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L§, éun)?
Uõ÷kê��^�åC���å5Uäk­�¿Â. �5��£^ÄnÆ�[L

², �G6(zonal flow)��3ò¦¤£ÅØ­½5�K�þ,, =Í¶�Dimitsþ£(Dimits shift)[4]; Ù

�Ï�U´�G6��gu/�¤£Å-u¿�L5³�¤£Åë6�rÝ[5, 6, 7]. �G6´��

/�lfN¥d»�6Ä>|Úå�E × B4�}�6, Ù�(�A�´��é¡(n = 0), 4�Cqé

¡(m ' 0)[8, 5]. Ù¥, nÚm©O´���êÚ4��ê, E�6Ä>|, B�²ï^|. �G6�¹ª

Ç�C�"�"ª�G6(zero-frequency zonal flow, ZFZF)[8], Úk�ªÇ�ÿ/(�(geodesic acoustic

mode, GAM)[9, 10]. du�(�3��Ú4��é¡5, �G6ØUl�lfN»�Øþ!5¥¼�

gdU
�-u, Ï
´�5­½�, �U�ë6��5-u∗. 
GAMKÏ�Ùk�ªÇ, �±�pU

þâf��, ¿�Ù��m��É5¤���gdU-u, �)pUþâfÿ/(�(energetic particle

induced GAM, EGAM)[11, 12, 13, 14]. �Ä��G6é¤£Åë6�³��^, ÏL	Ü\��pUþ

âfå3¤£ÅØ­½«�-uEGAM�@�´ÌÄ��¤£Åë6��1�Y[15]. ,
, Zarzoso�<

3lf§ÝFÝ¤£Å���5�[¥%uy, �Ú\pUþâf-uEGAM�, ë6Ø=vkÉ�³�,

�
k¤Or, ù����nØýÿ��[16]. éd���ßÿ´, 3ÍÜ�EGAM)¤£Åë6XÚ¥,

�EGAM�pUþâf°Ä���pÌÝ�, UþòlEGAM6�¤£Åë6. �v��<ÏL)ÛnØ

ïÄ
k�ÌÝ��G6»�>|é¤£ÅÛ�­½5Ú�(��K�, uy�G6é¤£Åë6o´å

³��^, Ã{)º�'�[(J[17]. Ïd, 'uEGAMr?¤£Åë6�Å��k�?�ÚïÄ.

¤£Åë6��G6�gU��5�p�^, �±ÏLëþPCØ­½5(éuGAM�¤£Åë6�

p�^[10, 18]) ½öN�Ø­½5(éuZFZF�¤£Åë6�p�^[6, 19])5?1£ã, ÙÔnã�´¤

£Åë6ÏLk�Äå-u�G6(�, 
�G6ò¤£Åë6Ñ���5�­½�»�áÅ�«m; £

ãÍÜ�¤£Å)�G6XÚ��5üz��§�±l��5£^ÄnÆ�§?1í�, Ù�[�í�L

§3ë�©z[19](Ù¥��§|(12))Ú[10](Ù¥��§(29-31))¥�Ñ. £ãZFZFÚGAM�¤£Åë6

�p�^�ØÓ�., ´duZFZFäkk��»�Åê
ªÇ�C�", Ù�¤£Å"ËÅ�ÍÜ�)�

þe>��þØ÷v¤£Å��5ÚÑ'X, äk����/ªÇ��0, Ïd7Læ^Ó��¹þe>

���/oÅ0N�Ø­½5�.5ïÄZFZF�-u; 
GAM�¤£Å"ËÅÍÜ�)�e>��k

�U÷v¤£Å��5ÚÑ'X, Ù-uK�²w$uþ>��, Ïd�±�Ñþ>����z. ,
,

l[10]Ú[20]�±wÑ, ��Ä¤£Å)ZFZFÍÜXÚ�ú�mºÝüz�, £ãþe>����§´é¡

�, �±Ü¿�Ó���§. Ïd, ¦+�ó��9�
¤£Åë6�ZFZF��p�^, ·��,æ^ÍÜ

∗5: du{¤�Ï, ��3ù�G6/�5­½0�, ´�Ñe¡?Ø�pUþâfÿ/(��.
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�nÅ�§5£ãÙ��5üz.

¤£Åë6äk�5�+�Ý, Ïd��5ÍÜXÚØ
äk�müz	, �äk�mþ�DÂA5,

Xë�©z[18]¥��§(9)Ú(11)¤«. éd, �±é¤£Å�§�²£C�, ���§¥��m �, �

��XÚ=é�mk�6'X. �Ä�5Ø­½�¤£Å"ËÅ��5°Ä, 9¤£Å>��ÚZFZF�

�5{ZÇ�, ·�Ò��£ã¤£ÅÚZFZF�müz�nÅ��5ÍÜ�.; ¿lù��.Ñu5ï

ÄZFZF�¤£Å�p�^��'Ôn, /ªþ/�ï/Dimits«0�¤£Åë6. ��, ���ó���

­��(J, 3�.¥Ú\EGAM, 5ïÄEGAM�Dimits«¤£Å��p�^. |^)ÛÚê��Ãã,

·�lØÓ�Ý&Ä
ùü�XÚ�ÄåÆA�. Äk3nÅ��5ÍÜ�.¥, ·�w��6uëêC

z, XÚl4����²{�±Ï©
�ª?\·b�1�[21]. �Ä
EGAM�K���, ·�uyd

uEGAM�ÌÝÚªÇ�ØÓ, �N��¤£ÅòLyÑÉ�-u½³��ØÓª³.��m(��©ÛK

L², ¤£Å�-u½³��y��ª�±8(���m;��ØÓºÝ�ØÄ:½4��¤Ó¼�(J.

