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A STUDY OF
REDSHIFT-SPACE DISTORTION
COSMOLOGY

ABSTRACT

Galaxy redshift space distortion (RSD) is a major large scale structure
of the universe, induced by peculiar velocity of galaxies. Combining preci-
sion measurement and modelling of RSD, we are able to measure the struc-
ture growth rate of the universe accurately, and constrain the nature of dark
energy and gravity at cosmological scale. Stage IV dark energy projects will
be able to measure RSD to high accuracy, beyond that of existing RSD mod-
els. This thesis combines the theory, statistics, and numerical simulations of
cosmology, in order to understand and overcome several problems in RSD
modelling.

The first chapter briefly introduces modern cosmology. Chapter 2 intro-
duces several models of RSD in details, and summarizes existing measure-
ments of the structure growth rate fog with RSD. In chapter 3, I propose a
novel method, which has enabled the first accurate measurement of halo ve-
locity bias in simulations. At scales larger than &k < 0.14/Mpc, the deviation
of velocity bias from unity is within ~ 1% and can be safely neglected. At
smaller scales, the deviation becomes larger, and will become significant for
RSD cosmology based on DESI observations. Chapter 4 studies the map-
ping of clustering from real to redshift space, which totally determines RSD.
This mapping can be completely described by the pairwise velocity moment
generating function. I measure the generating function using simulations and
compare the moment expansion against the cumulant expansion. I find that

the cumulant expansion is significantly better. Another major finding is that,
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ABSTRACT

to accurately describe RSD to k ~ 0.24/Mpc, cumulants up to 4th order are
required. Existing RSD models fail to include them appropriately. In chap-
ter 5 I attempt to directly learn peculiar velocity and the related cosmological
information by deep learning, with direct RSD measurement as input. I de-
sign methods of fast generation of training set, generate a large training set,
and present preliminary results of deep learning. Chapter 6 summarizes the

main results.

KEY WORDS: Cosmology, Dark Energy, Large Scale Structure of Uni-
verse, Redshift Space Distortion

—IV—



B T 1
L1 SRR oo 1
L1 RV 2RI 1

112 FERRUESE AT 5
== 2 6
121 SFEEE, RN GLIHS o evverreeeeeneeieeeeeieann 7

122 R EIRET oo 8

13 GEMIE cee 15
131 FBHFETE o oveeemeeeeeee e et 15

132 N BB G ARG HITEIE - oevrreerneeeeeeeeieaneenn 17

4 I = L PP 23
2.1 FEIBRETHL c o 23
211 ESTIHZS A LI AT oo 23

212 PRSI LT RIS ASRETR o 32

B R L P 38
221 FREIFEFESEU TR e 38

222 LIRS HYFZEIII - eeeeme e 39

B RIS HETIER o eeen e 43
Bl BT oo 43
32 MUBEFTHE <o cerevrersmrotitiiiiiiiiiiiii 45
KT B 1 A 46

320 R TR BE SR TTHE - oeeeeeeerrmnnneeeeeeeeeenni, 47

T A = B G P 51
330 Xk HYARIL - eveeem e 51

332 N T R LT YA e e e e 53

333 X BREE AR ARG AIGL < o eveeee e 55

34 R A E R EE S T TS - vvvevrenmrmememen e e 57
341 LRI ZRIM A BN - e e e eeee e 57

342 TR RIS TR DT e 59

3.5 Xf by MR EE AR EEARTR <o v eeverne e 60



H %

351 AR FE R T B R e vmeeeee e 60

3,52 NG 62

3.6 LEVEEFIFIE «vvvvveneeeeee ettt 64
SFNE R XTIEE BB (Pairwise velocity moment generating function)

T 67

O T 1 L = 67

411 TR LIRS AR AT <o 68

412 EETEBEREUG M AT 69

413 R R A S TR AR AT 2 2R weeeeeeeeeeeeeeeeeeeee 69

4.2 Eﬁ%ﬁﬁ: ....................................................................... 71

421 R R B A S T T BT «oeeeeeeeeeeeeeeeeeeen 71

422 TREITREIIAMEL oo 73

423 BRI - 74

A3 FFEILE B TG AN oo eeeeeee e e 75

431 PGS (v?’; ....................................................... 76

== = o S 78

433 XM R IR ZE T HOMI] - e oo 81

434 TREITRIEIIAMIL oo 84

A4 ZEYEEGITTE <o eeeeeee et 86

EHE AEEMNBEIRTERE 89

T B L= 89

T U B 10 K < 1 89

5.1.2 LRI TR SR oo 90

5.2 IO T s s 91

520 SRAEAE T HTIRA LS e enemememee 92

520 BABREILL v 94

523 AEJEBREE oo 26

53 ZEEL TG AN e eeee ettt 96

531 YNGR TR TR HIZETR - oo oo, 97

532  YIGFER REY R SR B I ZE B 101

5.4 FAZE. FEEH TS oo 101

B N R 103

o =20V N 105

—VI—



B A JERR RS RE R oot 129
Al QUINEESSENCE FETH - evenenenttit ettt 129
A2 KeSSENCE FETH + o enetetet et 130
A3 Phantom FETH e enene e 131
A4 QUENEOM FETEL «oenentntte e 131
A5 F(R) T et 131
A6 DGP T oot 133

MEB EEEEEIRE o 135
Bl 8T SIS - ovvvrrreree e e 135
B2 Ta 0T R v eeeeeme et e 137
B3 B U e eeeeee e e 138

BT C AN TR T oot 141
Col A BREL - e 141
C.2 JHRGHEFFBREL <+ v vvvrerrmenmnmnet ettt 142
C3 BRUR I EFUBBEEEL - ovvrrrneere e 142

— VII —






>

i SN RN A9

HE RS
B 1=l ST TR IT HE e eveeeememe e e 3
B 1=2 EFE ] FTRETEL et 5
B 1=3 S I S SR J] -+ evee e 8
B 14 CMB JE [ F LRI e 9
B 1=5 LIRS AR BRI LR v vveeeerneene e 11
K] 1-6 LB TR TG SRR v vveevrerneeneee e 12
B 1=T BAO M E e eneeneee e 13
] 1=8 LT ABIEAS TG - vvvevnrrneen et 13
B 1=9 N AEURRAD T F e e 20
B 2—1 TINS BT ot 27
B 22 B TINS BT oo 29
] 23 AN BRI I v v evmeeno e et 31
B 24 R B R SR AT BRIE v veeee e 34
] 2-5  ERHRTTRETI oo 35
B 2-6 Forg HUTMHE <+ ee e et 40
K 3-1 z=0 o Ai S IPP (k)22 oo 48
B 3=2 Sa(k)(@ =1,2, ... ) cceeeeeeeneniiiiiiiiiii 49
] 3=3 BRI T AR -+ eveeee e e e 50
T R T 1. N 1) T T B 52
T T (1. ) L 53
T R T (1. X ) T 54
] 37 by, SR IR -+ v eveeeeememrene et 55
B 3-8 by, BUA T oo 57
K 3-9 W ARAE T AN E LA TG FE M « oo 58
K 3-101 - 0'v2h/0'v2 = P2 BB o 63
& 3-11 RE B R - e 64
B A1 0ok S B BRI TR (2= 0) e vvevmeeeeee e 77
B 4=2 Ak R B BRI (2= 1) eeveevmeeneee e 78
K 4-3 HJREIT/ BRI EITREIEL oo 79
B 44 JH R E R BT B IR ZE v eveerereeeeeeeeeaeaeneenn 80



S|

B 4-5 TR ky B BB B R B RS e 81
] 4-6 R e B U IR ZE e 82
] 4T LT RIS AR AT M - v veeeemeemeneeme e e et 83
K 4-8 EhAEE U AT AL FHGEERERREL - o oo 84
B 49  ZRTITH LGN < v vveeemenmee e 85
B 410 T i G A HYFERERREL oo 85
B 4-11 AR EE A FEL A A RERREL - ov e 86
B 5—1 HLBRAE S ETEAE o 90
& 5-2 LIRS PR AR SRR e 91
] 5-3 LA T GG ZE A v veeeeeemeeee e 92
] 54 A SR LG ZERE e eeemenee et 03
K 5-5  PNREARNAIRE YT % CosmicGrowth J6412 AU LER -+ 97
& 5-6  YNZRAEA QU B Gadget BUEAAUIIIRAL R oo oo 98
& 5-7 YINZEREAA A B T AR LE R e 99
A 58 YIZRHEA R S I R LRI 16412 AR A A AL R oo 100
& 5-9 I ZEREAAL A B T IR LE B oo 101



%= 1-1
=12
= 1-3
%= 14
%= 1-5
%= 2-1
*=2-2
% 3-1
#3-2
%= 4-1
% 5-1
#5-2
% 5-3

B R R BT BT R A0 - v 7
Planck 2018 ACDM “FEHT2EZ B v cvverrerremmemmemnenennnnnne, 10
F R e 14
CosMICGrowth FEHT 2R BT < v vvvevremremmee i 19
CosmicGrowth FELIZREL - oo vvvreme e 19
ST RS AR FE AT e 37
ST LM AR M ZE B oo 41
J6620 FHAHAE LR AT SEL oo 47
TR FEARIIEL By v eveeemeeme e e e 56
J6610 = ANE iR A ZEL oo 74
CosmicGrowth H = ZH AN [G] T G G v oo vovvvreremeeee i 95
Gadget BUBAIISEL -+ 95
A ARSI v e v ee e e e 97

—XI—






PR
Pm
Po
Pdm
P
PA

R

gk

P

s SIANE

WEENZEL

a =0 R R AL
GBI, H = aH

Tete e EhZ 4L, H = 100h km/s/Mpc

ZERIEICR
SR ICIPaiE
7% RITH K A
%% ITH bR &
HAyikie
Habrie
REBIEK
WaTTE
T AL

P N AL ”i

T HF
LR
G R S
BRI
Py ik
FRIRERAL

At
En

BN SEHEE

tesass

i
===

D& n e e e

= &

b=

W

4 B @ oS

I ]
I
B
N

— XIII —



il
8
iy

i e e
AN

@@

Jm

Gt

A
o R e

£ IH— RS

N

3
N

E@

AN
Jm

JEH— T
£ I — LR il

?EIH—1LH

IE S
= b
M
i
R,

A
%
a:z,}
%
%

— XIV —



LR 80 SRR LI RO T 3 AL A0 4 IE A A A
AR R A T BRSO i R, Hoh, S D TR
— R KR S RS, A SR AR A, 2T
FRAOBIL. AR A M 5

11 FHFERE
L11 tREFEHFEER

FHPEAFEE Y FHAARNE EHS H&mENEY. e F R FEA
JERFR) FE R Ay o HE A 2 - A - B - TR /R 3¢ (Friedmann — Lemaitre — Robertson —
Walker, FLRW) EF#1@

2

ds? = —d* + a*(1) +r2d6* + r’sin’ 0 d¢?| | (1-1)

—Kr2
;E\':I:Fl, a(t) jﬂﬁﬁ%o %JI_LT,/_\HE ap = a([o) = 1’ to ﬁfmﬁaﬂ-z‘uo K %Hﬂ.éﬁgﬁ%’ <0
JIFFRFE . & =0 A FEIFRTH, «> 0 NHATH.

SRARE R 5
Guv = Ry — %g,,,,R = -87GT,, . (1-2)

I LAfE 3 R
H %—2§th (1-3)
=N (o3 (1-4)

&

Holn, H = afa RSB, HOAFHIOWIOES. T = diag(—p, p, p, p) JfEH
St p= oo p=ipis pi T pr S BINFH R RLLA R LS
H1a 5 SRR

K

3H?
c = —-—, 1_5
pec(a) 872G ( )

O FESE, FHA AR RTINS R AN, MR R IR S By
@ MICHFFRGI], ASCR M EIRERALH], S e = 1o

11—



Bow i

2B H R TC A RE R T W LLE N Qi(a) = pi/pe. BERERRE Q(a)
2 Qi(a), MR LSS TR BR ]

1= ZQi(a) +Q.(a) = Qa) + Q. (a) . (1-6)

Hir, Qu(a) = —«/(a?H?) o F4 53 WAL HAIIA 25 1F SO R PIRZS TT R wi = pif pi
RIE o WIIAZEIE— BOLE N IAERT ). FR Ho = H(a = 1) AMETEL W H
ZHMIT I Hy = 100h(km/s/Mpc), h NTCIRPRENZE F3/h, WH A a =1
S TERRE IR L Qi(a = 1) fAEN Qe

iR S SRECIEG:

p(a) = plag) exp U 301w (1-7)

a

XET ARSI 7, w =0, po«a™; MTEFREMMERHSR 7, w=1/3,
poa™y XS E K, w=-1/3, pca?;

LL1L S5 A 2 Ak
NI LA T R I, WIS T Rt — 25
i 4nG
= D 13w (1-8)
H T2 PRI RS w = —1/3, B i A . X915,
p+3p=p>0, R ARIHRE <0, FEOHE. MEFhFH2WNZEA,
FH AR, FI I REFAE p+3p <0 (HTw < =1/3) 1S,
FRATTAG X H 49 49 U A E 1 o
H R0l TH G BE AR F A H A, HEER N pa = -3A/(87G) .
T A ARBERTRIZE L, U EDIRAS TRE wa = =1, HI A o« @® = const.. FH 4L
FARME—EI, A RENEACELIS L AR 38 quintessence (w > —1), ZJ5Z 3
1 phantom (w < —1), quintom ¥ (w A PAEER 1) 25 (=0 §1.1.2),
MNT—MEEY R Bt MR EFHPRRIOFE, BHRES TR L

EEpip Sy
H’(a)

H;
XE Q ¥ a = 1 TR HE . FHMBE T &S (Cosmic Microwave
Background, CMB) &R IR (1) Qn = 0.320 B AE s 2 AN Re PR

=Qua P+ Qrat+Qa + Q. (1-9)



i SN RN A9

R AR S P 5 (CDM)o X S8 IO K AR I AR T, DRSS S/
WOty T Hzshs e, Rt A, BB B . ¥
BRI ERA DR, 5~ KA T 3 Y 5 EEZY0h Q) ~ 0050 (2) Qp ~ 0.68. “F %
HRAEAS RN EZ I T 8 AR S F1 o (BF s B AR —
VePE, WEAMENT | St n] AR AERE ] 5 3 I A RO LT . (3) Qi = 0, HII
WA FE 2P ER. @) Qr = 1074 TR AR TH WL MY, HEETH
WK AR, DR L] ARG . EiREE il A 5 CDM =595 J 1l ¢
FRODPRUET 2, 2o ACDM i

LL12 S s

Inflation lo g ( k B T/ GeV) Nucleosynthesis ~ Large Scale

Structure
/ 10 0 J —10 l

Radiation Era

el3
191N
ABiau3z yreq

30 20— ~10 0 10 w

Dark Matter Production 10g(t/ S ec) Cosmic Microwave Background

B -1 FHGFH L L TAREY ARAT 6B Fib.
Figure 1-1 A histroy of the Universe!®!. Any epoch can be associated with either temperature or

time.

