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1983 �� Gilmore W Reid [1−3] 3P��2|.* 18.24 ( 
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&
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&
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(! a}Qxu�sÆ
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T}Z'�z 7% -��1�<��y��z
T}Z�I�
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 (�a}y��
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� 2 . f>i�℄A~[�{e! 105�2\Z�4y2y:��� (midplane) _x}Z z�T(� ([2\Z�4y2w�) ��Y?��zbv:Y-TI��:�[2\Z�4y2�:�_V�[bv��z q_�V( f(z) 4v<4��: z aa}z��
�_= f(z) = f0 e−z/hz �u� f0 = f(0) I��
(z = 0) aza}��
�e�7zGG�2�OQA�}Z�d x�24 hz,tk z�w+iEh�6	K:�/D! x�24 hz,tn t( kz = hz,tk/hz,tn i�[ 2∼6 �G� [32] �_V�96 Gilmore W
Reid z�2�OEs�2\Zd 24I 1 450 pc �! 24I 300 pc �<
x℄24([
4.8 -� [3] �<P�1$X;�'W �z<4�hQ#w;0<qB2\Z=�uzd 24�V 1999 � Robin ~Q [33] ax℄ hz,tk = 0.76 kpc �i7z24(&I kz = 2.5 �AV
Wu ~Q [26] xv}Z NGC 4565 z24(I 2 ��*- Pohlen ~Q [23] 3P� 8 6Fq8.}Zz�2�x℄��z(=24(I 3.6 �6��2�
� kz wziumD}Zz�e=E�#�Q
}Zz�eQu�24( kz�wQi��
#	 {yRI4i�e}Z���E�=#A$a}'[�aÆ�kPY��&vj}Zz?>"Z [32] �+*z#n�24��[i�e}Z��d e}Z�"V�'ez(_<QP 10%�L��u�e}ZQ
�h#(_E4h 25%∼30% [29](Æ9 1) �

: 1 �~[e!E"!35u) kz E~[�f{F[ [62]

Vc Sk�\}�gSk�B#6 �}ZQ
�! a}ej}Z�"V��ziA$���4
}�B��.*�/24N(d 24Qxu����5
 ([2\Z�4y2�5
) (d a}4x��1
�[��.*}ZK
� Q#! a}�V�2\ZQ
�iA$�2�O4�[��mF�d a}&ea}'�z 2%∼5% [3,25] �#rNY���! a}z��
��x`K�d a}-��e=� �j{�uz�M�2002 � Neeser~Q [28] �
�Fq��h
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}Z ESO 342-G017zd >eja} 'K
z 20%∼40%�� YoachimW Dalcanton [32]x℄�[ z =3∼4.5hz,tn z� �}Z'K
z 50%∼80%E�Q#d a}��2\ZQ
�/d K
E�hv 'K
z 13% -� [34] �[i��=L^�}Zd z2OviB! 2O�s
gt	8~=*LzbZ [24,32]�V 2002 � Wu ~Q [26] a�Fq}Z NGC 4565 0j�l�GK�$X�O4��/}Zzd 2OI 11.03 kpc �! 2OI 8.05 kpc �i7z2O( kR = 1.37 � 2004 �� Pohlen~Q [23] �Fq8.}Z�x℄z(=2O(I 1.8 ���m�
�d �yzK
�
z~! z 3%∼10% ��d W! zm�/q�g�Gyi*z�EÆd �G�e~z2O (! u�
�}Zz2O( kR < 1.0 �V 1999� Abe ~Q [27] �Fq Sc/Sd }Z IC 52490j�2�xv kR = 0.6 �+*� Yoachim W Dalcanton [29] 3P� 34 6<4�eC�Fq �}Z'��2�xvd 2OD! 2Ot( kR = 0.6∼1.6 �(=wI 1.25 �/� kR < 1.0 z}Z&= 4 6�<v�'}Z'�z 12% �<P�<B! Wd z2O
�}Z�ez`i�.i�By2O( kR ziuD}Z�e	zEZ4<��`j (Æ9 2) �

: 2 �~[e!E"!3Pu) kR E~[�f{F[ [29]H{KF6w?
bSm}�\r#6;(�� �V�$>z� �?C�y z�( c ��z�.I c = a/b �/�
a W b $7I zv/Wd
�[m;_�Uxyd my! �J���zimv/Wd
8<U*�Q�3N^; z2OW24Q��/�(�� c = hR/hz