�©�(�SüXe: Äk, ·�312!¥Ú\
nØ�.. 313!, ·�©Û
�¹
Ú®�ÍÜ¤£

Å)ZFZFXÚ���5üz. 314!, ·�ïÄ
EGAMéDimits«¤£Å�K�. ��315!·��

Ñ
{ü�o(Ú?Ø.

2 Ä��.

�
ïÄDimits«¤£Å�1�, ·�æ^nÅÍÜ�Ônã�5£ã¤£ÅÚ�G6��p�

^[22, 18]. 3dL§¥, �|¤£Å"ËÅΩ0(ω0, k0)PC�ü|fÅ)¤£Å>��Ω1(ω1, k1)ÚZFZF

ΩZ(ωZ , kZ). �ÄfÅ�ÍÜé"ËÅ��"9z|Å��5-uÚ{Z, ¿�ÑN�Ø­½5����

�ªÇ��, n|Å��Ì��m�üz÷vXe�§|(
d

dt
− γ0

)
φ0 = −α0φ1φZ ,(

d

dt
+ γ1

)
φ1 = α1φ0(φ∗Z + φE cosωEt),(

d

dt
+ γZ

)
φZ = αZφ0φ

∗
1.

(1)

Ù¥φ0, φ1, φZ©O�L"ËÅ!>��ÚZFZF��Ì, =Ωj = φje
−iωjt(j = 0, 1, Z); φE�LEGAM�

ÌÝ, ωE�LEGAM�ªÇ†; γ0�L"ËÅ��5°Ä, γ1ÚγZ�L¤£Å>��ÚZFZF��5{Z,

†5: XJ�Äzonal flow�¤£Å���5�p�^Úå�k�ªÇ, ·��±òEGAMªÇ�TªÇ��­#½Â�ωE , l
�§(1)�/

ª�±ØC.
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α0,1,Z�L��5��ÍÜXê. �Ø���5, ·�5½γ0,1,Z > 0, α0,1,Z > 0.

3�ÑEGAM�K�(φE cosωEt)�, �§(1)£ã
¤£ÅÚZFZF��p�^. Ù¥�Ä�¤£Åþ

e>���§/ªþ�é¡5[19], ·�®²ò/oÅ0N�Ø­½5L§8(��§(1)¤«�nÅ�p

�^. d	, 3�©¥·�6�Ø�ÄN�Ø­½���ªÇ���A, ù3��5ÍÜÚå�O�/P~

��mºÝáuªÇ���´g,¤á�. ¢Sþ, d(1)ª£ã�nÅ��5ÍÜ�.�A^�~2�,

Ø
^5)º�lfN¥Å��p�^, §�1Æ¥�ëþ��ì[23], 6NåÆ¥}�6Ú­åÅ��p

�^[24]�éõÔnL§Ñk��éX. 5¿�XJ�§|(1)¥φ0!φ1ÚφZ�Ð�Ñ���¢ê, @où

n�Ônþò©ª3¢ê��SCz, l
�§¥��ÝÎÒ�±�Ñ. �¡XJØ�AÏ`², ·�Ñ�

3¢ê��S�ÄTXÚ�1�.

