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[11]

µ

Ψ ij(r) = 〈vi(x)vj(x + r)〉 (1)

= Ψ⊥(r)δij + [Ψ‖(r) − Ψ⊥(r)]r̂ir̂j ,

Ù¥§r = |r|§r̂ = r/r§Ψ||(r)ÚΨ⊥(r)©O´ü:�'¼ê²1uÚR�uü�(Xë��

��©þ
[12]

"3XÚå��¹e§�Ý|´Ã^�§¿�kΨ‖(r) = d[rΨ⊥(r)]/dr"AO/§

éupd�Ð^�ó§Ψ||(r)ÚΨ⊥(r)�±�¤
[11]

:

Ψ⊥,‖(r) = f(Ω)2H2

∫

dkP (k)K⊥,‖(kr), (2)

Ù¥§H�MÇëþ§f(Ω)��5O�Ïf§éΛCDM�»ó§f(Ω)≃ Ω
0.6
§K⊥ÚK‖�µ

K⊥ =
j1(kr)

kr
, K‖ = j0(kr) − 2

j1(kr)

kr
. (3)

j0(kr)Új1(kr)©O�"�Ú��¥�l�¼ê"
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2 nØ�.

2.1 V'�.{0

3V'�.µee§b�¤k�Ô�©Ù3äk�½�þ!�½�ÝÓ+Ú�mê�Ý

©Ù�®² åz�V'¥"VÔ�ü:�'¼ê�±�¤Xe/ª
[9, 18]

µ

ξ(r) ≡ ξ1h(r) + ξ2h(r) =

∫

dm
m2n(m)

ρ̄

λ(r|m)

ρ̄
+

∫

dmi
min(mi)

ρ̄

∫

dmj
mjn(mj)

ρ̄

∫

d3
ri

∫

d3
rj ρ(r − ri|mi)ρ(r′ − rj |mj)×

ξhh

(

|ri − rj |
∣

∣

∣
mi, mj

)

,

(4)

ξ1h(r)Úξ2h(r)©O�ü:�'¼ê�1-halo�Ú2-halo�§�=2�âf?uÓ��V'

¥Ú©O?uØÓV'¥��z"n(m)L«�þ�m�V'��mê�Ý©Ù§��2�6

D�)ÛL�Ò´Press-Schechter/ª
[19]

µ

m2n(m, z)

ρ̄

dm

m
= νf(ν)

dν

ν
, (5)

ρ̄�²þ�»�µ�Ä�Ý§,	§

νf(ν) =

√

ν

2π
exp(−ν/2)

(

ν ≡ δ2
sc(z)

σ2(m)

)

, (6)

δsc(z)��.�Ý§§�¹Â´§éu��3ù£z�ÏL¥¥ /¤�V'§b�l§��

Ð^�m©§|^�5O�nØ	í�ù£�0���ÝÞá�"w,§�uù����ÐÞ

áÑÃ{ÏL¥ 3ù£z�/¤V'"éuEinstein-de Sitter �», δsc(z = 0) = 1.686§3

Ù¦�»Æ�.e§δscÚ�»Ô��ÝΩm±9�»Æ~êΩΛk�f��'5
[20]

"σ2(m)´

�Ð�ÝÞá3²wºÝR = (3m/4πρ̄)1/3þ§|^�5nØ	í�ù£�0����§̂ Ô

��ÝõÇÌ�È©L«µ

σ2(m) ≡
∫

dk

k

k3Plin(k)

2π2
|W (kR)|2, (7)

W (kR)�top-hat²wI¼ê�Fp�C�§W (x)�/ª�§

W (x) = (3/x3) [sin(x) − x cos(x)]. (8)

éuνf(ν)§·�3d¦^���°(�[Üúª§�=Sheth-Tormen/ª
[21]

:

νf(ν) = A(p)
(

1 + (qν)−p
)

( qν

2π

)1/2

exp(−qν/2), (9)

