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ρ CP
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i �^� φ e�Yd� CP exk�=� B = −(∂lnρ/∂lnT )P e!�h=�1,n�
ε1 = 1.56GMrρx3/c1r
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ρu′iu′k, �!�9�^kY�DL�H Sk��gG4b�|=�k F k
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3.1 �� p � g % (p4 ∼ g4 %)(�h{v�4�T!z|($xh g1 � f R p1 ��(T!z|($xh g2 ∼ g4�R-�x�h($x p ��� 2(a) ∼ (d) �!kGb ℓ = 1 ∼ 4 z|$xh (F^P�t) R($xh g1 (LCH�X) � f (LC�3) R p1 � (Ze7) ! H-R �Mh�+����� βCep z|($x.� p1 ���z|($x.ho04� g1 ��z|($x.hÆM4� f �&-��3;�� ℓ =1 z|($x.nUmV�Q M ≈ 7 M⊙ x<nUd M ≈ 30 M⊙. y_ ℓ h(V�z|($x.r_�����*h&A	d ℓ =4 \�ih�A{Fd M Q ∼ 8 M⊙ d ∼ 20 M⊙. �NÆ\�($xh g1 �wA- �A{|	Q ℓ =1 �($xh f ��5�Sd ℓ =3 R 4 \����B�5Æw�

� 1 	WfwWf^$���� M = 5 M⊙, 10 M⊙, 15 M⊙, 20 M⊙, 25 M⊙ j[Tsf
W��!Tm
Lr/L zW� lgT j�f�*\�O�y#�;	1�y#��g9UP�|d 0.5

Fig. 1 Fractional radiation flux Lr/L vs. depth (lgT ) for the evolutionary models of MS (main sequence)

and early post-MS with mass M = 5 M⊙, 10 M⊙, 15 M⊙, 20 M⊙ and 25 M⊙. Note that the zero lines for

the upper model sequences are shifted by 0.5 relative to the lower one

3.2 E� (g5 ∼ g19) �
� (g20 ∼ g39) g %� 3 kGbz|($xhL� (a) R-� (b) g �! H-R �Mh�+�z|($x.C4x�
oMdÆ0PP&Kh/>Y^�!M ≈ 3 ∼ 5 M⊙ (L��) n 3 ∼ 4 M⊙

(-��) �fhVe:Æ�A_-hC��z|($xY{AqdbhVeRVe℄�VeYhE�zL�BL�k3nhg1�2�WVh(7x\��"hqd{vLBL�k3S1� 0.25 Hp.Q� 3(a) ∼ (b) A��y_'A�h(V� g �z|($xY�Am �A{|h&A�� 4 kGb|�VeR#�Ve℄YRz|($x�hR� - C�>,�Q� 4 A}'Ip;G�($x�! lgP -lgL/L⊙ ��MC4\1�5�Xh8	�hÆ0�ez
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� 2 |~&zj (G_Q�u) T|~*&zjo�7a
" H-R �Oj�,��MMDjI�Y�MDj�4T[f8�"[ |~*&zj g1 � f T p1 
�}
j g2 � g3 � g4 ~w}
.� 1 �j p 
�f|~&zj
Fig. 2 Pulsationally stable (small black circles) and unstable low-order modes on H-R diagram. The open

triangles, circles and crosses are, respectively, the unstable g1-, f- and p1-modes. All the g2-, g3-, g4- and

all the p-modes higher than first order are stable
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z|$xh g2 ∼ g4 ��0:�"3�� βCep U�R�z|R� P ≈ 0.1 ∼ 1 d, �℄3eh}z|h OB UR� P ≈ 0.5 ∼ 20 d. ! H-R �M βCep ��h}z|h OB URh�- �.��ePQqdhVeR (3�� 2 ∼ 3). Q� 3 A���-C� (lgL/L⊙ ≥

3.5 n M >
∼ 8 M⊙) hL�R-� g �z|h OB URe-�qdhVenVe℄R�  �mC� (lgL/L⊙

<
∼ 3.5 n M <

∼ 8 M⊙) hRK!VeY�4���h}z|h B UR�� P ≈ 0.5 ∼ 7 d.

