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4�"�7+��=&85�!���89�����8�*'�14�"�����
���8�=��>��89�

gμν = ημν + hμν , (1)

�� ημν �&85�!��� hμν(|hμν | � 1) $������"#6A?$

ds2 = gμνdxμdxν = ημνdxμdxν + hμνdxμdxν , (2)

hμν ��� 4× 4 ��9>��!:��(�� �#(���%!%!�7:;(�(
<;8�:;�(���=!>;���@!&�� ���*"#��.9:7:2
<�?���B z A%C����:CD;, TT -�7��������$

hTT
μν dxμdxν = h+(xi, t)(dx2 − dy2) + 2h×(xi, t)dxdy, (3)

�� h+ � h× �$����&�� �"#��9$������&�<0"#��>
���(�:7�,"B=��@?0,"B=�@�3��&EC�.9B=D>@
�$ L �>��� hjk (���=�B=@��;0$ [4]

δL =
1
2
Lhjkn̂jn̂k, (4)

h+ (�8���,"B= x � y %C�@�3�1)EA�� h× (�8���,"B
= x A$ y AA)%C�@�3�EA�

������-F�����3�-F:F�����?<���!$�@���
����>��?<BG/�#;0�:2,"=CD����$ r �,A����H
>$,B$�63�-

hTT
ij (t, r) =

2
r

G

c5

d2

dt2
QTT

ij (t − r). (5)

�� QTT
ij $ TT �7���������>��?<B�.9:2����&�<0(

��>������E&��F$ [5]

I =
πc3

4G
h2ν2, (6)

CD#CCD$ r ������# T ≈ 1/ν D�����$ ΔE = 4πr2I/ν, ����E
?$

h ≈ 1
r
(

G

π2c3

ΔE

ν
)1/2. (7)

1GB����EG ν $������IF�$8������E?'C@H�1A<
B�3������B*J��2*CI:H�

2 DJ���HE��FG

(3K/-0%��L�� ���������(#$��"#����,"B=�
@� �������<$)-�,"��� ���2-($&'+1)(���7
�,���!>�������!IM(%)���GN�K2�:7� L�!<K
:MH�O�@�'�F�@I�
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2.1 QJPIRQFSG periodic sources H

2.1.1*451 &�RS�4))�+3�"��)5�%!��I��>��?
<B�8�3���������������8���J51�EGTT� '51
2*JU*�,451�**+51�$��*+����,4)��51�KL��
��M�VWK4��!X�*�,451�(L$ PSR J1518+4904 � B1913+16 �
B1534+12�B2127+11c�B2303+46�B1820-11�KF���M1 +M2 ∼ 2.6−2.8M��
�� PSR B1820-11�M48�:��,4�5Y [6] ��(#$.NB���,"=�
0&*451��'$)-������.9��CD#C�CD$ r �ÆZ:7,A
$�����?�U$ [5]

h ≈ 10−21 100pc

r
(

m

M�
)5/3(

ν

10−4Hz
)2/3, (8)

 [ m �4)���������EG�*451�#3EG�>�#;,8Y���
N\%OCDN\��*451O!\P�����

��HIP�*0&4518�&���LG D $51QM��G�N5$ [8]

DBH

DNS
=

RBH

RNS
(
MBH

MNS
)5/2, (9)

���< BH � NS (LV��**+51�*�,451� MBH � MNS (L$5
1�*��, chirp mass-M = (M1M2)3/2/(M1 +M2)1/5 �.9:2 M(BH) > Mcr =

80M� , 8��$]9

DBH

DNS
= (

80M�
10M�

)−1.35(
8.5M�
1.40M�

)5/2 ≈ 5.5. (10)

.9*+���8�3( 80M� � �@HW@O1%�8Y**+51�N*�,4
511QR��������L�*+�8�=QX$� Cyg X-1 � LMC X-3 � LMC

X-1 � A0620-00 � GS2023+338 � GSR1121-68 � GS2000+25 � GRO J0422+32 �
GRO J1655-40� XN Oph 1977 �R^��( [7] ��7�7_��$ 8.5M� � �'1
)(������#$;,"$8�+,,"$��

2.1.2 #3��,4 #3��,4�`R��N\)-�1)(�����>�,
4N(#3A:�9��?<BO/�#;0�8�3������P^?<BSS:
F�����EG��,4�"3EG�>�7_?�$ [8] [9]

h = (3 ∼ 17) × 10−27 Izz

1045g · cm2

ε

10−6

10kpc

r
(

f

200Hz
)2, (11)