EGAMéÍÜ�¤£Åë6)ZFZFXÚ�N��^Ny3�§(1)¥1���§mý�φE cosωEtù

��þ. duEGAMdpUþâf¤-u, �±�Ñ¤£Å)ZFZFXÚéÙ�K�, 
­:ïÄEGAMé

¤£Å�N�, Ïd3¤£ÅÚ�G6�üzL§¥φEÚωE���Ñ�±ØC. l�§(1)�±wÑ, \

\EGAM��u3�§|¥Ú\
��rÝÚÎÒÑ��m±Ï5Cz�ëê. �EGAM�φZÎÒ�Ó

�, ¤£Å>��φ1�§mÃ>�ÍÜ��Or, EGAMòOrZFZFé¤£Å�N�; 
�EGAM�φZÎ

Ò���, φ1�§mÃ>�ÍÜ�K�~f, $���ÍÜ���K5�U¬�UC. Ïd, EGAM�Ú\

òé�XÚå�é²w�N!�^. ·�ò314!±þã�.�Ä:�[/?ØEGAMéDimits«¤£

Å�K�. ùpI��Ñ, ·�3φZ�¡\\φE cosωEt�5ïÄEGAM��^�J´Äué¤£Å)�

G6�p�^�ÔnÅ��n), âÑÙé¤£Å>���N�, ¿vkl1�5�nÑuî�í�. Ä

u1�5�nXÚ/£ã¤£Å!GAMÚpUþâf���5üz��§dë�©z[15]�Ñ(Ù¥��

§(38)!(79)Ú(80)). 
gU£ãZFZFÚ¤£Å�p�^��§3©z[19]¥�úª(9)Ú£10¤�Ñ. ·

�w�, GAMÚZFZFé¤£Å�N����5�3(�þ´�����, Ïd, Ùé¤£Å��p�^�

±@�´�5U\, òEGAM�φZÜ¿5L«�G6�Né¤£Å�N��J�Or½³�AT´��'

�g,��{.

3 ¤£Å)�G6XÚ�ÄåÆ1�

�!·�òlÍÜ�§|(1)Ñu, �ÑEGAM�K�, ïÄ¤£ÅÚZFZF��p�^, ¿�ïTXÚ

e�/Dimits«0. l�§|(1)�Òmý�ÍÜ��±wÑ, fÅÉ����5-y�'u"ËÅ�,�
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|fÅ�ÍÜrÝ; Ó�, "ËÅòÉ�5gü|fÅ��5ÍÜ�K�". �fÅ�ÌÝé��, Ùé"

ËÅ��"�±�Ñ, fÅ3"ËÅ�-yeØäO�; 
�ü�fÅO���½§Ý�, fÅ�K�"

ò�U�L"ËÅ��5°Ä, l
¦�"ËÅrÝ~�, �A�fÅÉ��-y���~�. �*5w,

n|Å�U¬3,�����/Â|²ï0, ½ö`XÚª�u��·��­�), =ØÄ:). ,
, �

âAnderson�<��'ïÄ[25], TXÚ3���¹e¿Ø�3­½�ØÄ:). ¢Sþ, n|Å�ªò¥

yÑd�*����1�. e¡·��[5wfÅ�5O�ÚnÅ��5��ùü�1�.

éufÅfm©l6ÄY²O���ã, fÅ�ÍÜé"ËÅ��"�J�±�Ñ. l
φ0�üz�

§�φ1ÚφZ)Í, �§|(1)C¤���5�~�©�§|, �±��¦). �
¦�§�)�\�*, ·�

Ó��Ñ"ËÅ��5°Ä, l
�§|(1)òz�(
d

dt
+ γ1

)
φ1 = α1φ0φZ ,(

d

dt
+ γZ

)
φZ = αZφ0φ1.

(2)

ù´��;.�ëþØ­½5¯K.fÅφ1ÚφZ�O�Çγd��5ÚÑ'X(γ+γ1)(γ+γZ) = α1αZφ
2
0û

½, l
��ëþØ­½5�O�Ç

γ = −1

2
(γ1 + γZ) +

1

2

√
(γ1 + γZ)2 + 4(α1αZφ2

0 − γ1γZ), (3)

dd�±�ÑXÚ'u|φ0|2�­½5K�|φ0|2 = γ1γZ/(α1αZ). �Ò´`, �"ËÅ�rÝ�uTK��

�ÿ, >��ÚZFZFò�-uå5, ¥�êO�. �"ËÅ�ÌÝ��uK��, �±�ÑfÅ{ZÇ�K

�, O�Ç�"ËÅ�ÌÝ¤�', =γ ∝ |φ0|.

�ü�fÅO��Ú"ËÅ�Óþ?��ÿ, Ùé"ËÅφ0��"ØU�Ñ, I����¦)�§

|(1). én�Å�ÌÝ�Xe8�z:

φj →
√

αj
α0α1αZ

φj , j = 0, 1, Z. (4)

��§|C� (
d

dt
− γ0

)
φ0 = −φ1φZ ,(

d

dt
+ γ1

)
φ1 = φ0φZ ,(

d

dt
+ γZ

)
φZ = φ0φ1.

(5)
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én��§©O¦±φ0!φ1ÚφZ , 2�p\½~±��mÃ>�ÍÜ�, ·���Xen�ð�ª:

e−2γ1t
d

dt
(n1e

2γ1t)− e−2γZt
d

dt
(nZe

2γZt) = 0,

e2γ0t
d

dt
(n0e

−2γ0t) + e−2γ1t
d

dt
(n1e

2γ1t) = 0,

e2γ0t
d

dt
(n0e

−2γ0t) + e−2γZt
d

dt
(nZe

2γZt) = 0.