Ù¥§p ≈ 0.3§A(p) = [1 + 2−pΓ(1/2 − p)/
√

π]−1 ≈ 0.322 2§q ≈ 0.75§́ ÏLp°Ýê��

[[Ü���"�p = 1/29q = 1�§ù�úªq£�
�Ð�Press-Schechter/ª"
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éuV'��ÝÓ+§·�æ^NFW�.
[22]

:

ρ(r|m) =
ρs

(r/rs)α[1 + (r/rs)β ]
, (α, β) = (1, 2). (10)

λ(r|m)��ÝÓ+�òÈ§éu¥é¡�V'ó§λ(r|m)�±L«¤Xe/ª:

λ(r|m) ≡ 2π

∫

dx1 x2
1 ρ(x1|m)

∫ 1

−1

dβ ρ(x2|m), (11)

Ù¥§x2
2 = x2

1 + r2 − 2x1rβ"

ξhh

(

|ri − rj |
∣

∣

∣
mi, mj

)

�©Oäk�þmiÚmj�V'�ü:�'¼ê"��@�§3

'V'��ºÝ��õ�ºÝþ§V'ü:�'¼ê�Cz�~�ú"¤±§3�ºÝ

þ§ξhh

(

|ri − rj |
∣

∣

∣
mi, mj

)

�±lé�m ��È©¥©lÑ§lé�m�È©ÒC¤
é

V'�ÝÓ+�È©Úξhh

(

|ri −rj |
∣

∣

∣
mi, mj

)

�òÈ§¿�ü�âf�ålCq/�§�¤3

V'SÜ��é �Ã'"Ïd§38�z�§éV'�ÝÓ+�È©�Ñü�Dirac− δ¼

êδ(r − ri)Úδ(r′ − rj)§2Úξhh

(

|ri − rj |
∣

∣

∣
mi,mj

)

?1òÈ§·�Ò��ξhh(r|mi, mj)§Ù

¥|^
��Ó5b�§r�rÚr
′�m�ål"

��§·��I����.5£ãξhh(r|mi, mj)"·�æ^MoÚWhite31996c
[23]

±

9Sheth Ú Lemson 31999c
[24]

¤JÑ��{, Ú\�� $Ïf5£ã3�ºÝþV'�

éuVÔ�� $§ξhh(r) = b2(m) ξ(r)"�§3�ºÝþ§�'¼ê�±^�5�'¼ê

�éÐ�Cq§ξ(r) ≈ ξ0(r)§ξ0(r)´VÔ���5ü:�'¼ê"¤±3�ºÝþ§·�k§

ξhh(r|m1, m2) ≈ b(m1) b(m2) ξ0(r). (12)

�d§|^V'�.§·�ÒU°(/£ã�»Ô��Ý|�ü:�'¼ê§�,§V

'�.��±£ã?ÛÙ¦p�ÚO§3d6Ø�0�"

2.2 V'�.3�»�Ý|ÚO¥�A^

V'�.3£ã�»�ºÝ(�Ú(X/¤9üz�¡��
4��¤õ"�§·�

3d=I��é��U?Úb�§ÒUrV'�.?1í2§¿|^§5é(X½VÔ��

�é$ÄÚ�Ä�Ý�'¼ê?1£ã"

3V'�.¥§¤kVÔ�âf�b½©Ù3Cq¥é¡�!?u åz�V'¥§z

�VÔ�âf��Ýw,�±©)�ÌV'¥%��ÝÚ�éuV'¥%�Ý�¥þÚ
[18]

µ

v = vvir + vhalo, (13)

Ù¥§1���VÔ�âf�éuV'� å�Ý§1���V'����Ý"·��b�

ØÓVÔ�âf�éuV'� å�Ý÷v�pÕá�pd©Ù§Ù©ÙA5==�6uÙ

¤3ÌV'��þ
[25]

¶�§VÔ�âf�éuV'� å�ÝÚV'����Ý�m§�

´Õá�§ØØTV'´Ä§�ÌV'¶��§�½�þV'����Ý�Ñl�pÕá�

pd©Ù§Ó�§Tpd©Ù�ÚOA5==´V'�þ�¼ê
[26]