FI-1E7R 7 HED A BT H A . ST HA AN FH AT
138 (ZAEHTRY—1 KM AE (Big Bang)o RMEIER AR, 5103 Jeliilh, 5 R%—
FHif; (Grand Unification Theory, GUT)P L[5 2 @ F B M IR 3 L« F 107 s, 17
R RS 107K I, FHEEAZRBKY 135 (nflation)!"1 o 1AM B 5 AR FRAE
10720 ~ 107*s WAREIZAK T e~ %, GUT g s AH AR -5 55 FEAH B4R

FIKEEART, (£ 1075s, FHIENBH LSNP, BT
FRUST MR R R R 10°K ~ 100GeV 1, HURERH TR -5 5940 TR R AR 5
A S TP DU R A BAE 2 A o BRI KSR NI . A2 107°s, JREZY

O BRI E R R VER) S5 A s AR A8 T 0, AN e, SPAE e, s S e a) i, R
BIPLSIAE IR, DU S B KA IR A)8%E . 2 0 Dodelson [8] §6.3 15 Peacock [10] §11,

3



10PK B, S yiRaE e R 1o 75 107%s, JREZY 10K i), SRR EA N
H kT 520 1s I, 3R R ZE 100K, i NP SR g i A, [Fi
H AP EEAERE, BRI, Br59hr, Baany a1 1/5,
TEZY 3 43500, R TFREZ 5 x 10°K, 20 E 4 (Nucleosynthesis) JFif. X
—IRREE AT TH (2 75%) 5 *He (29 25%), LLKAR /D) *H, “He, 'Li 5
"Be 0K XU AR FALTERSENEE 75, BT oREFE
BrIAN, JoiE E B

AR SN E, YFEEHEEH P TR ~ 3000K I, HHBETFS
JFFAZE ST PR SSRGS, B BB XN
DIVEIN 2 5 fe R R AR 5 o U R IE A AR JG 2 38 T 4R, X — I IR R
2 & (Recombination) [N H, H H6FAE A2 I B Ab F I 2 T A R oAy e i g T
(Last Scattering Surface, LSS). ME &S —MRIEEE A, H5 He ¥ LIH A
MG BRAPIEER 21em fRET N2 e JU-P3%A By vl W6k 2 s
BRI B A 1 1Y SR I ) (Dark Age)o 1R KMEIEA G HIZ) 4-5
105, FHIE NER ~ 30K, JRRIILsIES | IER T B kg, I
BHTE RERSEE, FHEPXREL R, EEBTENEREL, €FTE™
AL ATES HE B RESWKEIE . BR, [EEE R AN SRt T 225
WA R, A B FSERTFZ, XN B N ] (Epoch
of Reionization, EoR)™. f5 5 B I & Hi (56T 51X 28 [ pl FE 7 A 300 K 1 5
5, IS KA B S A S RS MR

AR R H BE AR NELY 138 {24F, IEA TR AR B (RSS2 (I ELY
A 2.725K) . HRGRER T SRR FERGREREIVER T, F RS AREEnd ik o

LLL3 B dE AR ]l

PR S H A AR AR ARk A B B 5 1 2 B N U T B, B
ARV 2 I, Hh s i — 2 5 f A AU > . WL BRI A ACDM
BRI RS RE R L o ~ 1071 GeV*, Tk TRy e T A5 21 13 2
HA pR° ~ 107GeV*, HIELLIGE/NT ~ 120 DR, —#H BRI Z S AEL
o HFHAH R 73— U TS & ™ et i, # B ee i
T pm BEETHAZHANT N fE4 1 138 AZAERITEM G . A RMIE] A

O BT T ILPASHA A EAEER . B LA RARIRTT LA E , Al 7 5
&5 (Cosmic Neutrino Background, CvB)!8-201

@ ZIIATCIE 4 8 DA BT ARV EITER, XS0 BE (19 0 28 TR 5 1 V5 AL 1 I 20 0 I e A
(Supernovae) 5 & A RETZ il o



_EH SRS A AR T

pa 5 pm K/MEY . IXEMAE & HEIFE 138 ({Z4EFT Y- HES 1 EPJMW =
W INEVREREAE, B9 KRB NMZ A A SR F AT e X —T5 584 AMELL
i %Tﬁﬁ{%uﬁ:@llﬂ A, — 7 R R RO EE SR R R R, 53— 7,
MITEAE T SRR HE T A 2 A AR e

H

1.1.2 et EFHFER
1121 FRUEFH AR Ay B ME G )

1E ACDM MRIFHA ) FHE T, RIS TN EME w = -1, X RI—1
BEHR A E B SO R A AR AR . — % ACDM AR 1) f7 BLHE ) S0
w BEVEEEREL PR wCDM 58S w i m] DARBES [E)7EAL , BIE w = wo+w, (1 -
a), A wow,CDM FHRL Hib, wo b 1o B RERIRASTTRE, w, = —0w/da, a
FRIER T 7w 7 LABURATE R

1.1.2.2  HAphpimy

Modified gravity roadmap Constrained by
= I:l GW speed
'\élf;j::; ~— ; [:] GW dispersion
General mg > 0 \ Bigramy_ I:] GW damping
Relativity (i [:] GW oscillations

gravity

Unique theory

of massless g,

Additional
Field ‘

Break /' \ nt=

Assumptions :Extra nce
dlmenswons

s

e

8 Soedy”

B 1-2 45%5] 5 e,
Figure 1-2 Modified Graivity Theories!*®.

/CUU
-

| :Non=Local



oo it

Z RS TR (AX1-2) g TFEEEL s . mid e iR A
W Gy S Ty, BT DMBBIASIE 0 22 ol B e Gy, AT LASE
— RINMEUT | IR . MAESE AW Ty, AR AUERI S, TR R — R
FI G RE AR o BIIARIETF o AN TS 2N K N 8 22, AE T 00
AN T FHZHEOR Ao

B2 R TAEME | IR0 SE 85/ o ) UGS BB MG A = K2

L FTHE AT XS . g NTE E4EE, DGP A 5238 ] LAHEE A

X
2. I, Ml LU FR Y, 0 f(R). f(0)P7; Wnl LURKEY,
11 TeVeS/MOND; 7Ruf 25K 5370

3. FINH RG] 1. 4 dRGT B,

Britbz b, AT DA S AR AR, iR 5 g S A f(R, TP,
WA A AR AMIASRL, 4 LTB B, A58 55w R P2 M
5. 7ok, FIHARSHEL (Effective Field Theory, EFT) ibA] AR 454 F
RS FAEARIEO s A TR T AT R BT | TR IR TFE I —
BB R i AU DX 43 IR AR 22 AN TR AR, AT T i R A i 114 3
£

12 FEHERNY

F AT 5 5 B T B AT P -

LSRR RS o FAT, 58 ) 2 AR T AR FR R S o FEE
SRS IR BERI O AR ZEAL, W11 ZBRT RS IR , M
LB BT XA WO Obs, Optical) B LA S L (Radio) I BLgEA AL o

2. 51033 2015 4F, LIGO SBadMIMNE] 1 85— 5 et I FTIT
TN HEIHE L. SR ETHP TR, BRI
HIREE , ARRAE T H AR B = B 2L

3. THLK. FTHELT M EREILFFR T, EFH PPN HAR:

4. HlF o BT R BB AR N TR R R AR A R

IR, SLI TP AR S RS AR A AT BRI, Ay 3e

LU e 2 ] R 28 ML T £ 7 ) B A 5

O XA SR AT BRI TT LAZ22 Ringwald [19], Betts et al. [20].

66—



MO M

y ray X ray UV (Ultraviolet) Optical IR (Infrared) Radio

<0.lnm 0.1 ~ 10nm 10 ~ 400nm 400 ~ 700nm  700nm ~ lmm > lmm

KA1 RE AR AR 2o

Table 1-1 Electromagnetic radiation classes.

121 FHEES, KXhERES5OH
FE SCRAR BRI Y A3 25 (comoving distance)

(0 dr (™ da
=], (=10

LB PR BB T i PRI & AR A o SRR B AN 2 AT, S Y AT O
LR S AEAER. RAMDOLE L SR REFRAPRAER, & SO6ERE
B (luminosity distance)

I 12 Sinh(\/Q_kHOX)/(HO\/Q_k)/a , £2,>0

‘hE(EEJ =2 x/a , Q.=0 (1-11)
sin(V=QrHox)/(HoV-C)/a , <0

Hrr, FOUMASADGE S AT R, A HEERE Y 1, 38 n] DA H A B R

B (angular diameter distance)
asinh(VQiHox)/(HoVQr) ., Q>0

= ay . QK =0 . (1_12)
asin(V=QiHox)/(HyV-8¢) , £, <0

Hr, 0 L5k, 2 /N SR N AEAN B S 2 1% Q A X,
ENLAF z

dAE

|~

l+z E/1obs//l0:a(t())/a(t) B (1_13)

HA, Ao HMMBIRDETHAS, A0 NEIESFERT, MIRAESETH, 6T
P
FESIIVERTS . BREZAEARSHEE (peculiar velocity) vieeo ARSI 24
NN ZEINZIHE Zpee = Vpec/ ., [EAFSLPRIMATHILIHE N
I+ Zobs = (1 + Zpec)(l + Zcos) . (1_14)

Hrb, zeos NFHFLH



122 FEHFRE

DS RY Nk i R N e S R e i T M R S O B e Ee B R
HET e AT G T 0 T R 2 4T

\)

1221 FRBE s
EAR (z ~ 1100) Yo iIBRE G20 H HDE T, Z SR g PR 2], 74 CMB
Bk AL, 158 CMB, FATAT LA T AR iR 2.

oo T o0 K

A 1-3 Planck 2018 F % #UL # F 4842 A B,
Figure 1-3 Planck 2018 CMB Temperature Map!%!.

Alpher et al. [32]E 5GSBS T FIHMIE T 4R (CMB) 1475, EHE
1965 4, Penzias 5 Wilson f£— WA /NG EL T CMBE34 H g 5o i 119
CMB WK B 50 (Planck) TA. E1-3J&7R 55 2018 Fffl i MIAh
SRI0T, CMB [ FHRE T ~ 2.725K, IR JEBKIE DU ~ 1077, X uFRFE AR RE
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fREEAEM IR il it B2/ NREE B £5 100 S AT LAR B CMB . EG  F 2
R R TR R N ERIE R 2L

AT S &
=00 D am¥en(0.0) (1-15)
=1 m=—-¢
H, €5 m IR, ap NIETFRE. 05 ¢ i fifa. YR E U
_ 1 2
C, = 2€+1;|a2m| . (1-16)

_ 8§



6000 F—TTT—— T
5000 |
4000 |

3000 [

DfT [uK?]

2000 [

1000 |

600
300

" 460

130

lilﬁu B 4 8884t osniteo-sosoatabhpppepesbitt by 0
T f'r"o s 0 (AT IHL %0

NP — Y
T 1o

L L L PR IR T S [N T SO S S T SO SO ST S | e
2 10 30 500 1000 1500 2000 2500
l

ADIT
o

-300 |
-600 '-|

A 1-4 Planck 2018 CMB 2 & 49 f 7 535, B D, = €(£+1)Cr[2m B 5 H MM 4 R,
H & EEA ACDM FfE bR, TMA KK E,
Figure 1-4 Planck 2018 CMB temperature angular power spectrum®!. Here, D, = £(£ + 1)C,/2n.
Data points are measured from the Planck observation. The blue curve is the best-fit ACDM

theoretical spectrum. The lower panel is the residual error.

CMB M LG AR FZ H LU U kg : (1) DEE iRy k5 T
T (81.2.2.2) BEANFHEH IR, (Baryon Acoustic Oscillation, BAO); (2)
AR5 B E B B S SW Ui (3) Serfef it E B2
RN (4) BEEE IR, S67 H REHIE R, FEUNUE EREsige-F
() Silk Damping; (5) i FIE(ERRE R L2 5] T2 mH) ISW P37 (6)
CMB St 5 i HL B f Y L & AR 30 R IR ™= AR 1 SZ 28U P85 o Horh, (5, 6)
N (secondary anisotropies) W . [E1-4J@7~ T Planck 2018 |51 CMB £ 1
Ko Y € < 30 R B R, X2 H T SEBR A, FRATAREIN 2] — >
w5 RS HY cosmic variance. [EHREY 54y ACDM BB 1) fe AL G 45 R . 361277
th 1 Planck 2018 /£ ACDM #A % M52 6 DS FH 724, 43 AN E+
T Quh®, VIR Q. EEIHAEIA (20 §1.2.2.2) 5K 1000uc, 5
HEEIR . LSRG Ay, DARARIE RS n, Vs

@ KT APFEEESET 2% Planck Collaboration et al. [6]
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oo it

Q, Q.h? 10060y 7 In(10'°A4,) n,
0.02233 0.1198 1.04089 0.0540 3.043 0.9652
+0.00015 +0.0012 +0.00031 +0.0074 +0.014 +0.0042

# 1-2 Planck 2018 ACDM F % % A% R 401, % A6 5 A% Q= 0.3147 £ 0.0074,
H, = 67.37 + 0.54km/s/Mpc, o = 0.8101 +0.0061.

Table 1-2 Planck 2018 ACDM cosmological parameters'®!. Some derived parameters are
Qn, =0.3147 £ 0.0074, Hy = 67.37 £ 0.54km/s/Mpc, og = 0.8101 + 0.0061.