(6)

Ù¥nj ≡ φ2
j(j = 0, 1, Z). w,éuØ�Ä"ËÅ��5°Ä±9ü�fÅ��5{Z��¹[22], =

�γ0 = γ1 = γZ = 0�, �§|(6)½Â
Xen�Åðþ:

m0 ≡ n1 − nZ , m1 ≡ n0 + n1, m2 ≡ n0 + nZ . (7)

ù|Åðª�¡�ManleyõRowe'X(Manley-Rowe relations)[26], �Ñ
ëþPCL§¥¤÷v�âf

êþÅð'X. �§|(6)´Manley-Rowe'Xí2��¹�5°Ä/{Ze���/ª. (Ü�§(7)�Ñ

�n�ÅðþÚ(5)ª�1���§, �±��£ãn0üz��§

d

dt
n0 = 2

√
n0(m1 − n0)(m2 − n0), (8)

Ù)dý�¼ê�Ñ, =

n0(t) = m1sn2(
√
m2t,

√
m1/m2), (9)

Ù¥sn´ý��u¼ê. �§(9)�Ñ
�Ñ
n|ÍÜÅ��5O�/{ZÇ�, "Ë¤£Å��müz1

�. 3¦)L§¥, ·�b½
ZFZF�Ð©rÝ�u¤£Å>��, =m1 < m2, ÄK�§(9)¥m1Úm2�

 ���p��. ,	ü|Å�)�lÅð^�(7)�Ñ. �âùn�)·�3ã1¥�Ñ
n|Å�üz­

�, �±w�Å�rÝ��m±Ï5Cz, �"ËÅÚü�fÅ�rÝd�*�, LyÑ;.�Ó ö)�

Ô�.�1�A�. ��5¿�´, �Ü©£ã�G6-u�ëþ/N�Ø­½5�., �'5
ã1¥�@

Ï�ã, l
�l�nþØy
�G6-u�Å�, �¿�XÚïÄÙé¤£Åë6��5üzÚ�Ú�

�z[20, 27].
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L"ËÅ!>��ÚZFZF�üz­�.

Fig.1. The evolution of the strength of the three waves with time when the linear growth/damping of the

three waves is ignored. The red solid line, blue dashed line and black dotted line represent the evolution

curve of pump wave, sideband and ZFZF, respectively.

£��¹�5°ÄÚ{Z��§|(5), 2én�Å�ÌÝÚ�m�8�z: φ0,1,Z → γ0φ0,1,Z

Út→ t/γ0, �±�� (
d

dt
− 1

)
φ0 = −φ1φZ ,(

d

dt
+ γ1/γ0

)
φ1 = φ0φZ ,(

d

dt
+ γZ/γ0

)
φZ = φ0φ1.

(10)

Ïd, �ïÄXÚ�üzA���§|ëê�'X, �I�UCü��é{ZXêγ1/γ0ÚγZ/γ0. e¡·�

ÏLê�lÑ��{¦)�§|(10), O���©�ªæ^o�9�¥©�{, ?§�óæ^MATLAB. Ï

L30.0∼5.0��S×£ëêγ1/γ0ÚγZ/γ0��, ·�uy, �γ1/γ0ÚγZ/γ0���3ã2(a)��Ú«��,

Å�ÌÝ��mO\
Ã�O�, Xã2(b)¤«; 
���3ã2(a)�7Ú«��, Å�ÌÝ�ª­½3k

���S, Xã2(c)¤«. éuã2(a), �Ú«�Ì�8¥3γ1 + γZ < γ0���S±9é��γ1 = γZNC.

Ù¥γ1 + γZ < γ0ù�ëê«m�*þ´N´n)�, d�n���m(�m�I�φ0!φ1ÚφZ)SNÈ�

O�Çγ = γ0 − γ1 − γZ > 0, =��mNÈ´)ä�. Ïdk�NÈS��:�ªò*Ñ�Ã¡����,

l
XÚLyÑÃ�O��ª³. ,
, XÚ3γ1 = γZNC�O�1��*þÃ{{ü/)º, �duù

�ëê��(γ1 ' γZ � γ0)¿Ø´�¯K�­:'5«m, ·�ò3���ó�¥2�\?Ø. éuã2(c),

·�I��Ñ, �XÚ?\­��(Ly�­��±Ï5��), ­����±ÏÚÌÝ=�6u�§¥�ë
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êγ1/γ0ÚγZ/γ0, 
ÚÐ��À�Ã', §�L
T��5XÚ3ëê(½��¹e7,�üzª³. 3�

�5ÄåÆ¥, ù«±Ï5����¡�4��. XJ3��mSxÑ�:�$Ä;,, ·�ò����µ

4��/;�. duÙNC��;���mO\ÑÃ�%CuT4��, ·�¡T4��´­½�(½áÚ

�).
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(c)

ã 2: (a) γ1/γ0ÚγZ/γ0�ëê�mS, �ëê��3�Ú«�(IP�U)�, XÚÃ�O�, �ëê��3

7Ú«�(IP�S)�, XÚ­½3k���S. (b) Ú(c) Ð«
ü«�/en�Å��müz­�.

Fig.2. (a) In the parameter space of γ1/γ0 and γZ/γ0, when the parameter value is set in the yellow

region (marked by U), the system grows infinitely, while in the blue region (marked by S), a stable state

of the system is obtained. (b) and (c) show the time evolution curves of the three waves in these two

cases.