� 3 ℓ = 1 T 2 j|~*&zjM� (a) T.� (b) g 
" H-R �Oj�,�>od	m�|~jsV
Fig. 3 Pulsationally unstable intermediate- (a) and high-order (b) g-modes on H-R diagram for ℓ = 1 and

2. The coupling between convection and oscillations (CCO) is taken into account

4 ���)yH>;$�3�<~B6� 5 kGb\1(Æ�H �� 5 M⊙ YR�Uh g20 5|�hPr9 W yV�
lgT h�d��L^7Rb7�!�=n�(=n�k�z|rUhPr907�� Sk Lr/L (t7) wk!�M�(�hFxdPr9 W eQLPA�r�h��!YR��h=�k��1z|R�h5"(>tp η = −2πωi/ωr, �L ωi R ωr �!ez|h(��p ω = iωi + ωr hb.R^.�(�hn={v���W R η �3$UgWN�xÆ�:! 1% }��4en={v97\hxO���Hh�t���Q� 5 A��#A�kk Lc/L = 1 − Lr/L |-h��(v�V�^�k�z|$x\h�=A(A`r�xÆ�o���+�z|5"(>tpn=hVF (B� 5(a)), ^�\wj+��$P (B� 5(b)). q�?G��k.Rz|t�.�K� T ≈ 2.0 × 105 ∼ 2.5 × 105 K h
Fe h+i�.�� 6 kGbH^�!� 4 M⊙ (� 6(a)) R 8 M⊙ (� 6(b)) YRqd�Ueh g19 �hz|5"(>tp6�=h�nyYR�H �h�d�Q� 6A���V
nYR�
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JK�z|$x�($x��*"hYR�=nge(=n�k�z|hrU�z|5"(>tph$PwA��Y�d�xz|$xh\H�Yb5�\h�d	Qz|($xh��z|$xh�n:��Qz|$xh��z|($xh�

� 4 |~*&zj�)C
"S� - D���O� �O0MD�4T[f8�"[ |~*&zj ℓ = 1 T 2 jM�T.� g 
�Æ��1�bI�Y��TI�Y'�"[ |~*&zj g1 � f T p1 
��MGj_Q%�
ℓ = 2 j*&z
�ÆXjMD%� ℓ = 1 j*&z
� (a) >o	m�|~jsV� (b) bt	m�|~jsV
Fig. 4 Pulsationally unstable nonradial modes on the lgP -lg(L/L⊙) plane. The open circles and crosses on

the upper area of the figures are the unstable intermediate and high order g-modes for ℓ = 1 and 2,

respectively. The inverse-triangles, circles and triangles on the low-right region of the figures are,

respectively, unstable g1-, f- and p1-modes. The large open and small black signs are, respectively, for

ℓ = 1 and 2. (a) CCO is taken into account, (b) CCO is neglected� 7 kGb_(=n�k�z|rU\�z|($xhL� (a) R-� g � (b) !
H-R�Mh�+��� 3 ��A}�4�,\1YR�Un\1z|�bK;�=nR(=n�k�z|hrU�z|$x\T!(ÆD�h:!�L� g � (� 3(a) R� 7(a))�-� g� (� 3(b) R� 7(b)) ;�h:!72X���m�����h:!gvVJ�^z|($x g �gn^!e�
b��E(>Z\1YRR\15`�h4J-��Qg�MK;�=n�(=n�k�z|hrU�z|($xYh�ER��VCe:"h��!�-� g �eBN�
5 .-'~�It�(�hTv βCep z|($xYÆ Dziembowski k [3−4] h�EVCexCh�^��AT!�2h:!	
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� 5 	℄3 M =5 M⊙ [Tsf
Wj g20 
jGyfQs:zW� (lgT ) j�f��M_9T
9�"f>oTbt	m�|~sVj)G��Mu9f�!Tm Lr/L

Fig. 5 Normalized accumulated work vs. depth (lg T ) for g20-mode of two evolutionary models of 5 M⊙

star. The solid and dashed lines are, respectively, the cases with and without CCO. The dotted lines are

the fractional radiation flux Lr/L

� 6 J`�"� 4 M⊙ (a) T 8 M⊙ (b) [Tsf
Wfj g19 
j|~7#)?uq8	>j	o lg|η| z[T
I!�j�f��M�TI�%�"[ >o�bt	m�|~sVj)G�Gj_Q%TXjMD%�"[ |~&z (η <0) T|~*&z (η >0) j
W
Fig. 6 The logarithm of absolute value of amplitude growth rate vs. the effective temperature of stars for

g19-mode of evolutionary models of 4 M⊙ (a) and 8 M⊙ (b) stars. The circles and triangles are,

respectively, for the cases with and without CCO. The small black and large open signs are, respectively,

