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AGB J � 10 � m � 20 � m ~ 0 O � N w � • � b 2 b V h � � � ; ( � b r V ( g o 4) �

b B 1 . I I � � , 6 J ^ � b I ( g Z � } . � � ) � k * � I I � % , ^ � b I � Z 1 �

w . z 3  J � � � E k � � ; k � ( : 8 � M 6 $ + w � b � � Y 5 
 M I I � ^ � ! �

; k < � ` 
 � & V & � ( E k � : 8 � � � � �

2.3 � g � { e a f O x N � { x B < b � E K k |

I I & D � I �  J P b 
 e � � I I � � 2 \ � ; ] � ^ � u h � G a ] L / c  J

� P b � 6 J I I Q 1 b � � � _ � ^ � ! � 0 � P b R J � J & � � � v i 
 I � � F  J

a ] (YSOs) � � � ^ � ! � U � . � Y n  J � R J  k P b � I � � $ 6 � k � � ; k /

 J P b � � � _ 
 e � C 2 w � p � J � ^ � ! � ; k ^ Y � < � ` / b � 3 c o  J P

b O � � M � . ` w . { w � � �
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ISO � ] I 3 p � ; ? 0 T [ (2.4� 200 � m) � ~ 0 � T N \ � F  J a ] � � ^ � ! �

< � ` / b Y n c j 4 � � � Y � " f � I t ! @ h  J P b O � YSOs B ; y N � ISO ~

0 ( � � 9.7 � m � 18 � m � ; k � � 0 • � ; � " V h � D K ~ E X ~ , � Demyk � `

[34]

# � 5 � Mgx Fe1� x SiO3 � 
 	 � Al � ; k � ; � � o � 8  J ~ � D � 9.7 � m � 18 � m

� " ~ 0 � � k � l J O q � � k � � ; k H Y � _ � I + � p . � 2% � 	 � � Li � `

[35]

x k � , [34] I � � 
 e � H K # � W T � " p V z I � M p � D m Y � � � 7 3 k � : (

! 7 �

I & ~ _ J � ~ � D � � ^ � ( Y . � ~ � L � K � ] 	 � y 7 I $ v ? 0 : w ~ & �

6 : w 0 ( � k � ; k V h � � � } ` ~ b � : w 0 • 5 % ? h | E k � ( Y U � � 	 � B

V ( V h / � � 9 ` ~ � � � W g Onaka � Okada [36]
I � � 65 � m s � V h / ) b � � %

l 7 � ( � Ca � k � � ; k ) U � � �

y ~ 0 y N k � . � s � � I � F  J a ] � � z I ! • _ � � ; k � Meeus � `

[37]

3 / I & D I K � � F � � � _ J ( J Herberg Ae/Be J

[38] ) z R c • • * g a � g � c �

; k : w { s Y X < , : w � 70% � � B a ] � : w 0 z ( 10 � m � 18 � m E k � � ; k

� � 7 ( � B Q k * d U � v O : w � � HD 100546 ( � ( { s 8 b % Mg2SiO4 U � � :

w V h

[39;40]( ] o 4(f)) � I Herbig Ae J J � ! o b k � � �  ? MgSiO3 � � 2 � ; k �

SiO2 �

[41;42]
� 2 3 , E k � : 8 � � k � � � H Y � � _ � I + � 5%� 10% �

D j y N < � � � ; k 10 � m 0 P z I T 8 � K ~ / � l J O q � � 0 P 2 T � • � g

o 4 H � � � B � ; k � 10 � m : w 0 � N w � • � _ ; Z ? B ; ' 
 � I � B y N < � y

( d * 10 � m 0 � � b . � � % , W s ? h | ( ? , L � m) � ; k ^ Y > a % , 	 , N � D

- � U � : w V h � 0 ~ Y 5 p � I � c HD 100453 � SWS ~ 0 � k � 3 � ^ 	 A  . � )

9 3 # � I d Z ? 0 ( • , 30 � m) T N � • h | ( A 2 � m) k � { : 8 � � : w V h � 7 I