¯¢þ, ã2(c)¿Ø´XÚ­½3k����¤LyÑ�������ª. ·��½γ1/γ0 = 5.0, 


l5.01m©ÅìO\γZ/γ0. Á�uy, XÚfm©Âñ�ã2(c)¤«�4��þ; �XγZ/γ0�O\, X

ÚÑyXã3(a)¤«�±Ï�Oy�; ²{õg�±Ï©
�, �ªXÚ?\��±Ï���·b, X

ã3(b)¤«. d�XÚ�G�éÐ�äk4à¯a��65, Ð��?¿���ÉÑ¬¦XÚ3(½

���G�ké�ØÓ. �Ó�·b�,�±k­½5, §¦�XÚ�ªÂñ���k����S. Ï

ddê�O����ã3(b)�U�NXÚÂñ������
ØU�Ñ3,���XÚ�(�G�.

ã3(c)^zn = max {|φ0(t)|}�γZ/γ0Cz�Ñ:ã/�/Ð«
XÚl4����²{�±Ï©
��·

b�ù�L§. I��Ñ�´, *ÿ�XÚù�ÄåÆA��ëêæ�:¿Ø�uþã�½�����. ê

�Á��(JL², 3ã2(a)�7Ú«�S, l�7«��>.�NCÑu÷���lT>.�, 3ù��

ëêæ�e·�oU*	�aqã3(c)�(J.
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ã 3: (a) γ1/γ0 = 5.0, γZ/γ0 = 5.5�"ËÅ|φ0|��m�üz. (b) γ1/γ0 = 5.0, γZ/γ0 = 5.8�"Ë

Å|φ0|��m�üz. (c) zn = max {|φ0(t)|}�γZ/γ0Cz�Ñ:ã.

Fig.3. (a) Time evolution curves of pump wave |φ0| when γ1/γ0 = 5.0, γZ/γ0 = 5.5. (b) Time evolution

curves of pump wave |φ0| when γ1/γ0 = 5.0, γZ/γ0 = 5.8. (c) Scatterplot of zn = max {|φ0(t)|} varying

with γZ/γ0.

ÏL�!�ïÄ·�w�, dþãnÅ�.¤£ã���5ÍÜ¤£Å)�G6XÚ, duZFZF�-

uÌ�kn«1�: Ø­½���(Ã�O�); ­½�±Ï5��(4��); ­½��±Ï5��(·b). ù


­��N�Cz�±�~E,, ���±ÏÚÌÝk�kØÓ, �c[*	ã2(b)Úã2(c)�±wÑ, 3

�����mI�S, n|Å���1�Úã1¤«�Ó ö)�Ô�.´aq�. Ïd, �Ä�"��5

O�ÇÚ{ZÇ�, ��*�K�´éã1¤«�nÅ���)
±ÏÚÌÝþ�N�.

du/Dimits«0éAu¤£Åë6��5­½«�, ·�òã2(c)¤«�±Ï��1�½Â���

�5ÍÜ�.�/Dimits«0, ¿ïÄ	\k�ªÇ�EGAMéÙ�K�. I�5¿�´, �ó��Ñu:

´ïÄ±Ï5���EGAMéDimits«ë6�K�, ��©�Ì��§|(1), ¿Ø�uEGAM. ¢Sþ, é

u?Û±Ï5�^¡é¡�>|��é¤£Åë6�K�, þ�^d�.5?1ïÄ, X	\�·> Ø,

±9dÙ¦ë6(XC�¥Ø­½5)¤-u�GAM/ZFZF�.

4 EGAMéDimits«¤£Å�K�

�âþ�!�ïÄ, ·��±�ï��­½�£ãDimits«¤£Å�XÚ. ·���§|(1)¥

�γ0 = 1.0, γ1 = 3.0, γZ = 3.1, d�\\EGAM�c�¤£Å)ZFZFXÚ?uã4(a)¤«�±Ï���

­�)þ. �!·�ò&Äk�ªÇ�EGAMé�XÚ�K�. �
¦�U~�ê�Ø­½5, ·�3Ú

\EGAM���^�ã²wOr�L§5LÞ, Xã4(b)¤«.
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ã 4: (a) \\EGAM�cXÚ�±Ï5��. 7Ú¢�!7ÚJ�Ú7Ú:�©O�L"ËÅ!>��

ÚZFZFÚ��müz­�. (b) ±Ï���EGAM­�, Ð©�ãÅÚOr±¢y²wLÞ.

Fig.4. (a) Periodic oscillation of the system before EGAM is introduced. The blue solid line, blue dashed

line and blue dotted line represent the evolution curve of pump wave, sideband and ZFZF, respectively.

(b) Periodically oscillating EGAM. The initial phase is progressively enhanced to achieve a smooth

transition.