the pulsationally stable (η < 0) and unstable (η >0) models
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� 7 ℓ =1 T 2 j|~*&zjM� (a) T.� (b) g 
" H-R �Oj�,�*��� 3, � 7 bt	m�|~jsV
Fig. 7 Pulsationally unstable intermediate- (a) and high-order (b) g-modes on the H-R diagram. Different

from Fig. 3, CCO is neglected in Fig. 7

(1) βCep z|($xY
(a) (�h βCep z|($xYe�M��h	� ℓ = 1, manUd lgL/L⊙ ≈ 5.4

(M ≈ 30M⊙). y ℓ h(V�z|($xYhm-C���Qh&A�d ℓ = 4, m-C��B lgL/L⊙ ≈ 5.0 (M ≈ 20 M⊙). Dziembowski k [4] h βCep z|($xY!m �A��(�h7�nU�4A�e~���=n�k�z|hrU|C�
(b) �u��hM.VeR�(����4z|($xh g2 ∼ g4 �� p2 �v7-�h($xh p ���%y ℓ h(V�($xh g1 �A- �A{|�7?"($xh

f �h.� (� 2(a) ∼ (d)). �! Dziembowski k [3] h8pL�T!z|($xh p2 �
g2 XB g3 ����(�(b�~�{vKDh-��|})�92%B4J:�h���Æ βCep�Rh�5���(�hTvz|($xYÆ�5$UgWN [12−13],#(� Dziembowskik [3] h:�H HD-34656�����5dC�U O Uh βCep �R [14]. 4r_7�V�(�hTv�I�

βCep z|($xYR%)�Rz|($xYT!M��h��e:Æh�_YR�H ��-�(��� Fe h+i�.�#���LhH^�F��ht�p	�G�(j}'�YRV6h Sk����_YR�H �j=m�Feh+i�.ygj=V�_�;Yht�p	j}'��.h Sk��YRhz|1�mg
t�^_YR �!x-
m�Fe+i�.ht�p	x9(Vb�^�;MEJ.��z|hk
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(2) L�R-� g �

Dziembowski k [4] #��4G<-hTv�I��e! H-R �M
Gb~�z|($x.hVC.���\��e
VeYhE�6G�Exh�-Chx^��e(A�h��(�h� 3(a) ∼ (b) Æ Pamyatnykh[5] h� 3 :����3eVCxCh	h}z|h B URhz|($x.Q lgL/L⊙ ≈1.5 (M ≈ 3 M⊙) x<nUd lgL/L⊙ ≈4.0

(M ≈ 9 M⊙). C� -z|($xY,{GbVeqd���!CVe℄hqd��b�Z�d(�hqd�U=nbBL�k�|}�~�hVeYvPE�
6 � (��=n�(=n�k�z|rU\h�'A�6=z|h{v!Zb����I���#AM.VeYR���k.(W�U�^�k���z|$x\h�=Ae(A`rh�!V
n(F0��k�z|rU�+��z|h5"(>tphn=VF�^�\wj+��$P��E(�#(>Z\1YR�UR\15`�hz|\Hh-��
~=n�(=n�k�z|hrU�Q8�M;�M.VeRz|($x.! H-R �Mh�ER��hVF�de(�Vh���u��hM.VeYYR�(����4z|($xh (g2 ∼ g4) �� p2 }v7-�h($x p ��! lgP -lgL/L⊙ ��M�z|($xh�'A��2�B\1�X8	x1e
z|($xhm�h p1 � fR g1�lB�ix1e
z|($xhL�R-� g �lB�"3�� βCep U�R��℄3��h}z|h OB UR��mC��
(lgL/L⊙

<
∼ 3.5 n M<

∼ 8 M⊙) x!VeY�eh}z|h B UR��-C�hz|($x g ��T
{AVe℄R�4J�IÆ Dziembowski k [4] h�Io�MexCh�z � 0 4
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Pulsationally Unstable Nonradial Modes in Upper Main
Sequence

XIONG Da-run1 DENG Li-cai2

(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008)

(2 National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012)

ABSTRACT Using a non-local and time-dependent theory of convection, the linear stability

of p4 ∼ g39 modes in the upper MS (main sequence) for ℓ = 1 ∼ 4 is analyzed. The influ-

ences of convection on the pulsation stability of nonradial modes are studied. The results

show that the influences of convection are not negligible. However, in general, convection

has no significant influence on the location and scope of instability strip if the details of the

single stellar model and oscillation mode are not concerned.

Key words convection, stars: oscillations, stars: variables