"
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k
±þù
b�§·�ÒU�ÑVÔ�âf�Ý|�¤kÚOA5"e¡�[/ÅÚ

Qãù��{"Äk§éuV'����Ý§�±æ^Xe��{5?nµd�ºÝ(�/

¤nØ��§�»�Ý|3�½²wºÝþ�Þáe�L�.�Ý§ÒU/¤�A�þ�V

'§V'��Ý�±Cq�TºÝþÔ��²w�Ý§|^pd�Ð^�§�½�þV'�

�Ý|vhalo(m)Ñlpd©Ù§ÙIO�σ2
halo(m)�±L«¤

[27]

µ

σhalo(m) = Hf(Ω)σ−1

√

1 − σ4
0/σ2

1σ
2
−1, (14)

Ù¥§σj�½ÂXeµ

σ2
j (m) ≡ 1

2π2

∫ ∞

0

dk(k2+2j)P (k)W 2(kR(m)) (15)

VÔ�âf�Ä�Ý�ü:�'¼ê�±�¤〈vivj〉§XJü�âfÑ?uÓ��V'
¥§dúª(13)§é�þ�m�V'ó§@o〈vivj〉�L«¤±e/ªµ

〈vivj〉 = 〈(vvir, i + vhalo) (vvir, j + vhalo)〉, (16)

dc¡�?Ø��§vvir, iÚvvir, j�m´Ø�'�§�§�Úvhalo�m�´Ø�'�§d

?vvir, iÚvvir, j´Ó�V'¥2�ØÓâf�éuTV'� å�Ý§vhalo´ù2�âf¤3

ÌV'��Ý"Ïdw,k§〈vvir, i vvir, j〉 = 0§〈vvir, i vhalo〉 = 0§〈vvir, j vhalo〉 = 0"Ïd��

k§〈vivj〉1h(m) = 〈v2
halo(m)〉 = σ2

halo(m)"

XJü�âf?uØÓ�V'¥§@o§���Ýü:�'¼ê�µ

〈vivj〉 = 〈(vvir, i + vhalo, i) (vvir, j + vhalo, j)〉, (17)

Ó�§duvvir, iÚvvir, j�m´Ø�'�§§��vhalo, iÚvhalo, j�m�Ñ´Ø�'�§

d?vvir, iÚvvir, j´ü�ØÓV'¥�âf�éu�gÌV'� å�Ý"aq�§��

k§〈vivj〉2h(mi, mj) = 〈vhalo(mi) vhalo(mj)〉"
ù�Ò´`§VÔ�âf�Ý�m��'==5guV'���Ý�m��'§�ÄV

'�Ý�ü:�'¼ê§¿òØÓ�þV'��mê�ÝÚV'��ºÝ(�©Ù���¼

ê\��§2é�þÈ©§,�2é¤kVÔ�âfé�ê8¦²þ§·�Ò��
VÔ�

âf�Ä�Ý�ü:�'¼ê"AO/§VÔ�âf�Ä�Ýü:�'¼êR�Ú²1uü

�âfë����©þ�±L«¤µ


















〈vivj〉1h
⊥,‖(r) =

{

2/3

1/3

}

× 1

1 + ξ(r)

∫

σ2
halo(m)

m2n(m)

ρ

λ(r|m)

ρ
dm ,

〈vivj〉2h
⊥,‖(r) = f2(Ω)H2

∫

dmi
min(mi)

ρ

∫

dmj
mjn(mj)

ρ

1 + b(mi)b(mj)ξ0(r)

[1 + ξ(r)]
Ψ⊥,‖(mi ,mj |r)

,

(18)

Ù¥§Ψ⊥,‖(mi,mj |r)©O´ü�©Oäk�þmiÚmjV'��Ä�Ýü:�'¼êR

�Ú²1uüöë����©þ§Úúª(2)aq§§��±L«¤µ

Ψ⊥,‖(mi, mj |r) = f(Ω)2H2

∫

dk
P (k)W (k|mi, mj)

2π2
K⊥,‖(kr). (19)
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W (k|m1,m2) ≡ [W (kR(m1)]W [kR(m2)]§Ws´Xúª(8)¤«I¼ê�Fp�C�"