4.1 �CEGAMéDimits«¤£Åë6�K�

Äk�Ä��/�C0�EGAM, éAuÙªÇ��u4(a)¥±Ï��ªÇ��/; Ïd3é��ã

�mS, EGAM�éu¤£Å)�G6
óCq´��~êφE , l
�±�ÑEGAM�±Ï��, ò�§

|(1)��:

(
d

dt
− γ0

)
φ0 = −φ1φZ ,(

d

dt
+ γ1

)
φ1 = φ0(φZ + φE),(

d

dt
+ γZ

)
φZ = φ0φ1,

(11)

éuT�§|, ·�kïÄÙØÄ:)�­½5. -�§¥��m�ê�0, ��Xe5�ØÄ:):

(0, 0, 0),
(
∓
√
γZ/γ0a+,±

√
γ0γZ ,−a+

)
,
(
±
√
γZ/γ0a−,±

√
γ0γZ , a−

)
. (12)

Ù¥a± =
√

4γ0γ1 + φ2
E/2± φE/2. 5¿�γ0,1,ZÑ®²�½, ÏdTXÚ¥�ØÄ:9Ù­½5�dφE�

�û½. ã5(a)�Ñ
�φE = 1.0�5�ØÄ:3��m��é©Ù, Ù¥P1ÚP3, P2ÚP4'uφZ¶é¡.

ùl�§|(11)�(��U²wwÑ5: XJ(φ̂0, φ̂1, φ̂Z)´�§�), (−φ̂0,−φ̂1, φ̂Z)7,�´�§�).
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ã 5: (a)5�ØÄ:3��m��é©Ù. (b)ØÄ:P1ÚP3, (c)ØÄ:P2ÚP4?JacobiÝ
�n����

�¢Ü�φE�Cz. d?γ0 = 1.0, γ1 = 3.0, γZ = 3.1.

Fig.5. (a)Relative distribution of five fixed points in phase space. (b)Dependence of the real part of the

three eigenvalues of Jacobi matrix at fixed points (b)P1/P3 and (c)P2/P4. Here, γ0 = 1.0, γ1 = 3.0,

γZ = 3.1.

ØÄ:�­½5�±ÏLO�ØÄ:?�JacobiÝ
��, ÙéAu3ØÄ:NC��5z����

�5�©�§|�XêÝ
:

J ≡


γ0 −φZ −φ1

φZ + φE −γ1 φ0

φ1 φ0 −γZ

 , (13)

Ù����)�:

γ(1) = −a
3

+
−1 +

√
3i

2
(b+ c)1/3 +

−1−
√

3i

2
(b− c)1/3,

γ(2) = −a
3

+
−1−

√
3i

2
(b+ c)1/3 +

−1 +
√

3i

2
(b− c)1/3,

γ(3) = −a
3

+ (b+ c)1/3 + (b− c)1/3,

(14)

Ù¥a = γ1 + γZ − γ0, b = ad
6 −

a3

27 −
e
2 , c =

[
b2 +

(
d
3 −

a2

9

)3
]1/2

, d = −γ0γ1 − γ0γZ + γ1γZ − φ2
0 + φ2

1 +

φ2
Z + φZφE , e =

∑
j γjφ

2
j + 2φ0φ1φZ + φ0φ1φE + γZφZφE − γ0γ1γZ .

ØÄ:�­½5dA��γ(j)�¢Ü,=Re(γ(j)),û½, Re(γ(j))�±{ün)�ØÄ:NC�6Ä�O

�Ç. XJRe(γ(j)) < 0, KØÄ:´­½�; ��´Ø­½�. òØÄ:�IÚëêγ0,1,Z���\γ
(j)�

L�ª, ·�ò������φE��6'X. ã5(b)Úã5(c)©O±�
P1(½P3)ÚP2(½P4)?JacobiÝ


�n�����¢Ü�φE�Cz. �±wÑ, �φE < −1.48�, ØÄ:P1ÚP3´­½�; �φE > 1.48�,

ØÄ:P2ÚP4´­½�; �−1.48 < φE < 1.48�, Ø�3­½ØÄ:. 5¿�ØÄ:P0�½´Ø­½�,
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Ï�(11)ª�1���§3P0?�5z�7ò���êO��φ0. 
�φE = 0�òz��5�nÅÍÜ

�/, Ø�3­½�ØÄ:, ù�þ�!J��Anderson�<�ïÄ(J�¬Ü[25]. �¡·�ò��

ÄφE > 0��¹, Ï�éuφE < 0��¹, �I�òφ1ÚφZ�ÒÒ�d�φE > 0���§|.

Á�uy, �ëêφE3ØÓ�«mS���, XÚ3��mS�ØÄ:Ú4��¬LyÑØÓ�5�:

1. �φE > 1.48�, ��mSØ
kü�­½ØÄ:P2, P4(ã5(a)), �kü�­½��4��, X

ã6(a)�7Ú­�¤«, Ù��(ÏLmax {|φ0|}L�)�φE¥��', 
/GÄ��±ØC. 3d�/

e, �âÐ�À��ØÓ, XÚ�ªòÂñ��4��½ØÄ:P2, P4þ.

2. �0.88 < φE < 1.48�, �4��E,�3, ØÄ:P2, P4��­½5, �ÙNCÑyü�­½��4

��, Xã6(b)�7Ú­�¤«. 3d�/e, �âÐ�À��ØÓ, XÚ�ªòÂñ��4��½�

4��þ.