1222 EFHE RS

A RAELED, YiStraTEiReERRRE S EEsIMERT, &
EEXEYIETREG. YREE—CRER, mTOUENEN, EFYiorn
AN . BEEY BOCHEWES, 5 MER T EFRETRS, tkE, 74

TN HEEE I A AMERE IR G I . BT A, AT X RNy R 2
AR 7% (Baryon Acoustic Oscillation, BAO). TRy (& &M EFR N H®E ¢, M
B 5 FRIRERE T oo/, TUE:

1

_ ¢ 3pp) °
cs(z) = % (1 + R) ) (1-17)

SakERE, CTBEG. BT TOUE, ETHsEhgEER 7 — LA
AP B PRI BRSE B BROTHEAR A N A AL RR A PR RS, PR LA
¢ 4 CS(Z)
" ‘L a0 7] HD
Hp, e AR NE SR . AL B AR N AR A, H B
TFHMEZIA rg ~ 14TMpct
1960 A, 15 CMB Hif S T B 1 4 W% 12 E. 2000 4F, de
Bernardis et al. [391F] H [B] }7455 BRSL5 (BOOMERanG), 28—k fE CMB IRk
PRIZE] T BAO I, SEiBM)E, E ARG IEHR R 24, it BAO 4,
SRBAER R EE
AR RE R B WA ST @ KRB AN D23, . & R RV L
I

(1-18)

5y =88 (1-19)
Ng
Hrr, ng NEREURE . BRI A SCBEREUE LN
'fg(r) = <6g(x)5g(x+r)>r . (1-20)
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Horp, oo SRRXT A TRIBE A 1 1922 RSP o PR ORBR BRI S e 1 A S [
R v B R EHE X 2 AR RO MR i 22 AR AL 20 A1 e A ) e ) Bk

X ARRBER L 2. NI, SRERRACE R 12 R AR 2 R P A 1 -
AR Po(k) BYESCH

(05 (K)S (K')) = (27)°63p (K + k') Py (K) . (1-21)

YRG5 R IR AT A I S AR A LA e DRI e T 2 RAEA R
JE BRI o A0SR T A ST AR A DRI BRI Tt 4 A% [ ] L (H

i, HTERARIEERNE, LR AT 20 1 AR LD I A Y. (2
N §1.2.2.3),

sy [ Mpc]

s. [h ' Mpc]

B 1-5 &A1#) F) BOSS CMASS 2 Z# R H/F09 A= o 4 XBEH K E(sL, 5))0

Figure 1-5 2 dimensinal 2-point correlation function in redshift space (s, s) for BOSS CMASS

Galaxies.

B 15 B ATA DR R TR 2 A9 2 R 2SR R, RPN AATR 73310 R
T AL T 0 MPATIATT I, s RS H AP A R, UM BRIAES], 1£
~ 100Mpc/h, 7T BAO RYEZIR, SRHRRAEON S RN, W 2O IRAZRTR 0, K
PR EOFARS MR, MR AT R4 T AL .
SEBR AT, WEASMEN (s, s)) BBSE T MRitE (s, p), Hfr, p
N s SMETTIRMBIARL . HEMG §(s, ) WERIFAE, RIE S A ks
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u
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kP(k) [Mpc/h]?
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Hou et al. (2020) Neveux et al. (2020)
(plot by Jiamin Hou, MPE) (plot by Jiamin Hou, MPE)

B 1-6 #) A eBOSS £ ZARH AN F6) AL (£) AR F# (&) HEHAE (). O
48 (). Bt oomsE (B, ok R A 69 AR A
Figure 1-6 Monople (blue), quadrupole (red) and hexadecapole (grey) of correlation function (left)

and power spectrum (right) measured for eBOSS quasar samples*-411,

W IEASHE, B R B 2R (multipoles)
2041 (!
&(s) = T+ L E(u, $) Py (p) du (1-22)

Hrp, PN CHY b2 I TR, RIRR AU AR € =0,2,4.. .6
[F3E, A AT R D ZE Y 2 AR Pe(k) o E1-6 58] 1] eBOSS Quasar A ZHE
TRH IR R AN DS 2 e . T IV PoE = I/EH . Ltk CMB, BAO [1{F
SR RJEG R EH 550 EDRIEH, BAO IERNILIZN ~ 10%. (K
BReR &, s ~ 100Mpe/h 0% W7 I 5 BAO 14 o
TR BRI, FFEE R (iducial) FH 27, IXZS[RIIN 25 @ B A0 LY

Ko E NS a NIER BAO RESEMEFHEGHIREZ . X TR
PERRBREREL, 20 e OB AT Ty T B B 250
_ Du(@)/rs o = Dy (2)/rs

Dig(2)/rid” 1T D () /el
Heb, Dy WA BEAIE, Dy = c/H AWGEIIE, s fid REEHFH2,
ay, o WFRH AP 2 FEIRGIFH2AR, B RTA kT A AR
[ B B A A AP 2EEEES . A0 é(sL, s)) — E(ausy, s)) . BAO #FR A “brift
R, GBS EIEEE Dy KA BEREEE Dy RIRGIFH 2% BI1-TER T REMR
MR, BAO XTIAFIIEES Dy KA EARIEES Dy B9IEE, M, 52454 Planck
2018 ACDM #2240 ) it 25

(1-23)

1
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***** DwlralVZ >
2*DylrgVZ :

20{BOSS-LRG 5

2.5

Distance/rq/VzZ
=
ul
1

T T

00 05 1.0 15 20 25
Redshift

B 1-7 A8 BAO # 7 ) 4o 4o A A 17 69 A B2 3 3 B 4h3E 510, w2 Planck 2018
ACDM #£ 7 &g F ] 28 Ko
Figure 1-7 Angular diameter distance and Hubble distance measured with BAO from different
samples at different redshifts!*”!. The curves are the predictions of Planck 2018 ACDM model.

1.22.3 41 Fm3s

Real Space Redshift Space

&

Linear Regime

Squashing effect (Kaiser)

=
.2 E—
w
3 @ Collapsed
0]
=
A Turnaround
Collapsing Finger-of-God

A 1-8 afdErER»,

Figure 1-8 Illustration of redshift space distortion!*!.
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Bow i

n §L2.00k, AR SAET R P48 EEMEINYZE P, HIfE
SRl LS =S N PR A Rt e i YA SO RS IO e W R M A R A 2
PP AL s SRR IO E x fFAELL R A

x. (1-24)

b, vy ARSI TT ) £ IR . XACRI ERE RN T E RN
[EIPER 23 ) A X TR RN RN LI A

EI1-8 Ll A RN B R . Hp, M7 Ml R b, EEE-LREA
B EER T B E BT R R BRI N e FELME R, B RA &S
JEXIER GRS, R R B a=mr, B RMEMEIT R Bk g, F300
1RH BTSRRI R N Kaiser R08 « BEZE R RN, B AMFENLS
BB, XA —E IR RER, 2 RIFAR AL = Rt
REFTR o TXFRR (0 B2 R A AR TT IR, T4 — R oW, firLA
HEFR A Finger-of-God & o A —4E KBk EH (8] 1-5), W LAHE| Kaiser )2 FoG
X B 2853 3 Y 5 M o

Cosmological Probes Measurements Main Systematics
Primodial T, P! Foreground, equipment Calibration
ISW T — ¢ Cosmic variance
CMB tSZ T — Py, Foreground, baryon physics
kSZ T — Py, Foreground, baryon physics
lensing T,P — « Foreground, baryon physics
. weak Y,k — da, D Shape, photometry, baryon physics, IA[!
Lensing .
strong At - H Shape, photometry, baryon physics
smooth P, — d\H NLinear NLocal bias
Galaxy Clutering BAO P, = dy,H NLinear evolution, NLinear NLocal bias
RSD P, > P, NLinear evolution, NLinear NLocal bias
Ia SN m,z — di Standard candle, photometry
Galaxy Cluster n(z) Mass Calibration

L Primordial CMB B-mode — r  Sensitivity, foreground, instrument systematics
Gravitational Waves L ) .
Local h(t) — dg. Sensitivity, foreground, instrument systematics

! Polarization

2 Intrinsic Alignment

13 W LT H R

Table 1-3 Cosmological Probes.
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i SN RN A9

ESCEESE T AT AR T MO SRS ST AR R S IE K
REFY), G T T HBEARIASANT: TE AR LR AL N B ek
TRR KR 2 R . Horh, DRI A S5 M B S b+ 50 B
ARSI E R, S0 —EREAN 4.

ffs B fal 204 151 0B s Ta BRUBgT AR DLRS IO, 2R 5 AR
Il 2%3£1-3,

1.3 ZEK

P RHERISSAES | ERTS . P2 ARG A B, 2230
TR RIANTE BB R UL AELNERT B, AT LME B s e TR 254
B AL BENARLIERT BL, TUsiEIe ARG, 7R A B AL N AR
(ERTH ZEA B TR

1.3.1 EhEie

MR TTRRINRE, TR AR R T e RS & LIIEN R © i
B dt = a(r)dr, WIRGENSE X = aH, I x LA v 5300 Fomb iy 3L 5l 4
b, MALFARAR R T HAZIEE . WIAEZS [ HR P B AT R 8L f (x, p, 7) W2 AT
Vlasov J7#%: of

d 0
dr 0t ma op

Hrp, m AR e, a ARERFRT, p=amv ARTF. ¢ N5 015, WEH
PATTHE: ;

Vi(x,7T) = EQm(‘r)%’z(T)é(x, 7). (1-26)
& R TR TE

p(X,7)—p

5(x,7) = (1-27)

HIUEVEHY -1 < 6 < o000

1.3.1.1  FERdHshrie
LSRR Viasov JyREIR R IRE, FATE gy 58 O 125 R4 A0 I8 L o FERR
PARAR RN, ARZS (B AW e AT R BN Bl s sk AL S (RO FvE) . m] LS 214 il
i Rt
J@pﬂ&pﬁ)zp@ﬁ). (1-28)



L AES 2 BraE sl

[@p 2 pxpn = px v, (1-29)
Jd3 (p p;Zf(X p.7) = p(X, T)Vi(X, T)V;(X, T) + 0y (X, T) . (1-30)
ELZ SR R SUE SR Sy R CE
9T L g 11 +6(x.1)(x.1)] = 0. (1-31)
ot
Vlasov J5#21-25 5322 7 2 1-3 LR 7] LAZS R A B & <P AR i R 7 42 -
GVE)XT’ v +Z(T)v(X,7)+v(X,7) - Vv(X,7) = =Vo(x,7) — %Vj(pa-ij) ) (1-32)
SR AFE1-3151-320] LIS 215 E 3 S5 E I EA T fEgiif T
9T | pxr) =0, (1-33)
oT
avng, D b (1) = ~V(x.T) (1-34)

H, 0(x, 1) = V-v(x, 1) NEEZNHE. £ 6(x,7) = D(1)6(x,0), HH1, D(1)
R R o T 0(x,7) = —Z f6(x), HH, f=dinD/dIna R,
RGP o X T— 1 Qn 5 Qa EFMTFH, ATLMEE, [~ Q%7 (2).

BT O
< (3 H\Y. (3QH;\(6) _
‘“(5*ﬁ%’(§H%J(;)—“ (1-36)

1.3.1.2  FksE HPUshE e
WA 7 AT LB B B SR AR et 30 8h o AERIRG B HABRR T, thml LAk
PR AR S . B PRI AL E N q, EELNE v J5, HiZrE xn
VA% W n
x(7)=q+¥(qr) . (1-37)

@ G IS EERIBER A EZ AT LA py AR 22 A

H) G\ (3 QoH?
oo ) o (G (Bt () =0
H, Gen AR IBIE R R GBI S1HE Gy R 155 i, % T ACDM & B DGP #i
M, Geg=1, XTF f(R), Gex=(1+fr) "o




i SN RN A9

N GIN B E TR P |
X X
gt (O =-V¢, (1-38)
¢ N1 NH . WEAATTREL-26. f AU AR
¥ d¥| 3, ..
J(q,7)V - lﬁ HH (D) | = 5T - 1) (1-39)

Kb zs [B) S Hidg B H 23 B v sFE, A p(1+6(x)) dx = pdg. FHIl
1 _ 1
16, +¥: ;1 J(q,7)’

1+6(x) = (1-40)

Hrp, W, ;, = 0Y,;/dq;, J RMWH 2 (A EA0 2 Fris Bl H 2SR ] L ERE . (81
ALUETF N Y =YD + ¥ + WO 4o SEE R 1387 — B e 3 (AR 1) At il
e
vV, ¥ =-D(1)é(q) . (1-41)
Hrp, D ALK AT T
1
[1-4,D(D)][1-2D(1)][1 -A3D(7)]

Her, 4, 0= 1,2,3 8 W ; FAREE. ZU RN Zeldovich ¥T1L) (ZA).