A 11 � m X y ( T N � V h / �

ISO � PHOT-S � : y N c � � _ T Tauri J � � ^ � ! � � ; k : w

[43;44]
� � } ~

0 � _ D ] � 	 c . � y ~ 0 � # k % : 8 � � 7 � / b � i • � h | ( Y � E k � � ; k

V h / � I � B < � � ( D = 6 � k * 11.3 � m k � { : 8 � � 8.6 � m SiO2 V h � 	 z � G

o b W � d ] I O + � I 3 p � ~ 0 y N �

ISO � y N 0 � ( � � F  J a ] � k � � ; k L , ] , � B p � Y & � J O q � � � k

� , � i 
 4 " I � � F Herberg Ae/Be J HD 100546 � ISO ~ 0

[40;45]
� ` ~ : * k � � ;

k � Y � 
 � � � ? h | ^ Y � 6 L , � { ] , ? h | E k � � ; k � b ( J ( B V ( �• I

I YSOs � k � � ; k � _ � I + y ( b x ] � � F  J J � 2 	 � k � � ; k � _ 2 3 J O

q � + d ] � b � � ! 
 	 k � . P b 
 e T I ! p : � � . � � I 8 R J ! u = � P b � �

y N : * I ! p 	 , d � � v � O 5 � z I k � � ; k � ` ~ t N 6 I & ~ � G  J � ] 	 O

u = � P b � % , 
 	 
 ; ; � 
 e 7 � 
 � X � � � ] � 
 ; � B � c D I p

[46;47]
�

Telesco � Knacke [48]
% w I � [ J � Pic � � � C ) ! y N � � ; k ^ Y � 10 � m :

w V h � o � c � ; k � � [ J J � ^ � ! � � � / b � � � � Pic � � ( � ( M ; ^ � !

� � [ J � K � 6 c N |  N 3 � � O � 1993 � � Knacke � `

[49]
I � c � Pic J � ^ �

! � 10 � m : w 0 � : * 6  � � 5 & k r � b � � ! I I � ; k � k � O P � z I � � Pic
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� � ; k V h 0 / � B 5 J 10 � m : w 0 E X 2 4 � b b k � ( ] � r g c 5 J Y n � Pic

� � ^ � ! � ^ Y � 3 = � 0 ~ � Subaru 3 � F � � [ J � Pic z R c ] 5 X I 3 p � ~ 0

y N � ^ � � : w 0 p ( 9.7 � m E k � � ; k � 11.2 � m k � � ; k V h

[50]
� Okamoto �

`

[50]
i 
 � � Subaru y N � � 10 � m $ v V h � � : * ? h | E k � � ; k H � I 3 b

	 � � � 
 I 8 � 6.4 AU � 16 AU � 30 AU � • h | E k � � ; k � k � � ; k H � I � G

J W ~ � J ~ t N . � z I 3 b \ � Pic � % 5 J � J & / b � J & � � 5 J & & � U � �

i • � � • � h | � � ; k ^ Y D 1 C j �  k � � � � C C ) ! p % , Q w h P b � ? h

| � ; k � \ D � � � g  k � ' ] ` , � � . � I 	 � � 
 12 AU s z I � b \ � Pic �

R J � Okamoto � ` � t t ( � & ^ � p � �

l v � w � � � � � � Li � Greenberg[51]
@ , 5 J Y n � Pic ^ � < � V z � # � 5 �

J O � ; k � || ( B �e � - R ( I 	 , d � � v � 	 � � ( W T � ; - R ) � ^ � M t 


M � � � � o � c y N � � k � � E k � � ; k $ v : w 0 �

2.4 � � G � E K k | B ]

5 J � z I , N |  0 = � ^ � ( Y � ; � ; � ] � i X b � ) y N |  � � � 5 J P

b � & y ( � U � • � w 1 
 e � � v 5 J � < � ` / b @ * . � � 6 8 N | J D � � � /

b � 5 J � � �  � c 8 N | J D I P b 5 J � � • � � M 2 	 I � � p � 5 J $ v ~ 0 �

Y & 5 J < � ` / b � I � 5 J t X T � � X # D ( A � B = � I ~ ` " � 5 : � ? h | �

; k ^ Y a U � 10 � m � 16� 25 � m : w 0 V h � % Si{O B { f ' 
 � � 9 � 10 � m V h

m � � , 8� 13 � m • ; u 8 � � � � ~ 0 y N . � � � Y 5 5 J I b � O X � ~ 0

[52;53]
�

6 � • A � � � 5 J d * � A � k � � ; k : w V h �

y � G 9 J (1P/Halley) � d ] I O + � ~ 0 . � # k � T N � � 11.2� 11.3� m N � Y 6

� U Mg � k � : 8 � � * Fe � E k � : 8 � � 7 � ; � r b 1P/Halley 5 : � ; k

[52;54]
�

3 � 9 ? 0 5 J C/1995 O1(Hale-Bopp) � y N � � ; k < � ` p � Y n c F � / G � K

d * c H ( T � y N 
 � 5 J � 0 A � � ; k V h

[54� 57]
� y o 5 [58]