3. �0.37 < φE < 0.88�, �4��E,�3, vk­½ØÄ:.P2, P4NC��4��Ü¿���¥�

º�4��, Xã6(c)�7Ú­�¤«. ã6(d)^φ0-φ1²¡S�ÝKÐ«
φEl1.4~��0.6, ü��

4��Ü¿�¥�º�4���L§. 3d�/e, �âÐ�À��ØÓ, XÚ�ªòÂñ��4�

�½¥�º�4��þ.

4. �φE < 0.37�,�4��E,�3,¥�º�4����,vk­½ØÄ:,Åì£8�vkEGAM�

�/. 3d�/e, XÚ��UÂñ��4��þ.

²Lþ¡�Á�, ·�¢Sþ�Ñ
XÚ¤k�U�3�­�). Ù¥4��éA�´±ÏCz�­

�), ­½ØÄ:éA�´~ê­�). 3�§�Ð�ÚëêφE�½��¹e, v
��m�, XÚ7,¬

üz��A�­�)þ. I��Ñ�´ùp�«m��´3Ù¦ëê(γ0,1,Z)�½��¹eÏLê�O��

��, XJÙ¦ëêUC, þ¡�Ñ�«m������A�?U. 5¿��4��éA�¤£ÅÚ�G6

�ÌÝþ��uÙÐ©�(Xã4(a)¤«), Ïd3�©¥�§|(1)¤£ã�EGAM�Dimits«ë6ÍÜX

Ú, �kÂñ�ØÄ:Ú�4����¹âéAu�C�EGAMéDimits«¤£Åë6�?�Ú³�; 


Ø­½)Ú�4���/, éAuEGAMéDimits«¤£Å�-u. 5¿�d?b½
EGAM�ªÇ�u

�ÍÜ¤£Å)ZFZFXÚ���ªÇ, Ïd�!�(Ø´Ä�±��A^un)ë�©z[16]��[(J,

I�?�Ú�©Û.

12

录
用
稿
件
，
非
最
终
出
版
稿



(a) (b)

(c) (d)

ã 6: (a) φE = 2.0���4��. (b) φE = 1.0���4��. (c) φE = 0.6��¥�º�4��. (d)

φEl1.4~��0.6, ü��4��Ü¿�¥�º�4���L§.

Fig.6. (a) Big limit cycle when φE = 2.0. (b) Small limit cycle when φE = 1.0. (c) Medium size limit

cycle when φE = 0.6. (d) Two small limit cycles combine into one medium size limit cycle with φE

decreasing from 1.4 to 0.6.

4.2 ±Ï���EGAMéDimits«¤£Å�K�

£��§|(1), ·��	ØÓÌÝ(φE)ÚªÇ(ωE)�EGAMéDimits«¤£Å�K�. �[uy, d

uEGAM�ÌÝÚªÇ�ØÓ, �N���¤£Åòk�ULyÑ�-u½³�ùü«�,����

J. ã7�(a)!(c)Ú(e)�Ñ
k�ÌÝ�EGAMÚå�n«;.�Cz, Ùëê��©O�(1)φE = 1.4,

ωE = 0.02π; (2)φE = 2.8, ωE = 0.02π; (3)φE = 1.4, ωE = 0.04π. ã7�(b)!(d)Ú(f)´éA���m;,.
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(e) (f)

ã 7: (a) φE = 1.4, ωE = 0.02π�"ËÅ|φ0|��m�üz9(b)�A���m;,. (c) φE = 2.8,

ωE = 0.02π�nÅ��m�üz9(d) �A���m;,. (e) φE = 1.4, ωE = 0.04π�nÅ��m�üz

9(f) �A���m;,.

Fig.7. (a) Time evolution of pump wave |φ0| when φE = 1.4, ωE = 0.02π and (b) corresponding

trajectory in phase space. (c) Time evolution of three waves when φE = 2.8, ωE = 0.02π and (d)

corresponding trajectory in phase space. (e) Time evolution of three waves when φE = 1.4, ωE = 0.04π

and (f) corresponding trajectory in phase space.

©Ûuy, ­�(a)!(b)Ú(c)�/¤Ñ�ã6¤�Ñ��ÑEGAM������a4��ÚØÄ:��

�'. e¡·�Å�?1©Û:
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1. éuã7(a)Úã7(b), �;�©ª��4��¤Ó¼, LyÑ�Ì���1�. du�4���º�

�EGAM�¢�ÌÝφ̄E = φE | cosωEt|Cq¤�', ã7(a)¥­�����ä/Gdφ̄E¤N�.

2. éuã7(c)Úã7(d), 3φ̄E > 1.48��mI�S, �;��ØÄ:¤Ó¼, LyÑ�Ì�úC1�;

3φ̄E < 1.48��mI�S, �;���4��½¥�º�4��¤Ó¼, LyÑ�Ì���1�.