[29] ��(ziu�:j �?z,(Y
� c wQi�
� z��Q,� Burstain ℄-;0xvzd �(I
4:1∼5:1 [9] �hQz#w�24��i��=L^d z�(wI 3:1∼4:1 ��! z�(=zj{rQP 8:1 [29,31,32] �EÆd zJÆ+/m��z���� (! dx��r# ��Uxyd sg! ���z�(wD}Z�eziuUE (Æ9 3) ��B2\ZQ
�VOB; Robin ~Q [35] W Ng ~Q [36] z�O�d 2Oz�GI
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2.8∼4.5 kpc �_d z�(E�[ 3:1∼7:1 �G��*-�x℄z2\Zzd �(PI
3:1∼4:1 ��! z�('�* 6.0 [29] �D��\�}Zz=LK<��� x℄zy�<B�\'
zf[�<4:�GK l�x℄z=Ed ((~! )z�?C�8<i4� Yoachim W Dalcanton [29] �
0j�Ik℄z
��/��MR�tKzE�9m�

: 3 �~[!{�)E~[�f
{F[ [29]

(a) ##Æ (b) g#	H{KF6w?
bS�m}�\�_Y�J4^\##�_"JJ4^\g#
3 �1�II&l^j�?C���D-�,._z}Z —— ! i(�d [�\��o�"�
WV�Æ��~ �"4
=<4zGG$j���Q;G	FN. (Hubble Space Telescope, HST) ;B}ZzGG�2��9=4G	$/u���1
E([#w*:}Z� ($7y��z+MA$) $/℄iezpCa}�8'��2��z}($j�V�oW"�
~� Seth ~QW Mould [37−39] z*-;04��[��:�4 (z ≈ 4hz,tn)z� �"4y[(d a}I�zM}_�i��
y�Tz
8}ra}��o�GPI 5∼13 Ga �D! i(�d z�\`L%
�1
 Mould [39][�z;0��JTtI
\d �
8}zh	�\4����i�y#w'"�}�4 Seth ~Qz�'}Z���hWa}"�
z�MwI [Fe/H]≈ −1 �<P�����2z 6 6��e}Zz"�
T=�izK0�/w$7I −2.3 �−1.7 �−1.3 �−0.7 �−0.4 W 0.0 [38] �_�K0yE(Z z�1I^j<4}Zzd "�
*Lr=K0���s�4#}Z�<BGGz�'a}<4��x℄zd "�
w"r=�<4�_V��GG;0+I℄|z2\ZQ
�i�
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������� 26 ;��2�x℄zd a}z"�
[ −0.6 -� [4,13,33,40] �s"=�`<4z�O [41,42] �
Seth ~Q [38] m�
���e}Z��o<QP 1 +�z�:a}z24�iB2\Z�4oa}z24�1�hW}Z�za}E�y[#6�dz ��F��Uz�<&V
�[��z�=�'}Z��e�:z��}v�~�oz AGB }�vvT�
8}�a}(z24��a}�oz`i�`i�
��[bv}Z��z z  q_���8~=�
f[�`z"�
'
� Dalcanton ~Q [19] 4d �UzE�w~�h#GGxm0j#�z {�r# �� Tikhonov ~Q^; HST GG l�
T}Z M81 � NGC 55 W