Ï�V'/¤u�Ý|�ÅÞá�k¸(peak)?§§���Ý�Ñ�'?uÓ�²wº

Ýþ��m�²þ�Ý�ÑÑ$§·�b�§�/GØC§ÌÝ��É�±^Xe/ª5

�x
[9]

µ

Ψ
peak(mi, mj |r) ≈

σhalo(mi)

σ−1(mi)

σhalo(mi)

σ−1(mj)
Ψ(mi, mj |r). (20)

·��?Ö�dq�(å
§ØLù��.¥6��vk�ÄV'�m��é$Ä"Ï

d§úª(20)E,´Ø°(�§ù�´��nØýó�ê��[��ÚO¥Ψ‖(r)ÑyK�

ù�y��gñ��Ï"·�5¿�§�Ý|¿Øäk�Ý|@��{ü\\5�§V'

�Ý|�'¼ê¢SþAT´±V'é�ê8���\�²þ"·��Ä�þ�miÚmj�

V'��Ý©O�viÚvj§�§�¤? ���ÝÞá©O�δi(x)Úδj(x + r)§Ïd§�

þ�miÚmj�V'ê�Ý©O�[1 + b(mi)δi(x)] n(mi)Ú[1 + b(mj)δj(x + r)] n(mj)§Ù

¥§b(m)��þ�m�V'�éuVÔ�� $§n(m)��þ�m�V'�²þ�mê�

Ý"¤±§�þ�miÚmj�m�V'�Ä�Ý�ü:�'¼ê�ÜnL�AT´
[15, 16]

§

Ψ̃⊥,‖(mi, mj|r) =
〈(1 + b(mi)δi(x))(1 + b(mj)δj(x + r))vi(x)vj(x + r)〉

〈(1 + b(mi)δi)(1 + b(mj)δj)〉
= 〈vivj〉 +

bibj〈δivj〉〈δjvi〉
1 + bibj 〈δiδj〉

,
(21)

Ù¥§���Ú|^
pd|o�ÚO¥�WicknØ
[28]

§éΨ‖(mi, mj |r)ó§þª
¥〈vivj〉ATÚª(20)�d§õÑ5���bibj〈δivj〉〈δjvi〉/(1 + bibj 〈δiδj〉) Ò´dV'
�é�ÝÚå�§·���2��[?Ø"�´éN´y²§éuΨ⊥(mi, mj |r)ó§ù��
""¤±§·��±o(Xeµ

〈vivj〉2h
⊥ (r) =

f2(Ω)H2

2π2

1

1 + ξ(r)

1

ρ2 [I1 + ξ0(r)I2] , (22)

Ù¥§I1!I2©OkXe/ªµ














I1 =

∫

dkK⊥(kr)P (k)

[
∫

dmmn(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

,

I2 =

∫

dkK⊥(kr)P (k)

[
∫

dmmn(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

.

(23)

3�5nØe§〈viδj〉�±�¤
[29]

µ

〈viδj〉 = −r̂

f(Ω)H

2π2

∫

dkkP (k)j1(kr), (24)

AO/§3ª(21)¥§〈viδj〉L«��äk�þmÚ�Ývi�V'���¬äk�ÝÞá

�δj«�$Ä��Ý§|^aquª(24)�?n�{
[29]

§〈viδj〉�±�¤µ

〈viδj〉 = −r̂

f(Ω)H

2π2

∫

dkkP (k)W (kR(m))
σhalo(m)

σ−1(m)
j1(kr), (25)
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ã 1 VÔ��Ý|ü:�'¼ê�V'�.£ã

þ�ãÚe�ã©OL«ü:�'¼ê3R�uÚ²1uü�âfë���þ�©þ":�L«1-halo�§=ü�âf?uÓ�

�V'¥��z§¢�L«2-halo�§=ü�âf?uØÓV'¥��z"e�ã¥�J�L«3V'���Ý��'¼êΨ‖O

���Ä
V'�m�é$Ä��/"

rÏLª(21)Ú(25)?��Ψ||(mi, mj |r)�\�ª(18)§·�����µ

〈vivj〉2h
‖ (r) =

f2(Ω)H2

2π2

1

1 + ξ(r)

1

ρ2

[

I1 + ξ0(r)I2 −
1

2π2
I3

]

, (26)
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I1 =

∫

dkK‖(kr)P (k)

[
∫

dmmn(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

I2 =

∫

dkK‖(kr)P (k)

[
∫

dmmn(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

I3 =

∫

dkj1(kr)kP (k)

[
∫

dmmn(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

.