. � # � 6 10 � m ~ 0

� ( L b I X � N � I 8 I ? Z � � 9.2 � m � 10.0 � m � 11.2 � m 
 ( G • w � I 10.5 � m �

11.9 � m ( ? k r � 6 � � 11.2 � m : 8 � N / Halley 5 J y N � k � H 4 � 11.9 � m s � m

9 � � k � : 8 � U � � � 9.2 � m s � G • w . � � 7 � ^ Y � 9 � � N ? � � � E k � 7

� � : w p / y N � Hale-Bopp ~ 0 � ( 2 4 � P � � � � 10 � m W ~ d ; � G • w . � �

E k � : 8 � � o , � 7 10� 11 � m 2 3 , R � % I � 10.5 � m s � k r 0 ( . � % k � 7

� U � �

@ , � p 3 ~ 0 V h � I � � Wooden � `

[54]
# { s 5 	 D j b I � Mg L � ; k 


� 5 J ~ 0 � I 8 � E k � 7 � � E k � : 8 � � k � : 8 � � k � m 7 � � k � D 7 � � X


 M k � k � : 8 � � 7 � � � y � ~ 0 � # Mie M t

[59]
N ? E k � : 8 � � 7 � � : w

p � D � � 8� 13 � m � � y N ~ 0 I X 5 J I K N | 2.8 AU > s � SWS ~ 0 � � c o � 5

J I � K N | 1 AU � 2.8 AU s � � � 5 J ~ 0 P � � T 8 � J ~ V z z I � H 	 , d � �

• h | Mg L k � 7 � ^ Y � 6 _ : w I � N | 1 AU W ~ J � ) y N � � b B ^ Y I 9.3 � m

s % W i � N � < D I � � 10:5 � m z I & k r � Wooden � `

[54]
u N b B Mg L 7 � ^ Y

Y 5 : ? h | ^ Y � { s 90% � Galdemard � `

[60]
� Y k # : 8 � � 7 � t X � 	 , T �
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o � Hale-Bopp ~ 0 � @ , J O ^ � � 5 J 
 M � Li � Greenberg [61]
� � � � o � c H y

N � � Hale-Bopp ~ 0 �

Wooden � `

[54]
� 
 M � > � � W � o � g � / � ? h | k � 7 � ^ Y / 6 J � " � �

� _ h r � � v # o K ~ � 	 , + 6 J � ; k � � > a � . � o � � I d • � d G � K s � i

• � h | � � ; k ^ Y ) ( B � e � - R T [ � I ~ d � K � � • � ( B �  R : 9 � + �

k * ~ " � � ; k : w

[62]
� � � 7 � : w V h < y ( 11.2 � m : 8 � V h N ( � � H � 7 �

. � j f � ) ( B  R v [ � b � M Hale-Bopp 5 : � � 7 � ^ Y + X z I � b D S � � =

/ 4 b j � y ! � 5 J � 5 : � � ; k � � S � � ; � � � 5 7 � � � ( Y

[63;64]
�

p 5 Hale-Bopp 6 K ( " 0 ) � P/Halley 6 K ( 
 0 ) � � < l ; x W i

[58]

2 c � 2 * 9 o e q � 
 - % � ` R y � p - �> E � Halley � B - S � 3 '

ISO y N Hale-Bopp � 2� 45 � m ~ 0 � : * I ? Z • , 16 � m � ? 0 z I L g d ; � :

w V h � b B V h / L ( ) � % U Mg k � : 8 � � � P f ' 
 � � 9

[55;65;66]
�

L ( H ( 3 Hale-Bopp 5 J ~ 0 � o � )  � E k � O � k � O � : 8 � � 7 � � 	 K ~

� 2 3 L , > � _ � I + X D �  Y Y & � � = z I � B > � � � ~ � = � Y & _ I � d 	 b

I � 2 3 L , � � B � � � y � N _ D � g k � � � & _ � _ � "  0

[67] ( J D � g k  Y �

� _ > ~  0 ) � l v V h / � A , � F , ^ Y h | � l � B � � � @  # , N ? ? h | K � (