1+6(x,7) =

(1-42)

1.3.2 N {REUEEN S5IEL TSR KR
1.32.1 N REU{EBAL R

WETATIA, HEAEANARLERIE S, A tah e AR B O 470
G HNAR LN 254, T B B BB R S5 A (0 AT 1T 3. 1l i BB R
A LA PR : N AREUERALL SRR 3 117 (Hydrodynamical) ZUE AU, o TX LA
PUAE—E TR =4 & 7 N BSOS o AR A 2 RIE Ak
SEAb i N ), TEE AR, — 2 & T EE AL (Smoothed-Particle
Hydrodynamics, SPH)145-461 | — B AELF4& b5 (Grid-based) !, X EH FEAHEFH K
RO ZEASEAC A SCHY NAREER . N ARBUERLAG Y ot A 25 1o A i Te Al
k1, R FEE T — e e, TFHEA—E PR, R E RN TR IR
TG A0 o BHLIERE R A LUT LA

L REAIaFIE . PRSI ROEARLB AL . BRI SRR A
Rz, WREAMHLEENRIEIIRE, R4 ZA 502 Briks ] B itsh#ie QLPT)
AR LI AL R CAE S, BET AR R a6 1Y # E3 SOs Y o



Bow i

2. MR e R ZIAAEAES T, BITAIRER T, IALIGAE N AR RS
Hr, B 2 AR B R R A XS AR

Fo=-> G (1-43)

Iri —r;[?

J#

R E TR BARAR . X T X A j # 1 FRC ok IXFPiT &
JTIEFRN PP(Particle-Particle) £11%:. PP BHAME ZE N O(N?), SLhriz HAEHFE
i, PIEUE EATAE N T 2ROk g E - 1 7
 WHEE (Tree)o Barnes etal. [48]82HH T /\ X HE %, B ET 8 &5, &
FIETFHIRTFEEZ T LA, B84kt 8 555, DAEHE, &
2N THRERZ HEES TR N KM KBS/ ME R FRIE R
I AETHEASZ I, M KAS U IR 7, B 11 K/ e SR
[ R BERAR T RS o S T IRFE R BN €, A AN S — b A BE S
N d, E&ETRZRCT KA 6 = 0/d /NTIROERBIE, WP Zis TN Ta
KF RN — KRBT 37—k A, SN — 2T WEEN
WREIREN O(NlogN), R EIHFE RN .
* PM(Particle-Mesh) B34, PM B4 & 710 AT WIS, 4 7-504%
R EAE AR P IAS RURAE, 158 — DR mINEES p(x). A5
R MERINZ I F ==V, K, ¢ N8 i DR BRI S5,
AIEE SRAFIEAA T R E V29 = 4nGp(x)o FEME 2SR, JHAATT AR
N —k*¢p(K) = 4nGp(k), KEZITF; = —ig(Kk. WHREFIIR/NEL KT
OGN RIE, B4 p(k) AT LB R 7 AR e (FFT) i+, W81
WERE. &5, ¥R IHZEETERIAER T E. PM BENE T
2 O(N), (HES R H 2™ ERRGIHARE B, AR i SRR ZIEFE K
W17 M CPU,
 WAEFEE. N TAERIEEENFEMNESTHERE, MIBFSRG W L
REG R &, 41 PPM(Particle-Particle-Particle-Mesh) . P°M &.jk454 7 PP
FEE PM EGE, AT EEGIRL RS2 R, SRECPP A AR HE
kR sz 38T, SRECPM Eik. PPM 8L RIE i) ik —, W
NI EA 2311 CosmicGrowth UEBIST . B PPM 4b, AL AE
5 PM B3EAY tree-PM &3, 41 Gadget-20'1,

3. BHEANTMMEREERGER. [BREsMRr2)E, FEITE T
2R 7RI BT . O T PRI RIS, e RER S ESRAe, lH we 2
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FRE I WA [AIFA 534 (integrator), 11 Leapfrog™!, a BEATAL BL(5 E A%
B, BB R

4. L 2-3 P EBPLAH.

CosmicGrowth RFIFEMH K14 51-55H 7 ASTH 2 Cosmic-
Growth RAEEMAUEAZSE . CosmicGrowth IZFT A PPM G, AL
T HAPA RS E RIS A 8H0, Planck 2 WMAP,

Model Qy Q. Qp h ng oy
Planck ACDM 0.0487 0.2663 0.685 0.673 0.9603 0.829
WMAP ACDM 0.0445 0.2235 0.732 0.71 0.968 0.83

# 1-4 CosmicGrowth % 7] ACDM 5 7 % HAGEE L5 37 %2 £ 00,

Table 1-4 Cosmological model parameters of CosmicGrowth Simulations.

Name N, L da n Zi Niep Zout, 1 Ngap  Realizations

Planck_2048_400 20483 400 0.0288  0.007 144 5000 16.87 100
Planck_2048_1200 20483 1200 0.06 0.03 72 1200 7.30 24
WMAP_2048_400 20483 400 0.0288  0.007 144 5000 16.87 100
WMAP_2048 1200  2048° 1200 0.06 0.03 72 1200 7.30 24
WMAP_3072_600 30723 600 0.0288 0.01 144 5000 16.87 100
WMAP_3072_1200  3072° 1200  0.0288 0.02 144 5000 16.87 100

Y S N

% 1-5 CosmicGrowth % %] ACDM 5 7 3 A AL WAL b 00,

Table 1-5 Simulation paramters of CosmicGrowth Simulations.

E1-9Jg 7~ T CosmicGrowth Hi—MEUEMANR LB T F. JBEH
20Mpc/ho TEARLAS AL T B P RS TR I 26, FRATTFRZ 5 H ) (Cosmic
Web) o 58 AR B X 3R Void ;5% B DX e 32 B2 f 22 (R E5 44 1Y) filament, L)
I filament ZZICALGZE S (knots) ZH . FERXLE i 2 X I 2 FE ki & (halo).
AL e | SEE A Gy A

1.3.2.2 Wi

i e A I TE A NARZAME Y BUR T Y — SR 4E A5y . R I 2208 1
A IS R ER IR B> . fE Einstein-de Sitter 55 (Qa = 0) H1, BREGAFIEAY



oo it

100 . . . . s . e

'S ¥ -“l:“ |
RS 7 -
80- 3 ." '.- ;.
T, 60f 5
FC: . °
&) e
= .\
S 40 X
= K
20t ¢ Z
z=4.7 z=2.1 1 2=0.0
0

S50 g5 o0 B0 T00 35 40 6 B0 0030 10 B0 80100
[Mpc h—1]
B 1-9 CosmicGrowth N R AERIIE . WAZELZS 53 A 7=4.7,2.1,0,
Figure 1-9 One snapshot from a CosmicGrowth N body simulation. From left to right, the redshifts
are z=4.7,2.1,0.

Bt NIRRT A = 1877 ~ 178 GHITF AL, IHREEE R PIIHOV I s e
LR < IHFFARHIL , TIAPERRIGA h < I K B 0 T8

3(1+z)(3n)”3

56 (Z) = 5 7

(1-44)

I8 2=0/f, 6.(z=0) ~ 1.686 — /N EFEE S IRETRIEIC A GE T M 2R o5t
R HAZMEEIEA, WA dn/dM sidn/din M, Hrh, M FORBEERUL,
n FRoRBE R AR, B R BRI 5T 15 SRR, B2 b R
B[ LAZoR N

dn pmdlno™!

ar %o
Hep, o AEE R M WERIKN T RIS, f(o) PRG3R E. Press et
al. [S51RPRL TG MR IR A HE S T RS 21 P A0 R AL, 25 YRR 2

HIE AN

(1-45)

2
flo) = %%exp (— O ) . (1-46)

b 202
B2, BUEBRIEIR, 6. ShgE R REUT SEPREE I B AT EIAEIR TS »
FE 5, Sheth et al. [56], Jenkins et al. [57], Tinker et al. [58]1ZE 22 TAEAE B E{E A
L, FEAEFHZT, ol TARETRREIIIE 85, BRI A 27 Murray et
al. [59].
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1.3.2.3  HApthJrik

N AR E AU e K B 2 7 ZRAR R TR, ELEEE AR 4K
T EME R ARG, A, A5 T2 R05E R ERE BRI R, 5
AUEA, PR, i FastPMI®, COLAPHEERURENE, 5 LS
F 3G TT A SR AR
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i SN RN A9

F_E ABHBT

e —FT, FAMEEN AT FHENT RN T HERE P4 T4
P AL O ABE s B[R o B AR I AR Bl o JEE 2 R AR 218 25 [l PP S AR . A1
[RIPEAS R A 1A e o A BIH B Sk T 25 5 o DRI, AT X 2L R M 2 S
TS A RS WA, RS AN B 5 A7 R S A IR fos, TR ARG RE RS
AR S R BRSO BT AFERAPH IR LA A R AT . 25
TSR ARG K 21 M A Y WL

2.1 IEipHEE

HER ARSI S Y, FeHEAMS E MmO pms. &
ST AR RO R T LAKE T 23 (R PP B i, b T LABE T 23 ]
5 B B B

211 EiMTE PRI TER

§1223 /040 T LUB WA EE A &0 2T B A5 T 26 S T A+ KR
i b AT ARG Kaiser 27, LT /N B L ME 1) FoG 2R ML
FXAS BT, AT LIRS LA M

P*(k, p1) = D% (kpufor, ) PR (ke o) (2-1)
Hr,
siser (1+ fu?)?*Pss(k) ; linear
PR (k1) = o \ . (2-2)
Pss(k) +2u* Psg(k) + u* Pgg(k) ; mnonlinear

ik Kaiser 248, 6 = =V -v/(aH) FHEEREE . p 8k SHE&TT AR RZ.
oy NI ETREL

DFOS(y) = { exp(—x*) ; Gaussian 03
1/(1+x* ; Lorentzian
A FoG &8y, ] LUk s e a1t 22 T8 K.
M RsFEH %, (1+6%)ds = (1 +6)dx, 715
1+5s:(1+6)(1+ﬂ)_1, (2-4)
dx
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5 E ZIREMAR

AN TCIE, Wy = -0/0,, V720, TR IS HH, (8/0y)?V 72 = (k. /k)* =
wro RIAELME ST
5°(k) = 6(k) + 120(k) . (2-5)

RIRLAEIBEIE, H S

0(k) = fo(k) (2-6)
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Figure 2-1 Measuremnts for TNS model of redshift distortion (Eq.2-20). Solid and dashed lines
represent the predictions for which the spectra Pss, Psg and Pgg are obtained from the improved PT
including the correction up to the second-order Born correction, and one-loop calculations of the
standard PT, respectively. In both cases, the corrections A and B given in Eqs.(2-24) are calculated
from standard PT results. The vertical arrows indicate the maximum wavenumber k¢, for standard
PT and improved PT (from left to right).
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Figure 2-2 The multipole components of spectrum is presented at z = 0.5, 0.9, 1.5 and 3.0 from the
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middle and bottom panels. The green solid curves represent the theoretical estimation using
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combination, and the cross points represent the directly observed multipoles. The error bars are the

sample standard deviation from 100 simulation realizations.
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Figure 2—4 Pairwise velocity PDF for dark matter particles (dotted line) and halos (solid line)”8!.
The dashed line is the result for Gaussian assumption with expectation and variance directly
measured from simulaton. The pair separation is 30Mpc/h < r < 31.5Mpc/h. The inset pannel

adopts the log scale for y-axis.
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Figure 2-5 Constraining test for Gaussian streaming model in simulation!’®!. The solid lines are the
ratio of results from Gaussian streaming model to linear model for monopole (upper left),
quadrupole (upper right) and hexadecapole (lower left). The data points are the results from
simulation. The lower right panel illustrates the relative error between streaming model and

simulation for quadrupole.
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II. Analytic model

Matsubara [82] Resumming cosmological perturbations via the Lagrangian picture: =~ Matsubara
One-loop results in real space and in redshift space

Taruya et al. [66] Baryon acoustic oscillations in 2D: Modeling redshift-space power ~TNS
spectrum from perturbation theory

Seljak et al. [71] Distribution function approach to redshift space distortions DF Approach

Zhang et al. [87]

Peculiar velocity decomposition, redshift space distortion, and ve-

locity reconstruction in redshift surveys: The methodology

v decomposition

Bianchi et al. [83] Improving the modelling of redshift-space distortions - [.A bivariate ~ Streaming
Gaussian description for the galaxy pairwise velocity distributions

Zheng et al. [69] Study on the mapping of dark matter clustering from real space to  Advanced TNS
redshift space

Kuruvilla et al. [88] On the streaming model for redshift-space distortions Streaming

Lewandowski et al. [89]  On the EFT of Large Scale Structures in Redshift Space EFT review

Vlah et al. [90]

Exploring redshift-space distortions in large-scale structure

Fourier Streaming

Cuesta-Lazaro et al. [84]

Towards a non-Gaussian model of redshift space distortions

Streaming

K21 B R AR,
Table 2—1 Theoretical models for RSD.
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EoE B
22 W5 wNE
22.1 REIFEFSH—KIE

PN PRI FH 217 ey 228 PR A 7 2 R 218 o I B A2 AR B A e 5K B R 2 Bl ) %
W, Hr, SRR BRI E RO B . RIS BRI E L, T LA A Y 5%
e, W ILRA

(DD/DR) -1, Davis & Peebles 1983
(DD - DR)/RR, Hewett 1982

&= (2-59)
(DD RR)/DR?, Hamilton 1993

(DD —2DR + RR)/RR . Landy & Szalay 1993

Hrp, D FRMMFEA, R FIRFENIFEA. DD, RR, DR 73 JIFRRMIMAEA H £
BEPLFEAR B & DU S BEPLE A R F-44 2 20 H— R 51N
np(np—1)/2, ng(ng—1)/2, npng, n AR HFEAREH o Pons-Borderifa et al. [91],
Kerscher et al. [92]18 it iR &F{lit5r, #E##K A Landy-Szalay(LS) £ .