(27)

±þª(22)!(23)§Ú(26)!(27)Ò´·�|^V'�.éVÔ��Ý|ü:�'¼ê�

°(£ã§�e5·��Ñ�'�O�(J"

3 Ì�(J

3ã 1¥§·�|^V'�.©OO�
VÔ��Ý|ü:�'¼ê3R�uÚ²1u

ü�âfë���þ�©þ"Äk§·�5¿�§ÚVÔ��Ý|ü:�'¼ê
[18]

�(Ja



466 U © Æ ? Ð 29ò466 U © Æ ? Ð 29ò466 U © Æ ? Ð 29ò

q§3�ºÝþ§VÔ��Ý|ü:�'¼êd1-halo�ÓÌ�§�âúª(18)�1���§§

ù��Ý|�ü:�'¼êÌ�5guV'����Ý�Ñ"�XºÝ�O\§λ(r|m)Åì

~�§��ü:�'¼êÌÝ��eü§32*3h−1·MpcºÝ��S§2-halo�m©ÅìåÌ

��^§ù�ºÝ����u1014
*1015 M⊙ V'�;.ºÝ§·���§��þV'�

éuVÔ�� $�~�§�¦V'�Ý�m��'\r"

é〈vivj〉‖(r)§c¡J�§·��I��ÄV'�m��é$Ä§Xã 1¥e�ã�¢�

¤«§340*50 h−1·Mpc ºÝ��S§ü:�'¼êm©ÑyK�§ùÚPeel
[15]

32006c|

^ê��[��uy�(J�¬Ü"��é'§·�^J�L«
Ø�ÄV'�m�é$Ä

��/§@où��.�ýó(JÚéê��[���ÚO(Jv{gU§ù�´±c<�

��v{)º�y�"�,§ù�y���ª)û§�I�nØ�.�ê��[½*ÿ��

ÚO�m�\[��é'¶�´§|^V'�.Ã¦�ù�¡�ïÄJø
��r��óä

¿�Ñ
�U�ãå��"

4 (X�/�{üí2

·�|^V'�.§�[/£ã
VÔ��Ý|ü:�'¼ê�ÚOA5"éw,§ù

��.éN´A^�(X�Ý|�ÚO¥§aq/§·��±r��(X��Ý©)�(X

�éuV'� å�ÝÚV'����Ýµ

v = v
gal
vir + vhalo . (28)

�±b�(X�éuV'� å$ÄÚVÔ�3ÚOþ����§��·��I���(X

3�½�þ�V'¥´N�©Ù�§ù�±d�c61�V'Óâê�.�Ñ
[30]

§§�Ñ


3���þ�m�V'¥uyN�(X�VÇp(N |m)
[31, 32]

§k
p(N |m)§·�ÒU��(

X©Ù�?¿�Ýµ

gn(m) ≡
∑

N

N(N − 1)...(N − n + 1) p(N |m) , (29)

XJp(N |m)ÑlÑt©Ù§@oÒkgn(m) = gn
1 (m)"(X²þê�Ý�±L«�§

n̄gal =

∫

dmn(m)g1(m) . (30)

ÚVÔ�âf��/aq§�ü�(X?uØÓV'¥�§(X�Ä�Ýü:�'¼ê

R�uü�(Xë����©þ�±�¤§

〈vivj〉2h
gal,⊥(r) =

f2(Ω)H2

2π2

1

1 + ξgal(r)

1

n2
gal

[I1 + ξ0(r)I2] , (31)
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I1 =

∫

dkK⊥(kr)P (k)

[
∫

dmg1(m)n(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

,

I2 =

∫

dkK⊥(kr)P (k)

[
∫

dmg1(m)n(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

.

