.7 (JELRERR L),
11.05 (MgSiO3), 11.4 (Mg2SiO4,GaMg(SizOs))
18 15~20 15.2 (MgSiO3), 15.9 (SiO2), 16.2 (Mg»SiO4), 16.5 (PAH), 16.9,
17.5 (LR L +MgSiO3), 18.0 (Mg2SiO4+MgSiO3),
18.9 (Mg2Si047?), 19.5 (Mg2SiO4+MgSiO3)
23 22~25.5  22.4, 22.8, 23.0 (MgSiO3), 23.7(Mg2Si0O4), 23.9, 24.5 (MgSiOs),
25.0 (GaMg(Si20g))
28 26.5~31.5  26.8, 27.6 (Mg2SiOs), 28.2 (MgSiOs), 28.8, 29.6 (GaMg(Si204))
33 31.5~37.5 32.2 (GaMg(Si204)), 32.8, 33.6 (Mg2SiOs), 34.1 (GaMg(Si204)+MgSiO3),
34.9 (Clino-MgSiOs3), 35.9 (Ortho-MgSiOs3), 36.5 (Mg2SiOg?)
40 38~45.5  39.8 (GaMg(Si204)7), 40.5 (MgSiO37), 43.0 (&5 FhZ5/KIK +MgSiOs),
43.8 (Ortho-MgSiOs3), 44.7 (Clino-MgSiOs, GaMg(Si204)?)
60 50~72 52.9 (45 ahAS/KUK), 62.0 (45 dhAS /KUK +MgSiOs7/GaMg(Sia04)7),

69.0 (Mgz SlOe)

VE: Horb 43.0 Fl 43.8 2RI AE ik,
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1 AEREWEEMEERENEEVRIMTIEE PESHRBESHSHT
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3 SRR AR AR

3.1 By

IEWTE S| 5 #5r frik, &5 rERR 3 WA 22 A, RIE HMAR & 7 1A R 43 O
A FeouMga(1-4)SiOs FUBIREA Mg(1_,)Fe,Si05, HH 0 <z < 1, {3 Fe M5 &, Hkum
T BN A Fe RIBERION A1 (MgoSiO,) RIEENE £ (MgSiOs), LK AR Mg HI kM
A (FepSiOy) RIEMEA (FeSiOs)™ . F4h, MgSiOs H HifZ5H): [FMEA (ortho) MAHEF
(clino-)"™", % H B (RORL RSN U B0 A 2 AR X 2 AT, — BRI S b —F, X
5. Fe 5 5 0 500 0 076 WA K A 2R TR (B FWHM) 973848 . Koike 28 A [
SEG N RRY], EE Fe S REAEIN, BMIATE 33.6 wum ABHREAE [ 06 (B I KA 1] K38 7 1)
5, BH A Fe,Si0, MIUEE B Kk F) 38.9 pm, 1M H., HERRE (58 FF 0 2 1 Wi 559, B bl —
f 230 33.6 wm BFAE A 45 A Fe [ Mg,SiOg. Olofsson 2 N 45 H 1 45 5 NS £ 1) i
RREHT (9.8, 11, 16.2, 23~24 A1 33 um) PIEEPKBE Fe & ®MAE1L, 5 Koike A4,
—3, Bl BEAE Fe S RMUIE M, WK KB 7 R8s, miH, B oK)
Hh, 2= R sk . X T ISO/SWS Al Spitzer /IRS FIEUHE S Ui, 72 5 5 B 2 i Al 1
33.6 pm. JE AN R A R TP U KA T 33.6 e O EAEAE ™ e B HL A Ak 45 R 1 26
FEANT Fe Mk # 7T Fe 1. Fe 7 & WERFE I 52 3R P05 28 HE 10 72 69 wm REAE, W 230
I Fe, HRME K 2E W B HE L, 5% 1) Fe MM KR 50 B) 70 um 2 407" JE
F ISO/LWS F1 Herschel /PACS MM, 69 pwm P& HRFAE0 B A2 Wil A o Fe & & IR 4F
PRk Molster 25 N7 5@t 4 Wi i 0 8, o R MM 0 69 wm FUBEAT I 40.5 wm HEAE )
ME, 152 TIEMIN LSS, RIS e R R AR 4 SRR R AR IR BURL L 2 9T Fe B
Mg f. Sturm 25 N ZEEAT R AP RIIE] T 69 wm RERSERRHE, BB Fe & AEHE (/0
T 2%), RE—MEM) Fe & ik 3] 3%~4%; Blommaert 55 A A M HATE R Fr s 1) 1
69 um 5E, 3 H, MATREEA RS Fe ™. ik, Olofsson 25 N7 JLAME £ 5%
BAPRILT “8 Fe” WM AFLERIEYE, BTl “& Fe”, a&faHd Fe/[Mg+Fe]~0.2, il
FEUE 80% o4& Mgo