F R R EAE R G5 2280, & HNS 20750 W72 #
MG 5 E e AR5 3 1A & d(data), t (theory) 367, HoAr, FHIBAA & HIT
B 7 ZHEHEHMITTARZ AL (nuisance), t = t(a;, ;). H p(tld) F7i S ME AR,
HRIS AR S SRS, U DU A =CRT A R

p(tld)p(d) = p(d[t)p(t) . (2-60)

MIE AR SOZ IR p(d) = 1, WAAAER, p(tid) = p(dH)p(t), HH, p(t) K
eI iR R, SR E AR s U MR, SEBr B sKig p(tld) By
KAH

TR R IAORAUSAG T (MLE) SR EIX— MR AE . & SUIR R %L
(Likelihood function)

(gzeq>—%§}d—0x;%d—oj, (2-61)
ij

Her, C WEdE SEIEMI T 25, C=W@-d)"(d-d)/(N-1), N AEHEH
M d= X (do)/N, BT A 000 5 A E— T, di 75 20R BB A i Y
DOYLINAEA (mock) BEATITRL LSRRI R (ERT , RFEHIEER I 5 2
BN S ELEH tvene AW NSEURZH . BRORUIA R B AE TR R,
HUE B SR RS R MCMO) J7 iR it &
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222 OERTEIEXIN

CfA CfA(Harvard-Smithsonian Center for Astrophysics) 243 AP, 1977 4
21982 fF R — 1 (CFAL), W HFR N5 > 14.5 ) UGC & & (The Uppsala
General Catalogue of Galaxies). 152 " = K2 Z[4] Virgo, Coma LN A1367 12
400 > REVLLAE AR - 1983 4F, Davis et al. [93] M FH i1 f5 HY 1230 AR, 534
WHE 74k e “HESCHRRA 45348, £ r < 10Mpc/h I, SRECRREL &, (r) 1AL
HRMAEEREHIIE A (ro/r)Y o LELLy = LTT A ERE, 155 ro = 5.4+0.3h/Mpc,
AR < Th/Mpe EHRL H Qn = 0.2, CfA2 2y 1985 2% 1995 4F, JL15
F 76K 18 000 M2 RN B EHE . CIA S5— R4S T U488 B R4 814
25— TG R S 2 AR A I

2dFGS 2dF 2 R 51K (two-degree-field galaxy redshift survey) fif FH -k
FNEAY 3.9 KR mE, M 1997 42 2002 4, HUMAS2] T 221 414 2 A1
BEAE, 5T 1500deg? [19K X, Peacock et al. [94]F] fH A 141 000 2 &,
SRS W b TR AR A A, 1S B IECE B = 0.43£0.07, SCEFE—DHIH
B RBHES CMB a1 E RG], 28H Qn ~ 0.3, SR GE&— MRV B E 1
.

VVDS VVDS(VIMOS VLT Deep Survey) #4852 2529~ = H A ETERER
KKK, Wide (17.5 < iAB < 22.5;8.6 deg?), Deep (17.5 <iAB < 24;0.6 deg?), AN
Ultra-Deep (23 < iap < 24.75; 512 arcmin?). 53-FI{52] 7 22 434, 12051, 1 041 &2
RFERBEEE, %0 mBTEREIN 0 < 7 < 6.7, Guzzo et al. [95]1F] H VVDS-Wide H1
) 10 000 MG R, (EARUELHE zenr = 0.77 4L, MIFEERIIEEN f =0.91+0.36.
WELER Y Peacock et al. [94]— 3, #RFF G MILEE HFEIY ACDM.

6dFGS 6dFGS & 2dFGS {19548k, AfE| A 2001 43 2009 45, TEAEMTE
Z| 7 125 000 M2 AL 5. Beutler et al. [96]1#i ] 6dFGS Kz WMAP [{5HE
FIH BAO, fEAMLME zer = 0.106 &b, MIFHEGENF 4L Ho = 67 +3.2km/s/Mpc, [
REEIRAS TR w = —0.97 +£0.13, Beutler et al. [97]{ ] 6dFGS 1] 81971 I~ E &, Fl
H RSD, fEARLH zeq = 0.067 4L, 13BN FHHIBEHE fog = 0.423 +0.055,

SDSS  H#rfEi-K (Sloan Digital Sky Survey, SDSS) &i24> A [E 52 Mg A X F
HP DU 2 R, M 2000 SE2 4>, DA% T 4 . SDSS-I M\ 2000 4
#2005 4, #4777 8000deg YR, HHARMS T HAr 5700deg? [5G 3£z -
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5 E ZIREMAR

SDSS-II pA 2005 £E % 2008 4F, 258 ik 7B B Rk e, 4R k15 7k
HEANER, LLKL 100 000 2K 2AK1ETEEdE . Tegmark et al. [98]F F SDSS
DR4 Hiff) =41 2 & (LRGs), 454 WMAP, 5 Q, = 0.24+0.02, w = —0.94+0.09,
SDSS-III A 2008 4F % 2014 4F, dht34 =4 H , 43525 APOGEE £ SEGUE-2: ]
R AR S5 ME AL s MARVELS : fETSBEAE S RIMTE LA BOSS: A
AR ELE 5341 . BOSS I 2019 FEFF 4 5 2014 4, 7F 10 000deg? 1K [X A AR
MARR) T 150 72 RZBDERE, 2L#7X%] 1 z = 0.7, Samushia et al. [99]1# F BOSS
DRI11 2 R, AL zep = 0.57 Ab, MIHLERIIEIE fog = 0.441+£0.044,
Alam et al. [100]{& FH 29 BOSS DR12 ¥{#8, 4 BIEGRILIFS z.¢6 = 0.32, 0.51
& 0.61 4k, 187 fog = 0.497 + 0.045, 0.458 + 0.038 ULz 0.436 + 0.034. SDSS-
IV ) 2014 52242 2020 4F, & = FE0H ., APOGEE-2: 4 Z1H 2 Kk iK;
eBOSS: 4 BOSS #MiE Sl R 2K LI MaNGA : FJH 143 58.5T (IFU)
A 10 000 S4B 2 N #5445 K4 - Hou et al. [40], Gil-Marin et al. [101], Bautista
et al. [102], de Mattia et al. [103], Tamone et al. [104]Z4 51 F| ] eBOSS H =41 £ &
(LRGs), %&AT£:8 R (ELGs), LAMKEMR (QSOs) fEARHZIB ML 1 2 K.
W28 010 L2 3R2-2 ) [5]2-6.,

0.8 - T1 1 '~ 1"~ ~1 "~ 1 " " 1.1 . * 1 1 T T

r —— ACDM Planck 2018 #  FastSound & SDSS-1&I
07k B Wigglez & Gama $ BOSS
T 6dFGRS 4 VIPERS eBOSS

0.2'...|...|...|...|...|...|...|...|.
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

B 2-6 FAVA R B 69 BB LB ok hg B AT fog MM 45 R, B & L&A Planck 2018
ACDM #7245 69 25
Figure 2-6 Measurements of fo in observations. The black solid line is the result of Planck 2018
ACDM model.

F2-6J7r T A FEIMAEA 2088 T XS5 R fos BYRRMISE R AL
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MO M

Survey Zeff growth rate reference
2dFGRS 0.11 B =0.43+0.07 Peacock et al. [94]
0.15 B =0.49 +0.09 Hawkins et al. [105]
0 B =0.58 +0.08 Percival et al. [106]
VVDS 0.77 B=0.70+0.26 Guzzo et al. [95]
WiggleZ 0.22 fog =0.42+0.07 Blake et al. [107]
0.41 fog =0.45+0.04
0.60 fos=0.43+£0.04
0.78 fog =0.38+0.04
6dFGRS 0.067 fog =0.423 +0.055 Beutler et al. [97]
FastSound 1.40 fog =0.482+0.116 Okumura et al. [108]
GAMA 0.18 fog =0.36 £0.09 Blake et al. [109]
0.38 fog =0.44 +£0.06
0.18 fog=0.29+0.10 Simpson et al. [110]
VIPERS 0.60 fog=0.48£0.12 de la Torre et al. [111]
0.86 fog=0.48+0.10
0.85 fog=0.45+0.11 Mohammad et al. [112]
SDSS-1&II 0.30 fog =0.49 +£0.08 Okaetal. [113]
0.15 fos=0.53+0.16 Howlett et al. [114]
SDSS-IIT BOSS 0.57 fog =0.441 £ 0.044 Samushia et al. [99]
0.32 fog =0.497 +0.045 Alam et al. [100]
0.51 fog =0.458 +0.038
0.61 fog =0.436 £ 0.034
SDSS-IV eBOSS 0.70 fog =0.448 +0.043 Bautista et al. [102]
0.698 fos =0.473 £0.044 Gil-Marin et al. [115]
0.85 fog =0.315 +0.095 de Mattia et al. [103]
1.48 fog =0.462 +0.045 Hou et al. [40]
1.52 fog =0.420 + 0.076 Gil-Marin et al. [101]

F 2-2 AL A3 W 4 R

Table 2-2 Selected observational constraints for growth rate.

20k H Planck 2018 ACDM BRI 2GR S5 R o 52251 HY 1 3 280l e 275
SCHiR o

B AR EASE VISR TR, KRBT LA o = BNIHEER BAA
FARFG ACDM BRI . Bl TasitiR 0 B2, Fil, RIS REHER
BAFRF 2B RS ) MR RE A rT e . IEAEREATROSEVIAL, LARCASKR S T
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B LB
RIVIERE I TG it — B IR R A TR 2
DESI 5 REE 615/ (Dark Energy Spectroscopic Instrument, DESI) FI] H & &
Kitt R KCHE 4 KR EEEE, M 2021 £F74G, AR H LRI R, SREE
2473000 J7 B AN, K XA 14 000deg?0, FHEUM I HR, 216
= 1EHINIRA R R, 4% 2= 1T WA EER, 2021 <z <35KH1
FEM, IR 0.1 <2< 03 AL E R FHZ B, DESI AfLIfEZ
MR B NG A IR RRBRBIAEZ) 1% HIFS

PFS PFS(Prime Focus Spectrograph) | & g 7% 8.5 K[ 14% Subaru 2 ixss,
FHRL, 2022 4EIFH:, %4 1 400deg® [ RBCHTARRER , EEMIZTR 1 0.8 <
z <24 NIRET A RN ME DESI, PES [ RIXEFLE/N, {HRT DO 2]
2L N B A BT 2 AR B e Y 22 R AU

Euclid Euclid KAy, 114 2022 £ % 5. Euclid 434 Wide Survey 5
Deep Survey Fiil4r. Wide Survey 11X 6 4EHF[E], £E 15 000deg? P, A 3000
TRR, LR ANIL z ~ 2; Deep Survey /E24 Wide Survey f4h7e, Epkit T =1
AR R IE R Rt/ N DI, T DA RE g A 2 R, O ) S AR A 40deg?
FEAG TR HbR: MERERE RS, S, o ivh, LIk
JER AR S

CSST [H =23 [A]u 8 es (Chinese Space Station Telescope, CSST) K FEH [H
23 [, TERIT 2023/2024 42 & G, CSST {64k (CSS-08) {1
W6 KSR WS, R 10 FEIS AT 17 500deg® PR XA TR T
TR, R RAVLLAE AL 2 ~ 2.

B VUL R ARG RE B K AT LU S5 A B R Y eI T IR ZE IR BIAE 1% LA
N TR R R BRI S A O B 1 21 A% MR AR AR o R o
§2.1.2.10P g M H) = A ZE e AE 5 =B I PG TR I 2 Al S A AL R T 26 DY
BTG L SE A ) LA A AR IR o S EE D, FATNIA RS 2 S B J73%, ik
1] I P A DR A M A R A A Y 25 AR LR R o
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i SN RN A9

F=F EERENFRIE

BRYE_E BAR AT LA A BOBHC BRI 5 1 57, (H2 S B A A W 508 2
Fo W §2.1.2.10m&, ERIENIFHHIRERZ5INE, XA EA T
T, R T AT o A AR I 218 W A RS B T RO A
KA, T RS i 2 R AR At by N AR AE by o XTI LA AE, FELL
B AR, ATE R R by = 1 RS, (HR R T RIMRZRIAFAE, B
BOFBCA AR P 2 Sk AERUERAUE, 2R R WMAEE R
AL S A P o W S A o A B 2 ] A S (A ol B
2 ) AR AR A o

31 IRE=

WIHTArIE, U AR f il i 2ok — MR AR 2 R/ = S
JrZ BIAAFAE T AH (velocity bias) o HiE555E R, (2K T 10Mpe HY R
b, SR PR K RE A e, mEaE DRI BUR 2P (2 R e
YiliiEs) . EZRE L, BREEE=CANEETI BN EE, 7Y
VESI Sk o BRIk, 2 Rz sh Y S8 KR G5 -h ) i iy
B, RIFE 2 10Mpe I, S#ERREREF b, = 1.