3. éuã7(e)Úã7(f), 3φ̄E > 0.88Úφ̄E < 0.88��mI�S, �;�©O��4��Ú¥�º�4�

�¤Ó¼, LyÑü«�Ì���1�.

nþ, ùn«­�Ñ�±w�´�;��ØÓ�4��½­½ØÄ:Ó¼�(J. duEGAM�ÌÝφ̄E�

�mCz, ØÓ��4���a.Ú��, ØÄ:� �Ú­½5Ñk¤ØÓ, ùâ��
­����ª�

õ�5. 
φ̄E­�ÅÄ�¯úKK�
­�3ØÓ�ªm�=�.

·�5¿�, �kXÚüzXã7(a)Ú(b)¤«, �;���4��¤Ó¼�, ¤£Å|φ0|â´�-u

�(ã7(a)), l
LyÑaquë�©z[16]¤*ÿ��EGAM/-u0¤£Åë6�L§. 
�;���

4��¤Ó¼�'�K´�4���φ̄ECz��Ý��ud��4��/áÚ0NC�;���Ý, ÄK

�;�éN´Ò¬lm�4���Ó¼��, =
�ØÄ:½�/¥4��¤Ó¼, ?
LyÑ¤£Å�³

���J, �Xã7(c)Úã7(e)¤«. ,
, 4��éNC�;��/áÚ0�ÝJ±°(ïþ, �8c�Ø

U�Ñ4���)ÛL�ª, ¤±�½þ�Ñ-u¤£ÅéEGAM�äN�¦8c��©(J. ��â®

k�ê�(J, ·�E,�±�Ñ�
{ü�½5�£ã: �½EGAM�ÌÝ, EGAM�ªÇ�$, ¤£Å

�N´�-u; �½EGAM�ªÇ, �EGAM�ÌÝ�u,��.��, ¤£Åò�-u, ��-u�§Ý

Cq�'uEGAM�ÌÝ, 
�EGAM�ÌÝ�LT�.��, ¤£Åò�³�.

5 �(

3�c�ó�¥, �
n)ë�©z[16]¥*ÿ��EGAMé¤£Åë6�/-u0, ·�¦^
��

{z�nÅ��5ÍÜ��.ïÄ
¤£Å)ZFZFXÚ��müzA�, ±9EGAMé/Dimits«0¤

£Åë6��^. ��ÑEGAM�K��, 3��5L§�Ð©�ã, ¤£Å>��ÚZFZFòÏ�ëþØ

­½5
�-u, -u�K�dfÅ�{ZÇ¤û½.
�fÅé"ËÅr��"�, XJØ�Ä°ÄÚ{

Z, �§|�)d�|ý�¼ê�Ñ, n�Å�rÝLyÑaqÓ ö)�Ô�.�±Ï5���1�;

��Ä°ÄÚ{Z�, þã���±ÏÚÌÝòÉ�N�, ¿�3�é{ZXê�ØÓ��e, XÚ�U
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LyÑØ­½O�!4��Ú·bùn«ØÓ�1�. ·��í�
�¹�5°ÄÚ{Z���5XÚ

�Åðþ. 3dÄ:þ, ·��ï
dXÚ�/Dimits«0, ¿Äu�§|(1)¤«��.5ïÄEGAMé

�XÚ�K�. 3Ø�ÄEGAM����¹e, ·�ÏL��m©Û��{, �Ñ
XÚ¤k�U�3�

­�)(­½ØÄ:Ú4��)éEGAM�ÌÝ��6'X. ��ÄEGAM���, Äu¢��EGAMÌÝ,

ÚEGAM���ªÇ�¤£Å)ZFZFXÚüz�/�4��0�±Ï�����mºÝ�', )º
�

�mäkØÓ���ª��Ï, ¿½5��Ñd�.e¤£Å�EGAM°Ä½³��^�.
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Nonlinear interaction of EGAM with DW turbulence in

the Dimits shift region ∗

Guangyu Wei1) Ningfei Chen1) Zhiyong Qiu1)2)†

1) ( Institute for Fusion Theory and Simulation and Department of Physics, Zhejiang

University, Hangzhou 310027, China )

2) (Center for Nonlinear Plasma Science and ENEA C. R. Frascati, Frascati, Italy )

Abstract

Based on the nonlinear three-wave interaction model including driving and dissipation, we construct a system

to describe the nonlinear interaction between energetic particle induced geodesic acoustic mode (EGAM) and the drift

waves turbulence in the Dimits shift region, and study both analytically and numerically the linear growth and nonlinear

oscillation phases of the system, respectively. Further numerical results show that, without the contribution of EGAM,

the system goes through limited cycle oscillation to period doubling, and finally route to chaos with the change of the

linear drive/dissipation rate. On this basis, the nonlinear saturated ”Dimits region” of the system is constructed, which

is then used to study the influence of EGAM on the drift wave in the Dimits region. The results show that for EGAM

with different amplitude and frequency, the modulated drift wave can be either excited or suppressed, partly reproduces

the results from large scale simulation. Finally, We use the method of phase space analysis to give the corresponding

explanation.
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