Y l w � : w � Mie M t < D � # , 
 � k � : 8 � � V h N � � � : 8 � I q f N ? Z W ~

� ~ ` X 0 / ^ Y P � ( w � 7 D ! 7 � •

[57]
� 0 & � J � � � c � Y � : w p � _ : w 5

S � , 	 , � 5 : � ; k ^ Y � 	 , % � " N | Q w � $ v : w J X t X � � _ , � � & � 	

, / ^ Y h | � Mg/Fe w � � " � � � _ h r � � 5 � 8 ( w � � 5 2 w � k 3 ) b � ^ � �

( 2 j � 	 , � � b b 	 , 3 � ) % L _ � 7 b I � M p � D m Y � � Li � `

[68]
U t c 	 ,

A  3 
 � 5 J $ v ~ 0 � I � 5 : � ; k < � ` � ! 7 �

d 	 p � � k Hale-Bopp 5 J � ; k � k � , I 30%� 90% X 1 . � Li � Greenberg[61]

i 
 � � Hale-Bopp � 3� 20� m $ v : w 0 � x k k � � ; k � � _ A � 10%� 30% � Wooden
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� ` � k 7 � � Hale-Bopp � ; k � � � b I � k � : 8 � y Y 20% > j s

[58]
�y 6 J Z

� 3 5 J 10 � m ~ 0 t k � � ; k < � / b / Hale-Bopp H 4 � 	 D j 5 J � ~ 0 z I d •

T � � Colangeli � `

[69;70]
b � d 	 � ; k ^ Y 2 3 � _ � 1 . > Mg/Fe + w � 1 . 
 ~ T

� � Hayward � `

[56]
Q b � ~ 0 T 8 . � > " c ^ Y h | I F � 	 , � 1 . �

I Kuiper � P b � / � 3 5 J � � ; k 10 � m : w 0 � k �k * � k � ; : w � D E

X ~ , � / � 3 5 J � A � ; k V h / � > � . � # Oort D � Kuiper � 5 J P b 2 	 � T

� 
 ~ W � ? h | ( Y � * = o �

[65]
� / � 3 5 J I & ~ N | � � • I Q w h � 3 # $ �

D I I 5 ^ � ? h | 5 7 ( Y ) R � k N |  ( ? h | ^ Y J � I U � • I I _ : w 
 � c

. � y Y ^ � , � _ � � ? � I I ) � � } g v � ( � / � 3 5 J � c : * k � � ; k � g

ISO y N � 5 J 103P/Hartley 2 � ~ 0 p ( 11.3 � m V h /

[71;72]
� Li � Greenberg [73]

#

5 7 � 5 : ^ � 
 M N ? / � 3 � J . 5 J P/Borrelly (1994I) � _ : w 0 � : * � ) 6 ,

P = 0 :85 
 � # 5 7 � � ; k � || � & P S - R ^ � 
 M . � � � � � � y N � Hanner [74]
#

� G E k � � ; k � S ^ Y � ; � � � � P/Borrelly � _ : w 0 � b ^ 	 + X b I / b � ; �

� U � � � ; k V h I / ? B ; N � � 7 I Z ? B ; z I � b : w N � D � � � � � � Borrelly

� � ; k : w V h �

p 6 � � GEMS M V � IDP � � C GEMS � 10 � m Si{O C | � 0 b ^ � < l u Y , e

[76]

(a) L \ � IDP L2008V42A (A), Halley 7 L (B), Hale-Bopp 7 L (C), | 5 Herbig Ae/Be L HD 163296(D);

(b) IDP L2011*B6 � � GEMS(A), K ( E Elias 16(B), Trapezium K ( E (C), � ] ? T Tauri YSO DI Cephei (D),

� ] ' M O ] � L � -Cephei (E)
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2.5 IDPs( y x T B < ) � E K k |

` ~ � � b � I • ; , m R " H � � IDPs D ) ? R J � 5 J � IDPs � � CP( K Y �

5 7 � � ) E X H 4 , 5 : ^ � � � � K ~ � ( � M & - 1 � • � K k r � ] S L , � Mg

L � � ; k b I � i 
 � y � I � CP IDPs . � � ` ~ 3 N | J D ( Y � � � U � ( j •

2 � M o �

Bradley [75]
I CP IDPs � : * � H E k � � ; k ^ Y � a 6 � GEMS(Glass with embedded

metal and sul�des) � GEMS � � M V U H 4 , I J O � J � 5 X / 4 z I � E k � � ; k ^