XFFAE Fe M4 dbrERR £h, BOMEA FIHRE A (1 X 50 JE 3 09 2 R BLTE BEHRAE -, ATH
(115 F 25 B AR AE B K B A B R X 5 (WK 5) . 4 fnfE R 30 IR RS R 1E 7T LA A A 3 A
o3 9~12.5 um, YWHE T SiO, WA RIZE);: 14~22 pm, T SiO, WYTHA R 25 itk
B KT 22um, J8T 48 5 7 MEEE 71V 2hiz sl B A iR A 9 K 78 B A R 3 5 51
) 10~11.6 um, 25 #i#Rs1FEK 16, 20 M 23 um, “FFiE3) FEH 33~40 pm. Mg,SiO, )
SRS I K AE 10.0, 11.3, 16.3, 23.5, 27.5 F1 33.5 um, AL, 69.5 um FIRFIER S, {HIR Mk
$ MgSiOs HIsRi i K N2 9.4, 9.9, 10.6, 11.1, 11.6, 18.2, 19.3 1 21.5 pm, FEKIEK (K
R 2 (E S ™ s AR, KU i BRI AR 3 200 T MgoSiOy, TIE 10~23 . T
HIAME Z

BT 45 e RR 3L 1) Fe B &ERMK, FTDATEMOGIEM AR, — BB s ki R

o

q
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M.A.C.*B(100 K)

B 5 SSBENEE MgSios 5 MgSios MREMIERY "
Pl s i 222 4% Mg SiOy (forsterite, BEMINIAT) Al MgSiOs (enstatite, BEMEA) IR RE 100 K L R 5 Plank Hi#(
HIFRA— AL a5 R

B Rl AR 4 Mg,Si0, Rl MgSiOs, Molster 2 N #2511 17 ANk M B4E A P ) MeSiOs
b MgoSiOs %, AR 1~11.4 21, Jiang 25 A7 3 ANk e 18 5 b 1 45 5 RERG 26
HEATHT 7 A5 45 B 5 — 3, MgSiOs 1 Mg,SiOy K B ik 4~54, Wi, MgSiO; &
Y%t % %0; Edvardsson 2 A5 Chen 2 A" Hi4E Mg JCEFFEM Si e ZEF AR HE
AL R, BTN, 90% ) AGB £ Mg JUERM Si st R FIFFE ERLT (1, 1.5]
Z 18 (WL 6), T AT A 45 RS 2 MgSiO, 08 B R 2 K F Mg,Sio, & &™ ™™,
SRTTT, Gielen 25 N /0T post-AGB B[ A #C IR, #1R I Mg,Si0, & LERAy, itk
£ 20%~100% Z 1], W% % T MgSiOs: Olofsson 2 A *" 455 f 45 5 b5 bk — %, A A1 7e1a
TR R DA 0 B TR A, Besbh, A A T R IR A Th i Fe BB Lbi . %
T A e A R R R 2 R IRTE, SRS MR M FREE AR b T B R S B A P N
=E RN 5 R

Kemper 25 N7 H4#% 33.6 um $5HE40 07 7 AGB £ F Mg,SiO, [, 15 H HAE 2 H 5
B iR KR AN 5% de Vries 258 N % MgoSiOy 1 MgSiO (18 sAH%%, Ikt
T Mg,SiOy 1 33.6 wm FFAE, 75 35 &3 B i m nT ik 12%.