NGC 300 z�24��� �:}Zd $jz
8}z(="�
$7I −0.65 � −1.25W −0.87 �94
℄f[/q"�
'
 [43] �+* YoachimW Dalcanton�
 [29] �i�e}ZzK
� Q#! �s�JÆV�Æ
 Vc ≤ 120 km · s−1 zu�e}ZQ
�d a}>ej}ZK
z*#�����z�e_QPGAa}�ez#��1
�+J��e�}ZX
S\�s���iA$a}z�oE�yitTz�VO'#�Bsv! �S=iebK�Ua}z��;4+��}�s��w Vc ≤ 80 km · s−1 zu�e}Z�d D! z�"V��et("�`uB 1.0 �Fq}Zz�\$>=L�I,Y�hy1I[ �}Zz��.*rf[iezR��e�s! a}z�\%
� 2002��Dalcanton W Burstain [31] � 47 6FqC� �}ZzKÆ (B − R) WKÆ – 
� (R − K) �\$>z�24��hw}Z[bv�� qW/q
f[��`z�\'
���m"xjd zf[�d a}W! a}z�oK0�<4�e}Z�\'
z21~S*� 2005 �� Mould [39] ^; HST  l�2j 4 6*:Fq}Z (NGC 1550 � UGC 1281 � NGC 784 W UGCA 442) [ z  q_a}z V − I �\$>=L (Æ9 4) �hw}Zz:YP[ 3∼4 Mpc �G���O4�h 4 6}Z
<f[ z q_z�\'
�sg
 ∆(V − I)/∆z ≈ 0 �/�(}Z UGCA442 z ∆(V − I)/∆z wI+i�s"&I 0.11±0.10 �

: 4 �~[ NGC 784 \ z !r`{�℄%? [39]�^(� ∆(V − I)/∆z = 0.06 ± 0.04VO
5%Iy�-NÆ�&�|
� ("
<QP 10 6) \�}Z�zNY}Z��za}0j=E}($jz����}�
Wa}''�V�Æ�2z\�}Z4I�:
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2005��YoachimW Dalcanton [32] � Flat Galaxy Catalog [44] �z 26C��UV>zFq}Z FGC 227W FGC 1415 �^; Gemini(%) FN.0j�Ik℄zV�Æ�2����
�h
2 6}Zzd W! �[GGV�Æ$j_z4
)<i4� FGC 1415 �d z��Æ
�`(! Qx{�
gz�� qyi4z�hW2\Zd zV�$jiW�� FGC 227z=L_<4�[NY��z� }Z��Æ
#Nn{�9d U$z�� q`E�D! �q�^j z��$��� Yoachim W Dalcanton [32] m�h 2 6}Zza}|qÆ
�Z
$>'�j$X����
�[ FGC 1415 ����_W���za}Æ
�Z
yW�z�<4�y:a/wi+_$ZIN�� FGC 227 z=L=�<4���_za}Æ
�Z
��y:z`i�`i�8RIh#GGxmD7N)vzf[n{�A�q��zd U$z�xy#|z�<P�<BGG|^(�������K�Bx�Jz�O�
4 �!I=1[2\Z��Q�E(Bx77a}zGG l�96<4zV�ÆWkÆ��QpRd W! a}�8'��?��z�?$j�\�}Zz=LBG<4��s^;4$/uG	�� (V HST) �$/℄*: }Z+M (�Fq}ZQ
yNY}Z��a) zpCa}�8'�Bxhwa}z�o�"�
~�:/}($jzGG l�sU�<
J� z�?C��hy1I! a}z��5
`4�U�$/�^;NY}Z��azpCa} l<E��$d W! z<4�?$j�4�7QA�E;B\�}Z �?�2zH# ly}Zz�h
GK [28] ��B#6 �}ZQ
�/�h
GK�xz�O�[9p_74
I �y.*+I�h����y: R W��: z z`i�}Zz�h
�����3NRI�}Z�h
[
R W z  q_z.k=*ex�t [45] �6
�E(�`�	�:}Z�h
 I z.kMtz�Æ�� [9,29,32,38] �8DmG�h
'�(�(J� z�?C��V2O hR �24 hz W�( c ~�VOf�}Z�z= 1 6 (! ) �8�
��DmG�h
)Zx<�U�[
z �iz� mG�h
D���h
i(=�I�`zh
Q�_
���E�<ZZ�[h	=L^�E('#�f�}Z= 2 6 ��! Wd �83PDmG�h
z�ZQJ��6 z�?C�� y1'hz��DmG�h
$>�Bx:Uz�ZvO�E(RI}Z= 2 6��<4z �e�>�d zf[�_��G}Zd y(f[zt'HZA_E)I�p�s[m�7;lmre~��/�*	Bsz1
�VGG lzZZaZ�GKz:��9+B;z�Æ���u~�1��Bxz�OE�8<yH# [19] �<40gEE967#z9+=LQ�(aZ�r��[=Ed �?z�2��0IGG�sz�'}Z
y#wFqs*jFqz �}Z�

Burstain [9] [�=E�
f[d z℄-;0��f�}Z [�}Z79pO� qz�y:I x0 ���:I z a�B }~Z6z�h
$>wPI µB(x0, z)�_�� µB(x0, z)z�Æ��y [9] �
µB(x0, z) = µ0 + 1.085 7αx0[(1 + z2sec2i)/x2

0]
1/2 . (1)
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������� 26 ;u�� α−1 I2O� i y}Z z<��� µ0 = µB(x0, 0) � Burstain 4y3P(�_���DmG�O��
[�z�'}Z�^jV>W}Z (�! ) zK
��IjsmGK
wPD���Zx:U�� 5Wr#6�`z��h
i�(��zK
U$�8[
t__)℄jd z2��*-� Yoachim W Dalcanton [�2}Z �?l;(�� K
�
$>z����RI�6 U$
y#6/qx� ���[�22M} (R, z) azK
�
I [29,46,47]

L(R, z) = L0 exp(−R/hR)f(z) . (2)h\� L0 y}Z�yzK
�
� hR I2O� f(z) y4�a}[ z  q_z$>T���z#��uI
f(z) = sech2/N (Nz/hz) . (3)/�� hz I z24��C� N ;BI~��.*K
wPz���+JB<4z N r=<4zS,�Vt N → ∞ lu (3) .I f(z) ∝ e−2z/hz ~�shzr9mv��.*zK
$>�[��:�iz� �Ux N BYw�K
�

i|�x�t	
�1� N zBw�d �?�G�Oz9my<q
z�[ Yoachim W Dalcanton z;0�B N = 1 ��_�G	K
�
z4hu�oU}Zz�h
��h�-E(DGG�h
'��Z�(JRd �?y(f[ [29] �^j<}Zz�h
GKQ�2Fq}Zz �?$j��*-Q�?t^;}ZzK,GG l�3P�`�	�Æ��Q$ }ZzGG#�Ah�'�$Xd W! a}7#z��$j�/�zyeV�Æ$�_iW�2d zE��Uw~ [32] �

5 ��Wy�GG4��d D! [�?�G
&
~V�Æ~��_f[�`zZ6�K0�<
>x
g`E�=�<4z�Uw~�Q�*0RI�4! Q
�/iA$a}`Ly[#6��e(�iz#� ����Uz [48−50] �r# ���d �Uw~zRomNN<B�/=LE��I,Y�3NRI �}Z�d �?z�U= 3 	<4zw~� (1) [}Z�kPY�_�U! �! 1bv qz�aÆ�P��Ud �h
�d a}+\y[! ��Uz�LhZV�v
[d zM} [33,51,52] � (2) ��H}ZUzn+���d a}[MB��:�4z� v�e4+���U���D! a}UE [53−55] � (3) d a}Q#BX3u�}Zz8ZPY���BGy[�}Zt��Uz�18Z�UI�}ZzUI [56−58] �`L�_� 3 	w~
E(�2\ZW\�}Zd �?zGG$j.℄�IZZz {�sy��<4zw~Q
� �}Z℄-��z�k$�r=`izK0�VOBs� 1 	w~��} � y3P(�(Rz4+Yz�Uz�-	E��kX3d�l2z�}Z8Zx���B� 2 	w~�d a}E(= 2 	�U u� (1)  t'_y[H}ZUzn+(R��PY��Uz�d a}z�Ul28<O [53] � (2) d a}



� 2 . f>i�℄A~[�{e! 111�y[#64+ ��Uz�hg_1a}z�U�X
�aÆ�P [54] �VOB;� 3 	w~��}+J%-GGvzd =itM_z�?�s��E(<CD8Zz}Z
�&�}5�U [32] �d a}zG
&
$jE(I�$d �Uw~)='#�zGGP��_V�hWa}z"�
%�� α− G
Se%4�
���y[}Z�kz℄-�Uz��9�UPY�-℄zl2(���<P�_� 3 	E�z�Uw~
�[#�Y
_�d a}G
&
zGG$j8℄�	 { [32] �=QRI� l^;a}zG
&
Q�2\Zd z2L.℄�JzGG$��� Gx 10 DCs:�d a}z"�
 [59] �4}Z�?z�UW�kS*Q
�^j�2<4U$a}zkÆ)U���2���7zV�Æ��"
:I� �hy1I� (1) VO_�U! �Lh-�aÆ�P�Ud ��}d W! 7/=W�zJÆV�Ah� (2)  yd [4+�z�����U�_1��e[h#PY$Z~a�d z��Æ
*Lt�{B! z��Æ
�
gzK0=LB<Bd W! zi�2O� (3) VOd y3Pu�e�}Zz8Z}5�U��}�<4}ZQ
�d W! zi�V�Æ��*L4
I1}Z�0�j{E(K7`i��2\Z�a}V�Æ lz$X4��d D! z�� qyi4z�<Pd z��(! {�
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Thick disks in External Galaxies