�� r $$�����CD� Izz $Q�>�B3A%C�(�� f $�,4�3�
EG� ε $S+3A%C�TG�#JR,8�2� h �;U@H4)TG�;U�
$� LIGO ���,"=STT�a*YV [10] � 28 �� �WK4.V,"� �
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Ω

0 2πϕ

co
s θ

-1

1

W 1 R- TU4UbVÆÆc�XVZY�[Æ4cÆW\WÆX�ZWYUVZ[WW [4]

� ∼ 0.3 × 10−23 �"�d�;\"e!�����H>�Q#=WC��7�TG�
;U�3.�WK4 B0021−72C �EG f = 173.71 Hz �EG;0G ḟ = +1.50×10−15

Hz/s ����;U h = 4.3 × 10−24 �TG;U ε = 16 × 10−5 .WK4 B0021−72F �
f = 381.16 Hz � ḟ = −9.37×10−15 Hz/s � h = 7.2× 10−24 �TG;U ε = 5.7× 10−5 .
TG$3��WK4 J2124−3358 � f = 202.79Hz � ḟ = −8.45×10−16 Hz/s �TG;
U ε = 0.45 × 10−5 �!N T "�]X��$�� "� 28 �WK4�UF�5Y
LIGO STTa*YV]9XY [10] �

2.1.3 R- S,�:[W( �^� �P�3�����4)%!�':[W��
�S,�9$ R−S, [11, 12, 13] �>:9f������ 'S,�[W�� ���
�8�Z'=(JS,�?0��:[W����\[��(4)�3���� '��
S,%!��&�]�+ (1) e!](���7��!�)����:[W�. (2) @
9f2-/������@Bg(��&��(Y�$90��$��(YDN�

^ 1 &C�\3�4)$\6��S,�E)���5Y [4] � ����90�!
$��C(#C%_�]_[� Rossby��^��AP`�E)�EA�4)\�#3
��E)Y�L^e!hC(��>4):3���E)O�^`�S,�_W�)�
�`GY��E)���?<B%!_W�E?�!3���a[Z[, Coriolis -��
'=��`G%!1)(�?<B��#�T6?RBi�3��������,4�
�](� �P����,4`"�����/�)D,8�[a�^+^��#-R−
S,$:[W��3��1)(�P�����=�4)3�EGU$ 103 $ 102 Hz �
�F�����E?$ [12]

h ≈ 2.3 × 10−26(
Pc

1ms
)1/2(

M

1.4M�
)1/4(

R

10km
)1/4(

Ṁ

10−8M�/yr
)1/2(

1kpc

r
), (12)

�� Pc $4)�"31)� M $4)��� R $\h� Ṁ $^��6,G��(4
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) ScoX − 1 � r = 0.7 kpc � Ṁ = 3× 10−9M�/yr �! h ≈ 3.5× 10−26 �KL+,,"
 �'�\1']

2.1.4 X �A*451���,4 �^�� Rossi b4 X �A,"=���'�
� X �A�*451��Ga^_1)(�AEH> [4] �!L'Xb$ �_1)(
8��&�EGM��]9�����EG�$�,4�#3EG� "���,4�
#3EG�a�� 250 − 350 Hz +^���<`�7cD�:7GB��V�,4_�
�8�%!N\A�EG,L` Hz +^-� O'jkbaL: Hz �b*EG� �
���*451��>�M4;��Vcl4���,4m>6,�����)���
c"J6,�!B*bn, Ṁ = 10−10M�/yr -� 6,�)��8����,4#3
��TjQTd�oa��bb$deWK4$� d"��� �$fZ X �A*4
51���,4�3�EG�a�� 300 Hz e�gc!!�b$#(hf!E�?d
-F����,4�6,i;8�����e�f��@-Je�(Y%!%d��:
�9(�$8�3����?<C, ∼ 10−7MR2 -�#�8�������",��
6,i;�)���#�UF4)�#3EG�J-F@j=(6,�!�>6,]k
����!$O'jgc�@-GBWK4�3�EG�.�)8�(hC����E
G�!L �Xb$ [14] ���L�������E?8�e$ h ∼ (0.5− 3)× 10−26 �
�F� �'��+,,"N\1'�

2.2 iglIRQFSG pulsed sources H

2.2.1 /840� hj&/840���4)���<A���,8�e$ 0.001c

��F-0��$����k"���0&�h��b$���,4iX*+�#(/8
4�L�4%!L:�lm���l%����O%!0&�hC�$<%�T���
�=�8�����n������ �.9/840�$MH�C�9�$:O!�
���3���$�L�8�����!&b$@?0/84BC�90�+

, 1 -Df�&��e����8���4):_d#j&.
, 2 -A�#38�?0o�:[W(, bar instability -.
, 3 -E)��*:[W(8�3�'%��E��8�'+4)�Df0�.
, 4 -ep��,4"��%!'3�j����J�!IF���U$

|E| ∼ 3 × 1053(
M

M�
)2(

R

10km
)−1erg, (13)

��%g(����J,",���@!%U:$ 10−7 ���&����������
����E?$ [8]

h ≈ 2 × 10−19 10kpc

r
(

ΔE

10−4M�
c2)1/2(

103Hz

ν
)1/2, (14)
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W 2 mfpkhnZ4lmqrni�ÆOPoo4gp [17]

�� ΔE $!���������

2.2.2 *+�"��! >�,46,$hq�����/��qr����=�@
-��J3�����b$8Oj&���*+�.9J�!pDC�9�$O!��
���C��8�=Oh�%r�qOJ�! [15, 16] � #(BA(�����%!B
*si�8�=RWSr�%r�O��> [17] '��L/j�:2.VrM�8�8
9%��_4j&�*+��!�]9P����������a$j&4)�f>.
sDN�s#*+����)��gW�j&��!8�'.�89 [18]:

>4)j�)�� a = J/(GM2

c2 ) %(qrW acrit ��=�j&:O��.�>K2
:th��=�3��OuvT@�$8?04)�j&�^ 2 &C�J�!����
���E?�5Y [17] ��� h+ (��2-��� h× (�B*3�8�CI:H��
bJ�!����IF ΔEGW /Mcorec

2 ≤ 7 × 10−4 �

2.2.3 QM�0&*4 &V)�+3�0&*451�#(���������*
4O:tS��3�Tj�$8@�&4�QM�]k�QM�!��������!
���\)-������#( '�!%��P����.V�;<qOB*si�
�bkBRW�lr�rM [19, 20, 21] �2CD#CCD$ r �*451�U0��$
m ��J�!�'/j�@I&C�����U$ [2]:

h ≈ 4 × G5/3

c4

1
r
m5/3ν2/3, (15)

>&4,m���J�!$'j]k��=��C($%���EG ν ≈ 103 Hz �� 
�sw��.9B r = 10 kpc �8��$ h = 5 × 10−19 � �*451�QM�!�
��B*P������ � �-2���EGtB*3 [5] ��Æu5���bLM
^OO���T�@!�%&*d�;�-2���EGOO;�N\%�L�
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3 klmEnn���o relic gravitational waves p

q�%&J�14��, CMB -�%&�!��/-����� 8��%�;9
�� ��a)v>�!8��%&06�!3���:72-Nk�X�2*9$%
&�24�����%&�)�,��o"��$2�)�%&(x�/VRS�06
�!�%&<��, a(t) = eHt �#�,��55�u%&���(Y�B_d$wC
p(�F�!?0�"��3���C���

gμν(�x, τ) = a2(τ)(ημν + hμν(�x, τ)), (16)

�� τ $K"�#� hμν(�x, τ) ����J3�����>�Sg(�2*�24��
���"��$

ds2 = a2(τ)[dτ2 − (δij + hij)dxidxj ], (17)

06%&������%!
∂μ(

√−g hij(�x, τ)) = 0. (18)

,��"#��(O

hij(�x, τ) =
√

16πlpl

(2π)3/2

2∑
λ=1

∫ +∞

−∞
d�kελ

ij(�k)
1√
2k

[a(λ)
k h

(λ)
k (τ)ei�k·�x + a

+(λ)
k h

(λ)∗
k (τ)e−i�k·�x], (19)

�� lpl � Planck @���(xW k- S8�+,qO%!��$ h
(λ)
k (τ) ����$

2�%&*SS��%&24����(�q(!��5?� � [22, 23, 24, 25] �
�$�24�����Ga [26, 27] �� "t`%&�6/�T�06��2-#r
���r��v��$�:7 ��T�06%&��24���uv [28] ��cr
(1 + z) ≈ (ΩΛ/Ωm)1/3 ≈ 1.3 $�6/, z = 0 -�%&�,T�06� �(24���
�!'+�2���HI�:7�$�6/ (τH)24����a h(k, τ) = 4lpl√