(32)

²1uü�(Xë����©þ�§

〈vivj〉2h
gal,‖(r) =

f2(Ω)H2

2π2

1

1 + ξgal(r)

1

n2
gal

[

I1 + ξ0(r)I2 −
1

2π2
I3

]

, (33)
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I1 =

∫

dkK‖(kr)P (k)

[
∫

dmg1(m)n(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

,

I2 =

∫

dkK‖(kr)P (k)

[
∫

dmg1(m)n(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

,

I3 =

∫

dkj1(kr)kP (k)

[
∫

dmg1(m)n(m)b(m)
σhalo(m)

σ−1(m)
W [kR(m)]

]2

.
(34)

éü�(X?uÓ��V'¥��/§·�k§

〈vivj〉1h
gal,⊥,‖(r) =

{

2/3

1/3

}

× 1

1 + ξgal(r)

∫

σ2
halo(m)

g2(m)n(m)

ngal

λ(r|m)

ngal

dm, (35)
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1��ÚO�(J�[��é'§��¡§±u�T�.�k�5Ú°(5¶,��¡§&

?|^T�.é(X�Ä�Ýü:¼ê?1ýóÚ�»�ºÝ(�?1����U5"

·��F"3ò5k�é(X�Ä�ÝÑUêâ�|^��¹e§ò�.Ú*ÿ(J?
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�c¡¤?Ø�(X�Ýü:�'¼êkdXe�§¤£ã�'X
[15]

µ

Ψij = Ψ⊥ cos θ + (Ψ‖ − Ψ⊥)
(r2

i + r2
j ) cos θ − rirj(1 + cos2 θ)

r2
i + r2

j − 2rirj cos θ
, (36)

Ù¥§θ = r̂i · r̂jü�(Xì ��m�Y�§Ψ⊥(r)ÚΨ‖(r) =(Xü:�'¼êR�Ú²

1uüöë��©þ"ù`²§T�.é�5*ÿ�ýóÚ���vk?ÛN\�(J"

��

a�µÃ+ïÄ
éT�ó��|±Ú�Ï"
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The Halo Model on Velocity Two-point Correlation Function

CAO Liang1,2

(1. Key Laboratory for Research in Galaxies and Cosmology, Shanghai Astronomical Observatory, Chi-

nese Academy of Sciences, Shanghai 200030, China; 2. Graduate University of Chinese Academy of

Sciences, Beijing 100049, China)

Abstract: A number of surveys are expected to directly measure the peculiar velocity of

galaxies or clusters. In linear theory, velocities are related to its nearby over density in a

simple way, thus, the peculiar velocity is a measurement of density field which can avoid the

bias of galaxies with respect to dark matter.

There are several ways of extracting useful cosmological information from a velocity

survey, among which the two point correlation function of velocity is considered promising.

While using the velocity of clusters and dark matter halos as tracers of peculiar velocity

field to study the cosmic peculiar velocity correlation function, it is found that the two point

correlation function along the line of separation has a negative signal, which can not be

explained by the linear theory. Another difficulty remains to be solved is that the velocity

is easier to measure on small scale while the measurements on large scale are more probable

to be used for constraining theory.

We use the halo model to develop the velocity two point correlation function. Even

if the velocity of halos is unbiased with that of dark matter, the pair weighted velocity

statistics are biased with those of mass due to the fact that the halos are biased with the

underlying density field. Associating the pair weighted velocity statistics, we recover the

negative velocity correlation along the line of separation on large scales in the halo model

frame work.

We can also simply extend this model to describe the two point correlation function

of galaxies by introducing the halo occupation distribution model. In the near future when

the galaxy peculiar velocity survey is available, we can then easily constrain the theory of

large scale structure and galaxy formation by comparing the model prediction and directly

measurement from observation with this sophisticated model.

Key words: peculiar velocity; halo model; halo occupation distribution