HE, X1k 20 7 — P 2ime WHSESE: BRI 8 m e fig
i X e I HL, B A S A S R BT ST A
AFAH) BBKS! R B AU I Se i, 05 072 o < O manere DeSjacques et al.l' !4
gt B8 TS, IS by (k) = 1 - R < 1o Hf, ¥ R, K
WiT g2 M ABS208 2 ok, ERBIRNHEEmE by, £ KRJE E > 10Mpc
R E AR Lo @, XERIBE A 10°Mo/h {5, £ k = 0.1(0.2)h/Mpc
RE b, by ~0.93(0.73)!" JELERYHE MEE TAE (40 Elia et al.'??), Chan et
al.'?! Baldauf et al.'"?*, Chan"?'%E) | #F—2BHF5TH1ESL T Desjacques et al.l'21fy
. H2, DU LIXETENM SN R EH 2 H 0G5 (R B, ¥k
o @i AR, AR E S 5. A R &5 S & [A) Y ¢ R AFAE
BERTLIE , DAS 2 o AR B A i AR LRI T A 20, MRS AR IR e kiR )2 5 il LA
A T 2 S 2 s E

Mitt, REE T ILHERNE T, HWE R AR IR S — DR AR . X
MR BRI T AR A B 1 A R, BHEXS S AR RE R (S
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5 = F AR AR R A

1, DESI Collaboration et al.!''®!, Schlegel et al.!'?®!, Abdalla et al.'">!, Spergel et al.l'*],
Amendola et al."?") o XL FYFLAE H AR R LIRS I AR TR 1% Bl =kl E IR
TIZERIBER f(2)os(2) o AESLPRITE T, Z0R8 M A% L 0F A 0 e A2 0 ff 4H 5 45
FIE AR BT by X foge PRI 3 B AR IR A R RE, X FH
X fog HM Al = REp iR 2,
o(fos)
fog kx.
by EHE BT RIE ko BIIL, 7oA RGEIRZBIET/NRE X ke AR
Wr (AP k< ke HIGEE) o FEAT S 5 1 55 B 58 H0 A7 A8 25 Tk B e
Hl, DESI Collaboration et al.!'"S"/E T H Fi i -F % FH kmax = 0.2h/Mpc. eBOSS
BAAE R AR D23 93 A >k A 0.3k /Mpe, T AR B R Y 5 Bk pR £ 93 A R >k
r ~ 20Mpc/hMOt32T R LR M) S AR I RE OO AT DA B /N R
AL, TAF] kna = 0.5h/Mpc, REME B L E IR TN F o 22 IREIAE L. N
TR IR RS AT K, A k < 0.2 - 0.5h/Mpe B RUE EAHXT b, BYFEAE
FRAEILE 0.1% — 1% AR Lo
T E Y i m ARt B — 2R 55, FRATTAUE B Sk 5 1
PRSI A RN EE ST . H RIS SCESUE R & AT DART S Dl
2P H H AR B R A I Y AL, TS I I AR 2= B A =S 18] A (2
BME) G B2, HT REERZRAFAE, IS MG R =R
R E SRR A 2 SRMEY . SRR 2B e T 2 R W& L BUE R
PR BRI H e — Pl B AR B 7 20 i AT X e X R B 3 —2H 5
Saub» SRS XA FHEA I T T 25 . IR w22, et B 24
HIERH S fao IK/INTER . (HE, T2 i E I 2 EUERII I E5 R, ARIR
TR X 2 A BRI R BRI, IR R w22 P890 SRR 22
B AR TIRATRAE 2 R W= MR X S R A B i JEF R . X
BRI ATACUREI S, T B B S MR H AR H. rbL, #E Y
FSRAE =R B A, 2 S EUAR TR 3 2 S 11 A I bt A A i 81450
BRI I P PR 3 B T A B BB T Ui 0 9 . ISR AR R
L HR{EAE > 10 MR, IRAEESHTE > L I RE BT AT LIRS iR
FE, SRAEIWZE 7T 2000 o 3215 U 0 FR n] AR s BV BRI 80 1, Al
NRJE BRI R ANAT S . A2, I ERUL, SR 22 To ikt 38 & fu
O AR THEENERER TR, EPBENMCOE T2 RNE EREE 7. RESO5 5 S HEeAT T

BRI EEES T, W Scoccimarro!®, Taruya et al.[%®!, Kaiser”®!, Zhang et al.®7, /7% AN B =5 W FAAE
B A3 A PR B TR (30 Seljak et al.”!, Okumura et al."!), DLA AR AT (F11 Peebles!’®!, White et al.l'37!),

6(by)

k,z bV

(-1
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i SN RN A9

PR IR . B5G, WERIA EEL A Y PORL A, AL R AR 25 1
AN E e HIR, B RECR EARL E LR MU N2 B ERT, AL
TREERI N — AT R RARME S IR A Al 22 OS2, DRI T 2 i
PSCAUIORS B0 e 57 1 T i 4o

Ffzalid Zhidte, SRR ATBCE R ST . BN, SBT3y
R FEWRAE T35 . U85 NP 53k Kriging J5 3£ 17 Zhang et al. [138]57 1%
TN = EE AR, )5, Zheng etal. [139]EBUEMUAFEETT 155k, Zheng
etal. [148] W X MERUE 1L T W52 s SE S h R R AR 22 . [ LB S28 1 2 bt
i, HRIRIABATRELE k = 0.1h/Mpc B by RGIFE 1% HIREEA o B HIAE
KR kb, BERE by AR 22215 SN

A TARSEH T — PR R EACDORS Bl I e s A 4 by BT o ATl 2
B SIS S AOHOT R, T RIET 7R R ZER L, SR k<
0.4h/Mpc FIZLH 0 < z < 2 BFERIN . 8 b (k, 2) FREIAE T 0.1% — 1%,

32 MEAHE
AT T 50 AWk T B R e 5
o EEMEES =AY, HEAAEE RERZ . (D) BE31E p, = (1+6,) V.
e MBI ES TR, BARERE. Q) BRENBEEIEHT 6h((x). 3)
IR ) Vo JRM b, SRR 22 o SIS, FETRA I A
W RERCERTID, SRREIR 22 7T LAREZNE o A1 P A BB ) 8% B A
2.4Mpc/h® FIRFRHTASAEAE 216 DI BORL -0 R T U E s RO REA, I
U RO R T 3 o ) SRR 2 A A B A 0.02% X (k/(0.1h/Mpc))*(Zhang
et al 3SR A 5 16 K 24)0 R E (R b, i A4 R 81250 0.01% X
(k/(0.17/Mpc))?, [RS8 4 1T LARE 206 o
o XU EHEN G SR R S S AR B S R, KR
SRR R by (K)o TFH2. FRATATLAXT by HEFTSRAR, MITSEIBA
TR R
F—, BT R

Eronyvpmm (1) = (1 + 6, (X)) V(X)) - Vin(X2)) (3-2)
PLRZ R IR RO L TR P (145, v (k) o IZRHERE LA — 225

g(]+5h)vhvm (l’) = <Vh : Vm> + <5hvh : Vm> 5 (3_3)
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H=E A AR I
PPN ESS N ING |
P(l+6h)vhvm(k) = thvm(k) + B&;,vhvm . (3—4)

IXE (o) PR R

F =, WA B4R WA by (k) o X B3R A Y E SN
Py, (k)
Py, (k)
T B PRI, by A2 N34 ME—HR A, IEI M b, BRI RS AE §3.2.2H1
25t o KIS WA ST R 4B R B F— D EUERLR TR, FrLSRIGH) b,
AN{FAE cosmic variance,

b,(k) =

(3-5)

321 HEEH

FAIM CosmicGrowth R FHEE TR v H N 3072°, &1 K/INA Ly =
1200Mpc/h () —HEAERALL (2 W% 1-5th WMAP_3072_1200), Z 45400k
7 WMAP ACDM F#{ #2450 (S WM 14 WMAP). T TR iz B ERALE A
J6620, [5a:if sk Friends-of-Friends(FoF) Bk S, #EA9KE N b = 0.2 {5k F
BIE bR s . 2 )5 MHRGIBR T A AR R AR+, a3 BIE 2 E0RE . EaFulE
SRR, W R SOOI A R B I . AT T
FLHAE TR, ANELF 2 ~0,0.5,1, 1.5 A, Wi T E0I0EERE. 3+
K317 T iX L 2R T AH 4L

Y 1 5 1 5 3 5 it NGP ik, Bl (1+6,)v, = X, Vi /it
X RIS P 15 7€ SR TThE N BURL 13-4 73K o 7 S AT FRTTHS N I 2= HO P50 H o
THRIXEESIN, FROTRA T 512° P o I ARSI K/ NA Lgra = 2.4Mpce/ b
TIPS 216 DKL 1o IAE > Lgna HFURE E, AT LIS H) Ui 5
GRS o RIS, TR R SO ) Vi = 2, Vi / 20 BRI ZE AT LA
ZM . AN, T IRATCOBI R k < 0.4h/Mpe Bt/ NT 4528 B K (Nyquist
wavenumber)ky = 7/ Lgiq = 1.311/Mpc, K, #EAR0Y (aliasing effect) [A]FFE-H4L 0]
L2141

B3R T4 z = 0 B ARF PR S, M > 10°Mo/h(fE4) X
10°Mo/h < M < 10°Mo/h(FTZ0) s P1vsy)vv, FIIIEZER . AEAXTIG, X E AR
IR T Pissyvmme Tk 2 02h/Mpe B, =288 LT G XX sk = 2ok
AR 45350 (v-v), {5 k < 0.3h/Mpc I, %35 E £ SVER 4%
GPHN A6V V), fEk 2 0.2h/Mpe B, ZHbr 2 BEEIN, FFHAE k 2 0.3h/Mpc i}
AT I XEEROENIRELRRE k< 0.1h/Mpe I, JEEEwH b, ~ 1,
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Set ID mass range (M) N, /10° by (k < 0.1h/Mpc)
Al(z=00)  >10 377 71 136
z=0.5 > 10 29.8 5.5 1.89
z=1.0 > 10 23.7 3.5 2.68
z=20 > 10 17.7 0.88 498
A2(z = 0.0) 1-10 27 544 0.81
z=0.5 1-10 2.6 52.5 1.04
z=1.0 1-10 2.5 46.9 1.48
=20 1-10 2.3 28.6 2.64
A3(z=00) 051 070 529 0.70
z=0.5 0.5-1 0.70 54.0 0.86
z=1.0 0.5-1 0.69 52.4 1.15
7z=20 0.5-1 0.69 39.7 1.97
z=3.0 0.5-1 0.68 21.8 3.15
Bl1(z=0.0) 0.5-1 0.70 52.9 0.70
B2(z =10.0) 1-7 2.4 51.5 0.80
B3(z=00)  7-10 82 33 1.02
B4(z = 0.0) >10 377 7.1 136
Cl(z=0.0)  7-10 82 33 1.02
C2(z=05) 1240 21 341 1.02
C3(z=1.0) 0.31-0.35 0.33 20.3 1.01

£ 3-1 16620 W AT FR SH R4 XA, RELIEH 10°Mo/he (M) T35 2R
%o Ny AZA PR ZHB . by A k <0.1h/Mpc BB 2 5% FARAZ,
Table 3—1 Five sets of halo mass bins. The mass unit is 10'>M/h. (M) is the mean halo mass. N,
is the total number of halos in the corresponding mass bin. b, is the halo density bias at
k < 0.1h/Mpc.

322 RERBBIEEREKBETE

FEMNI 2SR AT O IR AN R 50 va (k) = by (K)V,, (K) +vy (k) o H:
Hr SR IS R IR A I v, (k) R R BN . 55
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Figure 3-1 The z = 0 power spectrum variance A%, = k* P, (k)/2n? in unit of (km/s)?, where
a=1+86,)VmVm, (1 +60)ViVis VitVin> OmVimVm. All these measurements are essentially free of the
sampling artifact in the velocity field. At k < 0.32/Mpc, P(i+s,,)v,,v, 1S dominated by P,, ,, . This

property makes the measurement of b, easier.
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ﬁ(1+6h)vhvm(k) = Z ba (W(t(k)Pvmvm (k) + Ba(k)) = Z baS(t(k) > (3_6)
Sa(k) = V‘(;a/(k)Pvmvm(k) + Ba(k) . ) (3_7)
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2Sa=Paisyyvv, (K)o B ¥ =555 6910 £ CHA A k ABLE B TR A B 225 5 6938 B 1R
ARIEFHL, BFRFT Lo XEZRMAMA k < 0.5h/Mpc 69 3383+ b, #HATM A
Figure 3-2 S,(k)(@ =1,2,---) defined in Eq. 3-7, the sum }} S, and P(1.s,)y,,, (k) of halos. For
brevity, we only show the case of halos in the mass range 10'> < M /(My/h) < 10" and at z = 0. If
the halo velocity bias equals unity, 3} Sy = P(1+5,)v,v, (k). Slight difference between ) S, and
P (146,)vuv,, (k) (in particular at high k) implies that the velocity bias of corresponding halos is close

to, but not exactly, unity. We only use the measurement at k < 0.5/4/Mpc for fitting b,,.
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I, ATDAE S SRR AL £ o exp(—x?/2). HH,
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= (3-8)

)(2 _ Z (P(l+6h)vhvm(k)
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Figure 3-3 The left panel shows the normalized matrix F,z/ m of Eq. 3-11. Due to overlap
of S, and Sg., in the k space, F,z has non-vanishing off-diagonal elements. The right panel shows
the normalized error matrix E,5/y/EaoEgs in Eq. 3-14. Overlaps between pairs of S, in the k
space (the left panel) cause F, .3 # O (the middle panel), which leads to E,.z # 0 (the right panel).
This results into correlated error in the determined b 5_.... It is also partly resonsible for the

increasing statistical error in the determined b, with increasing k.
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W =0 = Z bﬁ Z T (3—9)
a B m Kk
P1is,)v vm(k)Sa(k)
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Hrf, Iuﬁz§]545§553& (3-12)
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Eop=F s . (3-14)
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Figure 3—4 The velocity bias of halo set A1 (M > 10"*M,/h) at z = 0,0.5, 1.0,2.0. The velocity
bias decreases with increasing redshift. For these halos, b,, < 1 at all redshifts. Notice that for clarity
we shift the z > 0 data points horizontally. The result invalidates the usual assumption of b,, = 1 in
peculiar velocity cosmology. |b, — 1| is much weaker than the peak model prediction. It also shows

significant redshift evolution, in contrast to the peak model prediction.
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Figure 3-5 Similar to Fi.g 3—4, but for halo set A2 (10'2 < M /(M /h) < 10'). Notice that b, — 1

changes from positive sign to negative sign from z = 0to z = 2.
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Figure 3-6 Similar to Fi.g 3—4, but for set A3 (5 x 10'! < M /(M /h) < 10'?). Again, b, — 1
changes sign with redshift.
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Figure 3—7 The dependence of halo velocity bias on halo mass (halo set B at z = 0). For clarity, we
shift the results of the three higher mass bins horizontally. The sign of b, — 1 not only changes with

redshift, but also with mass.
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Set ID (by —1)x 100 (by —1)x 100 (b, — 1) x 100
005<k<01 015<k<02 025<k<03

Al(z=0.0) 0.03 +£0.13 -0.05+0.38 -0.14+0.93
=05 -0.02+0.16 -0.29+£0.32 -1.01 £0.63
z=1.0 -0.04 £0.27 -0.40 £ 0.53 -2.57+0.97
z2=2.0 -0.31+0.43 -1.46 £0.82 -6.90+1.32
A2(z=0.0) 0.04 £ 0.06 0.37+£0.12 1.21 £0.33
z=05 0.07 £ 0.06 0.27 £0.14 0.81+0.19
z=1.0 0.04 £ 0.06 0.06 £ 0.08 0.26 £0.20
z2=2.0 —-0.05+0.08 -0.37+£0.18 -1.25+0.13
A3(z=0.0) -0.01 £0.06 0.40 £ 0.15 1.50 +0.19
z=05 0.05 £ 0.04 0.35+0.13 1.06 +0.21
z=1.0 0.04 +0.05 0.22 £0.15 0.60 £ 0.17
z2=2.0 —-0.04 £ 0.07 —-0.08 £ 0.15 -0.31+0.15
z=3.0 -0.12+0.10 -0.60 £ 0.22 -1.58£0.26
B1(z =0.0) —-0.01 £ 0.06 0.40 £ 0.15 1.50 +0.19
B2(z=10.0) 0.04 +0.07 0.33+£0.14 1.22+0.24
B3(z=0.0) -0.01 £0.28 0.43 £ 0.50 0.57 +£1.03
B4(z=10.0) 0.03 +£0.13 -0.05+0.38 -0.14+£0.93
Cl1(z=0.0) -0.01 £ 0.06 0.43 £0.50 0.57 +£1.03
C2(z=0.5) 0.06 +0.07 0.34 £0.17 0.88 +£0.38
C3(z=1.0) 0.04 £ 0.07 0.29+£0.22 0.66 + 0.35

*.3-2 MAFHGik ERAZ byo BAVKRIAM k> 0.1h/Mpc, b, £%+EEEGHBE 1. |b, — 1|
KM% k 8938 Kdm¥g K, %G1 k ~0.3h/Mpc 7T XAk 5] 6(10%).
Table 3-2 The determined velocity bias. We discover statistically significant deviation of b,, from
unity at k > 0.12/Mpc. |b, — 1] increases with k, and may reach O(10%) at k ~ 0.3h/Mpc.