π
k|hk(τ)| �

�w�E/�Pe,$
h(k, τH) = A(

k

kH
)2+β , k ≤ kE

h(k, τH) = A(
k

kH
)β−1 1

(1 + zE)3
, kE ≤ k ≤ kH

h(k, τH) = A(
k

kH
)β 1

(1 + zE)3
, kH ≤ k ≤ k2

h(k, τH) = A(
k

kH
)1+β(

kH

k2
)

1
(1 + zE)3

, k2 ≤ k ≤ ks

h(k, τH) = A(
k

kH
)1+β−βs(

ks

kH
)βs

kH

k2

1
(1 + zE)3

, ks ≤ k ≤ k1. (20)

 [ A �#f>K2gW�?W�1����&���%0�>#v>� CMB wCp
(�s A ∼ 10−5 � βs �%&tTd�!�SS5R� β $<�)%&456/�S
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S5R�k=K"�# τ P`<��, a(τ) ∝ τβ+1 (]w� de Sitter sw β = −2) �
kH = 4π × 1018 Hz � kE = kH/1.33 � k2/kE = 51 � ks = 2π × 108 Hz � k1 = 6π × 1010

Hz �24���a#^ 3 &C�]9P�� ��Ga:F(:2�6/���$2�
HI]9���6/%&T�06�����a3�xy.`R�AE/�a�?�\
$]X#Bg(45SS5R β �%� β W&C%����?��24����+,,
"�KLb�.V�Hy��,"/K�2-a*K<u��

24���z8�2� Sachs − Wolf EC�+,3� CMB ����<0�(h
P��J�14���<08�(O$��S���S�����8�3���S�<
0��<�S&���s:� [29, 30, 31] ���wyEC!8�3���Sj0�:�
�3��<0��N\3�d���=.9,"$%d�;� CMB wCp(���S
<0�ÆZ$<!8��24����u�������H>!8�zx2� CMB �
,"��� [32] �DASI [33] �$$� WMAP [34] q(&Ce�I��S<0�zsN
{� #0�$��S<0�H>�KLyz��tJ�14,"= Planck �q{{�
�S<0�H|� !@%%u.%&24����,"�

4 ���Æv}v

KL���,"2-!�?L�%r+*=�j�.NB%r�#(����u&�%
C�d�;0�?0 &�%C;�j�k�~w���3�.N� �,"wx8�
|x�#$iX"#�(L8�,"EG� ∼ 102Hz � ∼ 10−3Hz e�����.\e
KEr�xC"iy"�,"=x(\eGN�!\y�z{�2*|=(Y�#C:
F{|��� �,"=.V{M,"�8�{A}]��EG� ∼ 103Hz �|=WK
4,"�%r�:7#C;,A$%&��deWK4�WKH>B*[W� �>!
���2���#C$WK4#�CD��;0�?0WKH>$e�~�;0�7�
:7GB��[W�deWK4��2�N{!\�\qz{�k= �%r!8�,
"��� [35, 36] .z!:7L${$�2�," CMB ��S<0�%r� �%r8
�b$�#,#,"%&24����

KLb�YV�#$j�.N%r,"����2-%/K!~(�}� LIGO H
y�~(z}� GEO Hy�|(� TAMA Hy��&^�� LIGO �,"}]�%
%{A�P^ LIGO +^�XY [10] �STTa*YV]9&C�EG� (100 ∼ 103Hz)

#�}]�e$ 0.3× 10−23 ∼ 10−23 �L$!{$� q(�( 28 �WK4�����
�&C�UF�$�:7|= �,"]9��(T�06%&��24���.V(
h��$�<�)%&45SS5R���UF+ β ≤ −1.8 ��)���,"�:/�
@�!��L4�.�)����*���*�.-�
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W 3 Æ}~}MN�{~OPE� [28]

Æ - . /
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The Gravitational Waves Sources in the Universe

Yang Zhang, Wen Zhao, Yefei Yuan
Astrophysics Center

University of Science and Technology of China
Hefei, Anhui, China

ABSTRACT In this article the physics of gravitational waves is briefly discussed, and sev-
eral kinds of sources for gravitational waves are reviewed, including the periodic sources, the
pulsed sources. Presented is also the spectrum for relic gravitational waves in the current ac-
celerating universe that we have recently obtained. Besides, some of the important progress
are mentioned in experimetal detections as well as in theoretical study of gravitational waves.
Key words gravitational waves, black holes, pulsars, cosmology