Y � GEMS � $ v � " ~ 0 I 10 � m � 18 � m ( Si{O B { 
 � � O{Si{O � P 
 � � 9 �

V h � � Bradley � `

[76]
a � y � N _ � � � CP IDPs � GEMS � $ v � " ~ 0 / I 6 J

a ] 2 	 y N � � � ; k � 10 � m � z R + d � Bradley � `

[76]
: * % x 7 � � { : 8 � �

GEMS / b � IDPs � 10 � m Si{O B { � � � " k r � � ; ) / N |  5 J � � [ = Herbig

Ae/Be J E X 2 4 � � B GEMS � ( ; D ~ , � Si{O B { � � ~ 0 P � H 4 , I J O I &

D � � F  J a ] � � y N � � $ v ~ 0 0 P ( ] o 6) � J ~ b � < v � y y ( a � � 	 a

Z � > � b � � ; k . � g v � � � � a ] E k � � ; k � 0 P � g � GEMS Y � � a ] E

k � � ; k � � x GEMS � � � ` ~ Z 3 � D f ^ � r ` N |  � @ q � � � b � � ! � I

N | J D I F t = � N |  • I I � � 7 8 � k I b B ^ Y � � % GEMS � x 7 � � 6 J E

k � � ; k / b � IDPs � 10 � m Si{O B { V h / N |  5 J � � B J � � ; k � 10 � m V

h 2 4 � / F � 2 + � I • ; , m R " H � � � GEMS L U � IDPs j � � 6 = N | J D ^

� � � 7 � IDPs � � � ; k ^ Y � . n � y � p � � � K 0 > � a ] � � �

3 � m � Q � G m � Q � � = m K d _ � O c � � � �

� ; k ^ Y � 2 � ^ � � � � / b b I � / 4 z I , N |  � � y . ` k r p # � � ; k

% � ; h K & (SiO2�
4 ) � 
 	 t * K & ( g Mg2+

> Fe2+ ) � � a k r k � � ( [ � � a k r

/ b � a � k � � ; k � K U � Y 5 W i � ~ 0 V h / � g 11.3 � m V h � � � [ � a k r z

I � a � E k � � ; k � K � ~ 0 0 P I 10 � m � 18 � m ( ; D ~ , � V h ( g o 1 H � ) �
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 � 	 , � & c � ; k ^ Y � P O || k � O > E k � O � g � P b 
 � 	 , ] ,
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Silicate Dust in Astrophysical Environments

LI Mo-ping 1, ZHAO Gang1, LI Ai-gen 1;2;3
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Abstract: Silicate grains, one of the major cosmic dust species, are ubiquitously seen in various

astronomical environments through their vibrational absorption or emission bands: Si-O stretch-

ing at about 9.7 � m and O-Si-O bending at about 18� m. Their physical and chemical properties

vary with local environments, as revealed through the variations in the spectral shapes, relative

intensities, and peak wavelengths of the silicate bands, both amorphous and crystalline. With the

advent of both ground-based and space-borne infrared telescopes and the rapid accumulation of

high-quality observational data, astronomical silicateshave been receiving much attention in re-

cent years. In this review, we summarize the observational characteristics of silicate grains in the

interstellar medium, dust torus around Active Galactic Nuclei, protoplanetary dust disks around

pre-main sequence stars, debris disks around main sequencestars, circumstellar envelopes around

evolved stars, cometary coma, and interplanetary space. Their physical and chemical proper-

ties in di�erent astronomical regions are studied on a comparison basis, with special attention

paid to crystalline silicates: whereas crystallinity is prevalent at the beginning (i.e. circumstel-

lar envelopes around evolved stars) and end (i.e. cometary dust) of dust grains' life cycle, no

crystallinity is found in the intermediate phase (i.e., in t he di�use interstellar medium). The as-

trophysical implications of the presence and absence of crystalline silicates in certain astrophysical

regions are discussed.

Key words: astrophysics; interstellar dust; review; silicate grains; circumstellar envelope around

evolved stars; dust disks around young stars; cometary coma; interplanetary dust particles