He, k = k/(Mpc/h). XM UE AR PR B by(k) 1 (0,0,0) AHZENETT.
A #2510 (R PR A PR BT (B (K) = by (k) AR RIFTUR & 987, 40 ko A
kpmkoki(m,n,l = 1,2,3), #4 0o FI, 4F 0 B94LI0N k2. @R PLEFRATA I
co=—0.138£0.01, ¢; = 0.186 £0.007 ([&3-8). ) PUA I/ NEZELD], i
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Figure 3-8 A fitting formula of b,.. For clarity, we do not show the results of all halo sets. The

residual error mainly arises from the dependence of the velocity bias b, beyond the density bias b,.

It is an issue for further investigation.
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Figure 3-9 Implications for RSD surveys. Notice that the line of DESI LRGs at z = 0.9 almost
overlaps with that of DESI QSO at z = 1.8. (1) The dot lines of 1 + 0.4% denote the expect overall
statistical error in fog constrained by DESI. For DESI, velocity bias is a source of significant
systematic errors. (2) The velocity bias will be more significant for Euclid, SKA HI survey and the
proposed stage V billion object spectra survey, due to their better constraining power in fog. (3) Itis
less significant for PFS due to its larger statistical error (~ 1%). Since b,, of PFS ELGs at 7z < 1.6 is
similar to that of DESI ELGs, we only show the PFES results at z = 1.8 and 2.2.
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FZAF 0.4%, [T PFS Hy% 25K X It DESI /N—"H4, PFS 2T IS IRE fos 7~
ARG TR ZEAE k = 0.2h/Mpe BITUHEN ~ 1%, FiL, #EwmH#Ex PES
BRSSO, ATLCRA by = 1 B AUESE. (HZ, B4 PES B R
B R, W LATERE /NI R BRI LA, R A T RESE— 2 48/)N fos
WGETHRZE . WEB-9fR, A REHEIER] ke = 0.31/Mpe, b, = 1 IX—{f1%
W AN FHE o

TEAEILL Y SKA HI 6 K1) LA 2% 30000deg” [ KX, FEEAE 2z < 2 ILIRTE
B, BRME] ~ 10° 4> 21 JERE RZUP) FEA— 40 0.4 < 2 < L3[R, X
F— Az ~ 0.1 [X[a], 4% fog FRHITE ~ 0.3%. QIR by = 1, WF2EG R51%
eI AR ZE o X T AR AT LA 10 /24> LSST & 256 3% 1 48 AR
g, Buclid #8 K AG1% /-1 DESI 5 SKA 2 [f],

342 FHERERSFNEREN—1AZE

WAL T — R AR T B 22 o SEBR R, FRATRIATC
BRI ZT I o ) S A, (ELR AT TRT UYL AN AS ] R R 2 g7
B2 A . B2, MR REAES A E & K, A
2 MEENAS A EL AR cosmic variance T DAETHUY o MREEFRA TS BIRLE R, bR
FH AR ACDM H, A7 B I #H 2 6o

bya(k)
b, (k)

I = bv,l(k)_bv,Z(k)

1

2
—0.19% ( ) X (bh,l - bh,g) . (3—16)

0.1h2/Mpc

TRUF L ELRIZAERT 1 SRS R W ZE . A, AnRAE &k < 0.2h/Mpe I &2 1%
BRI AS . 50R] LA S 28 U 2 R AR A AR, sl B X A
SUTEREHEA TR FA TR AEAR I TAE P 4R EERT 581X — [



SR R R
3.5 Xf b, MELREIFHERRRE

AR S (A I e 25 SR 2E /N T peak model (YERIE O, FRATHITIES
peak model =R FER AT, (1) AX(HHELEEHTIHE, XERELTE
W 30 = £ JE = 2 I T (B R AL . P9 R A J12 4% Rao T peak model
IRV AT X2 I B, IR LERE S AL TER) G i S S I (B 2 AL, i R
JEH Rs = AP /Ryo IXHL A ~ 6(100) ERE AR Ry N, XT3 FE %S
M. (2) ARSCHREE R A E ARV MRZL AL, Geit i B MK AT
AL BB PR, T DAELRE A FH 06 B 2L A AL 1 22 R 52 & f oms FBR
filo T Elia et al.!">215 21 {1 58 & {40 12 AR UG S 4L (z = 50,70), Baldauf et
al A T 2R P Y SRR Y, IR ESEEE. Ah, ARSI R A
FURCEHUE R, 1] Baldauf et al.!"4 Hhlil] g i 2= 500 JE AU

BT k2R, Zhang!'OHRK K45 H AT RER B MRS . ARELETEIS _ERE A R
WS R BURCEE T R al E m e, TR RS, BESME, ME g
W RJE Ry FHYBCA R A R T AR B 2%, R BUR AR D)
AT TE . (HEIB02, AT LB % f%ﬁﬁﬁ%% AT RS
WEE AT PR A AT 26330 Zhang!" OVl ik 825, B IS H TR 14K
R B2 FE A o

3.5.1 SHLEEIZENEE RE

EEH) N SR A R 20AT LA i B B3R 0 A R AORT N Rl 5 bR
$ (Copula) e 22NN o #& oK EAE 2 287 JR I FL AR e T PR F5 A4 o Scherrer
et al "I N (REHERA R BL, RS B 0 B R A R AR i, (HOH
PR B BRECZ TS Y o DRI, AT LATE dod PR R A i R R A R D v
ST TS P AR U6 20 A R RS T A o B 32 (T X I 25 (log-normal) A%
el OZAOOTHITAT LAl 2 K o

NI AR LA G R AU SR RTIR RO T HE AR iE
G =G(9), G MNEMMbZ G . WL ARPERTIR RGBS, TCI M P(G)
EIRME T P(G 1, Go) HRZ AT o B BAR i v 2R A/ N RUE £ [
AN RO R R R E ST ERTLGE Ay 2 il. o TR iie, TNHLs
—YENG LAY, S BBKS FHRE SCHYTEE i A AR LML 24078 2 = 0 BTHYE
X HEY 6, ®WEHRE 6, MEEY v FIECE PR R &y

(3-17)

Pwaé)_vac)fG).

do



i SN RN A9

AN (GG') = 0, H (Gv) = 0, HIIk P(v,G,G") AILLE N P(v,G,G') =
P(G)P(v,G")o HHJEMHA IR RELE

AN 1 1 -1 "2 -1 ’ -1 _
P(v,G’) = anexp[z(c )i+ (G')(C7 )+ 2vG'(C )12] : (3-13)
Ay Z RN
C= Cn Cp _ 0'v2 (vG") . (3-19)
C21 C22 <VG,> O'é,

XTI A=A, 6=A, ¢ =0, FIlt G=G(A), HG =0, =
HEETRECHA
f VvP(v,6 = A, 8" =0)dv

" = 3-20
O-Vh JP(V,(S — A,(S/ — 0) dV ( )
VPG =0)dv ol
= PG S0 (3-21)
\2
= 03(1— SZG: ) : (3-22)
v G
B YEEIE G BN =4E VG, W15
2 . 5
Tociop, 2 UYIR (3-23)
gy O-VO-VG
0L, TR Desjacques et al 20 erik (kIR s SR RED R, 443
2
bo(k) = 1 - R%*, R? = ~O_ (3-24)

VG

FRIE AT, o) =(a?), (@=6,96,G,VG,v,v,), FrAJEIERF REERZ
Rao MM ZH v Ve W RERG AT, B, Toi @Rt it 25/
LRI Ra, #BHIG5 3wt (RIHXT 1 P2 A2 i S R /0N, B B rT AR
W HIAF A BUERBRA R IR 25 5 . N OO R A (3-23 M 3-24i T 8UE KRR, 1Y
BBKS } Desjacques et al."2U 2t B3 765

3.5.1.1 XPHUEAS AL T BB E AR

SERR R R BE AT 0 BE T BUE S S AR O 10 o [RIHG , — MR Y e i A 4
H
G(6) =In(1+08) - ((1+06)). (3-25)
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R BRI e A

1+06=exp(G - o-é/Z) 1 +0i= exp(O'é) , (3-26)
o5 =exp(08)0es > (V- VG) = (v-VG). (3-27)

BUE r 5 R, ATLSE R SEie Rk

2o VO gy e (L7 0y) (3-28)
0503 Ovs
EECH AR O R AT AR B TR R A
(v-V&) = ; 2k—7:2P95W%H(kRA)% (3-29)
_ ; 2k—;P5W%H(kRA)W(k)% (3-30)
Tsvsy = ; Zk_;Pé(k)W%H(kRA)kO’Z’_Z% : (3-31)

X ARV B Ps (/] CAMB R TUERESEF TR, IR T Smith et
al."*T iy halofit JE (o THERHEH] 7B ACDM F %%, FHASECN Qn = 0.268,
Q\=0.732, Q,=0.044, o5 =0.83, n, =0.96 LK 1 =0.71. Wrn(x) = 3(sin(x) —
xcos(x))/x* j& Top-Hat JE [ K%, W(k) < 1 fy Zhang et al. ¥/, FIRAlIA
LA R 0T T - R R FE . B EUEIE 2 Zheng et al "5 H . 4k
PEVEHACH S5 T 2 BE- oGk, NIRRT #UE WA b, o

KI3-1053-11Jg7R T AH3-23 510232415408 z = 0 CHIEUERE. 4550 T
N, WS 1 -0l Joy = r* BElG 2 e ISR MG K. 2504 0.3%, 0.9%, 1.9%,
3.6% LAJ: 5.5%, XS G By 10112131415 0 /i (8]3-10), 1fif BBKS Fy
MBI HAK 4 500 Ee R WZEREMEZE (K3-11) o X M = 10"2My/h [
5 AA3-24T R2 = 0.098(Mpe/h)?. A, 1—b,(k =0.1h/Mpc) =~ 0.1%. %}
M = 1083My/h [R55: . R* = 0.31(Mpe/h)*, I 1= b, (k = 0.1h/Mpc) = 0.3%.
R L2 B SR T R T BB A B R S T B A, fE k < 0.1h/Mpc B JLF—
H(. 1M Desjacques et al.!">!Hr R} [ FIE SR L H K 10 — 20 £i%.

352 MG

Zhang!'**V4 peak model FYFISY 2 T ALt AE B BT R . T B2
Xt Hi e M AR B AT 2= T 0 9 A LS R AR AL . BE/NESF RURE (Ra XSLE

(D https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm
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1 -&l LILLLLLLL LILLLLLLL LI 1 IIIIIII:
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NG : BBK ;
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~ 0.01 | —

a This work 3

0'001 1 llllllll 1 llllllll 1 llllllll L1 1111l

0.1 1 10 100 1000

M (102 My/h)

B 3-10 & z=008f, B2k ERKS DR EERBILGE, 1-0) [o) =17, B4R
AR E. Zhang!' 49 7] k. BBKS s 4 4320k,
Figure 3-10 The predicted difference between the z = 0 halo velocity dispersion and matter velocity
dispersion 1 — o}, /o7 = r?, as a function of halo mass M. Our prediction is a factor of ~ 4 smaller
than the BBKS prediction.

Rs), TESSHYR - R, AR B w7~ 4 520 . FH L BBKS 5 Desjacques
et al."2!, JEEHTIESA 2 K (1+ 03) £, 44 Ry K (1 + 03) In(1 + 05) /o5 fi5
(FA3-28) 0 HHI, JRLEMETEA K BE /NI P RO 2 il A 532811401 og 5 ¥ K,
MITEAR 2 & R2o T 7H (v Vo) AR W < 1, Ftidsit—4 35
rP AR, IXEERFAHE TS, 2SR T — MR/ N A

S Zhang! 025 T — N ETATRYIBIE, (HIF AR TS R EUE I A A I e 25
o B, BUEFILE/R, TIP3 X 2088 AR I ERRE 21 A% 1Y [
RERIAHG Ko 1 Zhang!" G218 (R FAMUAR S5 . X/ NP i A A rl RE 2 R
WY HIK, Zhang!" O LI ARRELIRS 2 = O B, X/ NG %2 (M < 102Mo/h),
b, > 1 {47 M. TLiE /& Zhang!'®  BBKS, 1A 2 Desjacques et al.!"!! 25 o A T 0 Ao
FEARHERARTTRERT 1o IR RUR REMR U [A) AT RE-S %% 3 vl AR = B i
FRIEA Ko M EIESA T RES SEEE RAAEIRZE (S0 Neyrinck et al 'l
K2) o 75— ATRERI IR AR I 2 8 LAY, BUERAL I 2= ] FOF 57
(b =0.2) 774, XY AR T2 it o 1] Zhang!' VR Ky A JRBRE 5 e A 4
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100

1 T TTTH

b, (k)~1—R2k?
10

RZ ((Mpc/h)?)