T 58 TUAERR 26 s I LU BT B, MRS Rk RR ShiX 4 4 45 S 2k . Z BT IORFU IR T ik
G HRNR, R A i ST A 2 o 1 T SE TR R BRARRAIE 15 5 = o i TE R TR R 26
RRAE L —3
3.2 BE

B ep A R IR B e T ob o R K B R AR L R S0 B IR ES . SR
e R AN AN 1 B R R . R B R SR A R, W R S e R . 4
SRR £h 1 Mg /Fe BUM 4 7 5 500 6 2 AT 21 Mk BR (Wl R 40, B Fe 2 & (114
T, AR 2 3 B (MR O R L AR T4 R £, T TERERR EE R Fe (5
B2, Wish SRR L LTI Feo BR9TESAMRITT WU B 8 TR RERR Eh 6T
(I BE J B T4 Sk Rk (LI 7), T CAZEARIE AL B b, 45 kIR 2h 2 b i L B ZE L O 5



158 R X = HRE

32 %
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Crystalline Silicates in Evolved Stars

LIU Jia-ming, JIANG Bi-wei

(Department of Astronomy, Beijing Normal University, Beijing 100875, China)

Abstract: Silicate is the most abundant cosmic dust which may present in two forms:
amorphous and crystalline. Due to the difference in structure, the two types of silicate
dust can be distinguished from their spectral features in the infrared. The amorphous
silicate dust was discovered early in 1960s by their smooth and broad features at 10 and 18
micron. In particular, the all-sky survey by InfraRed Astronomical Satellite/Low Resolution
Spectrometer revealed the popularity of amorphous silicate dust in the circumstellar envelope
of evolved stars such as AGB and post-AGB stars. Meanwhile, the crystalline silicate outside
the solar system was not definitely identified until the successful observation in the even
longer wavelength range by the high resolution spectrometers board on the Infrared Space
Observatory. It was found that the crystalline silicate dust emits a series of narrow and sharp
features spanning the infrared spectrum from 10 to 70 micron, with the most prominent
features being the complexes around 10, 18, 23, 28, 33, 40 and 60 micron. These features
are detected in various scales, from our solar system objects to distant galaxies, including
comets, the pre-planetary disk around Herbig Ae/Be and T Tauri stars, the debris disk
of main-sequence stars, circumstellar envelop around evolved stars, ultra-luminous infrared
galaxies, and even quasars. On the other hand, there has been no clear detection of crystalline
silicate in the interstellar medium of the Milky Way galaxy, which addresses a question how
the crystalline silicate dust evolves in the interstellar medium.

The crystalline silicate dust is detected in every phase of late stellar evolution, i.e,
red giants, AGB stars, post-AGB stars, planetary nebulae at the low-mass end, and red
supergiants, luminous blue variables, supernova remnants at the high-mass end. The char-
acteristics (such as peak wavelength and FWHM) of the spectral features (in particular the
features at 33.6 and 69 microns) in the evolved stars indicate that the crystalline silicates
are magnesium-rich, rather than iron-rich in the case of amorphous silicates. It means that
forsterite and enstatite are the main components of the crystalline silicates in evolved stars.
The modelling of the spectral energy distribution reveals that the crystalline silicates may
have bigger average size than the amorphous ones. In general, the degree of crystallinity
is not high, usually around 10%—15%, although very high degrees up to > 80% are also
reported. What determines the degree of crystallinity is not clear yet, while mass loss rate

has long been suggested as an important factor and metallicity could be another factor. The
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degree of crystallinity may be related to the mechanism of the formation of the crystalline
silicate. A direct condensation of gas particles can form crystalline silicates as demonstrated
by the grain formation theory. This mechanism has the problem to explain some of the
observed high abundance of crystalline silicate. The other proposed mechanism is the so-
called annealing, i.e. the amorphous silicate dust is heated to a high enough temperature
and re-condense to form crystalline silicate. This model has the problem to explain the
transformation from iron-rich amorphous form to magnesium-rich crystalline form so that
additional replacement reaction needs to be induced.

With the abundant detection of crystalline silicate dust in the evolved stars, astronomers
have learned much about the properties of the dust. There are still some important questions
to be answered: (1) what determines the degree of crystallinity? (2) how are the crystalline
silicate grains formed? (3) why is there little crystalline silicate dust in the interstellar

medium? We look forward to the answers with further investigations.

Key words: evolved stars; dust; silicates; crystalline silicates
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