ZHAO Jun-liang

(Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China)

Abstract: Since thick disks in S0 galaxies were originally detected in 1979, thick-disk compo-

nents have been discovered in many disk galaxies, and there are more and more observational

evidences that the thick disk in an external galaxy should be a component of the galaxy which

is structurally, chemically and kinematically distinct from the thin disk of the galaxy. Generally

speaking, for a galaxy the thick disk has its scale height significantly larger than the thin disk.

Thick-disk stars are more metal-poor and older than stars in the thin disk and have both a slower

rotation around the galaxy center and a larger velocity dispersion. It can be concluded from

all these observational facts that thick disks are a kind of relic, which can be used to trace the

formation and evolutional history of external galaxies.

Edge-on disk galaxies have been extensively used by different authors to measure structural

parameters and other observational properties of thin and thick disks. It is found from some

recent studies that thick-disk scale heights are generally 2−6 times larger than thin-disk scale

heights and the thick-disk scale lengths are slightly larger, which agree with what observed in the

Milky Way Galaxy. The axial ratios of thick disks are normally in a range of 3:1–4:1, and those

of thin disks can be over 8:1 in some galaxies.
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The ages of stars in thick disk are estimated to be 5–13 Ga, and their colors are significantly

redder than thin-disk stars. Thick-disk stars are metal-poor with median metallicity of [Fe/H]∼−1

in some low mass galaxies and show no evidence for the strong vertical matallicity gradients. It

has been found that the contribution of the thick disk to the total luminosity shows an obvious

trend with mass. For high-mass galaxies (Vc > 120 km · s−1), thick disks can contribute 10% of

the total luminosity of the galaxy and for lower mass systems this value can be up to 40%. The

analysis of vertical color gradients for some galaxies suggests that the color of thick disks are fairly

uniform. The stellar mass of low mass galaxies are dominated by thick disk stars, its fraction

being up to 50% of the total stellar mass in some cases. Unfortunately, stellar populations above

the galaxies’ midplanes have been studied in fewer than 10 galaxies to date.

The number of kinematic studies of thick disks in external galaxies is even more sparse than

the stellar population studies. It is revealed from the two edge-on galaxies studied recently that

one shows the thick disk rotates at 30%—40% of the rotation speed of the thin disk and the other

shows clear evidence of counter-rotation.

From the systematic differences between the properties in structure, chemical abundance and

kinematics of thick and thin disks, they are likely to have distinct formation scenarios. It has

been extensively recognized that the majority of thin-disk stars formed gradually from a rotating

disk of high angular momentum gas. However, the formation of the thick disk is still poorly

understood and is more complex. According to the properties of thick disks, their stars could

form in one of the following ways: (1)they were kinematically heated from an earlier thinner

disk, which means that disks form largely through smooth gas accretion, and the thick-disk stars

in a galaxy form initially in a thin disk; (2) they were formed from gas with large scale height,

which suggests that disks form primarily through smooth monolithic collapse and thick-disk stars

precipitate out of the collapsing gas cloud, or the thick disk forms from a disk of gas that has been

energetically heated, so that they form in the thick disk itself; (3) they were directly deposited

at large scale heights during the accretion of smaller satellite galaxies, which means that these

stars can form entirely from merging subunits outside the present-host galaxy. It is not very easy

to distinguish among the above formation scenarios of thick disks for individual galaxies, and

probably thick disks of different galaxies have different formation processes, or even more than

one mechanism can play their own roles in formation processes of the thick disk around a disk

galaxy. While the broad outlines of thick disk formation are in place, there are many details to

be worked out.
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