0.1
This work

0-01 1 llllllll 1 llllllll 1 llllllll L1 11111
0.1 1 10 100 1000

M (10'2 My/h)

B{3-11 & z=0nF, R 69k, b, =1-R2k*, BMAWARERE. £ k=0.1h/Mpc i,
Zhang!""V 64 77 Z 5 KA B HABAE DL A A H 60 ik B RAZ 4 R — B
Figure 3—11 The predicted R% b, =1- R%kz) at z = 0, as a function of halo mass M. At
k =0.1h/Mpc, we predict 1 — b, ~ 0.1%, consistent with above finding.

B, FEH, PiE T A LR RINB A B ANle] o 1AL, J6620 FhigiE = AIER 1 Fir
AARREERL T, X2 2280 T Al

3.6 Zit5iTie

ARITAEHR, AR T — D27 2R M AR FAE I 2 A by o
ZITIEAFAEA A LR BRI AS 315 B T8 A4S LUK A0 et SR A 22« FRATTH
3072° R 7B BUEAPLIGUE 7% /57, 24 k ~ 0.4h/Mpc B, £ 1% [R5 & _E
T HE R by o 152145 RS LGN AR D AR AT I SRR by = 1 (3L
AN, 5 peak model Fl & EERANA . (1) 24 k > 0.1h/Mpc I}, b, fE41T LT
EWRE 1o BT AR Z U L%, |by - 1] 1E k ~ 0.2h/Mpc I A] LUk E)
O0(1%), {F k ~ 0.4h/Mpc 7] LUAE] 0(10%) . A1 201 B A H , 42 fdi DESI
HILT I A 5 27 A4k BB R IR%E . % SKA HI £ R K M Buclid i o4
FEAETETE . (2) |by, — 1] [t peak model YT E /N — AR, HH B XI5
i S AR ISR, peak model TS AT FRATIRH) b, ZBELLFE AL, 1
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peak model T 5 5 RRFHLL RS 0AE o X TR G2, b, ATLAKT 1, 1] peak
model [J&5 R EZA by, < 1. Peak model E:F X FERIE =G il, FiL, A4
g RN & S H K R RN ZE R, DL E A BRI 2 A%, A
HE— SR TN S A B AR . 5 — DR EE R Y IR I A ) G o
(PrAg B H AL E) BIIAALE (RPN E) BIOLFS o IR 25 I UAERR Y 23 |
Y OB o IX P RESZ T E by KT peak model T AR IA], I HLAT HFRLTH A 99
/NS K. F4h, A HEER AR PR (40 filament H15Y cluster H) 1470
REXT Hd i A B2 . 540, filament /NS EE I 2 (7] cluster [ EATS TR,
AR FEUNTR I E WA by, > 1 15K . Zhang!"*M4 peak model [1EE 1
TR 7RSS . WIS FIIE T ORR R b s AR T 2 )
L, ARAP AR RESE A AR BB P I 25 B 17 90 2 3 i R 2 8 ) 4 oK
A, HUGEN /NI R AFAE by > 1.

AR RAP VP AR ARV T B — BT B, BRI A3 i R T 425 FEE A
HLEAEARA , HR S RTINS (R A R AR > Bl B — MR idi , B 7%
TR, A BREE R RS R I w2 SR i AR S ECE MR O R P AF
ERs| e, W RAERAT A2 AN, AT SR Y A T e A AL
P A5 F i AR, FRATFE B AR W R FOR H PR IR AL R, e al &2
R, RUMRER, 21 [EREHERE RS, FHIE ST 5 R
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FME XTEE S (Pairwise velocity moment
generating function) A%

AR R AR fogs XA FH PR, B 2m i
R AR ISR . RS =, WA TERVERA RS B I
PE, FFE T AR LR M A U et ) 52 Mo £ A% My A A AR ASE A Ay v ) —
ANME R AR A B S 23 (R B 218 25 (A PR AR 0 2R o T2 B AT A B s Tl 1
PR (pairwise velocity moment generating function) G 5% . ANEEE AL
{ERSON G AT, AT RA SRS 221 1 TS 2 R B 21 4% 25 ] O e i 7 S MR 6 2%
o

41 HARE=

[ B £ 1% Wit AR AR A FR AR ) = R

1. 502 B A B 2085 23 [ [ B S 0> 70 i et AR 4t HL AR e s 1
LIRS 23 AR RO BR PR AU R LSS [P I n ORI R B [F] HE , T
A B SL 2 R FR A RS R BR R B o Z18 25 ) PR — RO ) A 1 2
2 B B ) R A RO R AR B2

2. HR R/ 25 P 5 W I I ARG AL , GX A TRl 2 BT 2
I Y — DBk

3. wlaRRERGWE A, WaSY iz BRI A dELer: DA R
fﬁiﬁ’@ E/\j?é:%[l60,168-170] .

W1 82 FITid . 2185 M AR AR G0 1 FI 2T 7% 28 [A) ) G K R Al Th 36 1% F T — &R 71
B AP E SHESRN S E. B, Sm RSO RS a B S RE E YR
TR T A (Moment) , 85 F1) FH IX SEHEAEAH 37 23 R H A 45 B G BSR4
ZIF5 23 R 3. Okumura et al. [72-7317E N {(REERH B T 45 CHE
TUHR, SRR BAEAE 2 = 0 I k ~ 0.2h/Mpc B z = 2 I k ~ 0.3h/Mpc 51 &
L2 R, 2 /TR E 6 M ARZ ST A s PO m e
s Ay DR g MR FE R (Cumulant Expansion) FRiSHE{TfEFF. Chen et
al. (1711 FH N AREEAAL R I 2= 2500 LA T A o LA A S i i, 4%
fah: M5 3 MM ESITHE RN, BRESDME T Mz ob, a7l
DUSRZE G ~ 1%; B2, BEE4MRitz G, 78 k> 0.2h/Mpe B ies



SBEVUEE O A A R % (PAIRWISE VELOCITY MOMENT GENERATING FUNCTION) {#/F 5%

ERE EFR AR — MOk, BUARIZLAS M AR T (1) B A TR RUE
HIE LR R Z e E—A p/ N RUEREPLIZ Bl3E ) Finger-of-God 200 ; (2) BY
A BHE IR IR A7, R AR S0 0 A R B R £ R ey 2 AR

FEATR, FAHR— LRI, FRHT X REBEAE LA =X R e
i FATERAYMIEUE . O TRS B IA B A (R B 2R A TR A9 s, BIRLE R R
JEGERIHIRY ZETHE IR L IEE JE R ? - Scoccimarro [651E 481 W], XMW SE 42
JEORT T AR BERR AL G Tt e A DA BRI T (1) Xt G W3z R U
JF? (2) FEIT e ZLORBE TLBT HO O R R 2

N T RIEGRESREE, BATEANTSE 7 AR LE R G X 2= o7 B A Z1 A% B
. FEEEA TAHAEXT G M TTEk. 7oh, FANTEDHTE 1 =i oA KA R Ak
AR O EERER AT RO G HIRZNR LA RCOR R B i 7 SR A 2 O L 25
JZ XS G HISZN o

411 BETINREMIHIFTEE

N §2 firid, AREE v AEF R AL ERSNEN T — 2B WA, 2o =
z+vyfa. IXE vy =v- 2 RAGHREAMETT R & _EREGE. I, 208 2SR
M2 2 AR A BB B S A B AR T :

X + vt X + Yl
X = X .
aH(z) aH(z)

Hrb, H(z) 24085 z RIS E MRLERIE, ek, REFSNA
HERHE v/ (aH) 1208 ve LI 2SR RBUR S AT LASRIR N

n*(s) =i(1+68°(8)) = > 63p (s = [Xa + Vi.afa]) - (4-2)

(4-1)

Hrp, 63p B =N R AL, o = 1,2,3,... NIrAFETEEINIZE R, STk
7% 0° BN AR HR U A] 7R A
ﬁw%m+xmd%wag]:Ejapak-ha+wﬂ@4). (4-3)

a

ZLRs SRR TR P (k) i R UE S

(6°(K)6*(K)) = (27)*63p (k + k) P* (k) . (4-4)
EIpYEEESE
i’V (P* (k) + (27)*63p(K)) = <Z eikuwﬁeik-r;ﬁ> . (4-5)
af
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EAHEE TIMETTI e Vap = Visa —Vige T = Xq —Xgo EIESEWMIREM T, L
R EERA R R W TR

P*(k) = J (((1 +01) (1+6,) ™) | — 1) ey (4-6)

Hrr, 6, = 0(x))(i=1,2), Y =x1—-X;, vp = V|\(X1) - V||(X2)o (e RN bE
N TR R R BREE

IREERT A AR Z LT RS W AR AR EE T A A5 RI4-6 5 At T AN
JZX. i, Scoccimarro [65], Taruya et al. [66], Zheng et al. [69-70], Seljak et al. [71],
Okumura et al. [72], Zhang et al. [87], Zheng et al. [144], Matsubara [172], Song et al.
[173]%

412 ETFXERBEHMAIOBHTERE
R T IR, 208 S [ B SR R At T IR A A T A T

1+&5(r = (ry,rL) :J (1 +E(r = (”I/I’n)))p(vlz ¥ = (rpr))dry,  (4-7)

Hrr, ry RE RN PRSI ARNI . p(vilr) @Ol AR5 © 428
PR30 A BRI

NEHA-THHE SR T IEHY o S8TT, FRIE EXT p(vi) BREMEXT B =, HERKIA
BAGENZSEACE AR KT 208, R SEBRagd R BOE I . B,
Scoccimarro [65], Fisher [77], Bianchi et al. [83], Cuesta-Lazaro et al. [84], Tinker [86],
Kuruvilla et al. [88], Sheth [174], Juszkiewicz et al. [175], Bianchi et al. [176]. &4 H]

A p(vi2) AT

413 BNEEEBERHSABBTEENIR
TC AL 23 R] () ) F 5 A2 IR R A, &R P O o B ) B R B e 1)
((1+6)(1+8)e™Mm)
1+&(r) ’
Hrp, &(r) = (6162) RESLA R RS . G 2 O T B HY A RE R AT
T CIER -

(4-8)

G(ky,r) =

my _ ((+6)(1+0)v) "G
(viz) = T+209) 6(lk||) - ,m>1. (4-9)
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SBEVUEE O A A R % (PAIRWISE VELOCITY MOMENT GENERATING FUNCTION) {#/F 5%

T BB AR 2R, FERER] LhE A0k S

<Z af exp(ik” Vaﬁ))raﬁ:r
<Zaﬁ>raﬁzr

B, RGP T A RGN tep —r FIERXT 2 r — o B, B RXHYZ
SIESUSEREEN

G(ky.r) = (4-10)

G(ky,r — o) = Gy, = (1) (4-11)
IHF, G >0, Xt FoG & 1441,
JISOR T ) R R BSORT 21 Wt AR AR PR A e T e R . AR E Y
AT
« TE. G HEEE T RP R IIERE:

P*(K) :J [(1 +§(/)) Glkp.r) - 1] e & . 4-12)

LR, G PUE T O EERIBER A pR A, HEIMTERGE T 2048 25 ] Ry SR Bk
R

Ed\bﬂi

o dk
pvia|x) = J G(k||,r)e‘k”V‘22—7T” ) (4-13)

o FiRK AAE Scoccimarro [65]H 7 Nl AT —2HE L T — MR
GRS Pk, r) e EARA-1200 0 FER LA [ exp(-ik, -
r,)d’k, /(2n)*, WLASE],

P%kmrl)=J.U1+§Oﬂ)G(hpr)—l]ék’dnp (4-14)

XA RBEARSCHR R A, AR, HESALIF A (1) B, Gk =
0) =1, HP(ky=0,r1) = [JErr)dry =wy(ri)e BMELHA &y = 0
I, Z N2 LR AR IR, H A S TR R R R w, e BRI
AL R R BIAE b # 0 BUAErp i P* (k) ATX iR, (HR R &
ANEAGF R, €5 (ry, o) R NIEZS R I RS % 2R W AR 15
Mo (2) FEMAELFRE G Z2IMA B AR, e Ei A R R E
By, ALTEXT ry BETRS. (3) FEMIGH, % P DU B AR PR A
HRIM Ko 1SS HR R BORT ARG ) A0 38 R 0 B8 LA S A28 7 171 A8 A0 7y >R HY 7]
o

@ R RIKEREL wp (ro) IFE ORI wy, (r) [roe
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RS S R
42 WARGE
4.2.1 RBIMEEHFEBRHERFARENERFF

G Hag—RIUR: B HBM TR EEURIT, Al LIGE— REHA PR SR
JeIT 280 X8, JRIFRT U LR RIT . al LUZ SRR I T

42.1.1 SEEFT
MR RN G MRS REURTT
m— <v2m m
wanzl—;;en I@ﬁﬁ%
' . <v2m—1 .
+z;;(—l) l(zéﬁ_lﬂkﬁ 1

=1+ i<V12>k” — %(Vﬂ}kﬁ
1 1
—~ gi(vf2>kﬁ-+ §Z<v12>kﬁ-+--- . (4-15)
IS A- 1SS BT BN IR FE RS AL (Vi) (m = 1,2,3,..0) o FIHEUEESL,

FANTRT AR A B TR B AR SR A DTk, AT RS AE LS B AR AR e
IVASTZSE RN gV

4212 ZEfHEEAF

NAA-ISTEAR G ME— T U=, ATt il LIXS In(G) AT 2 B 2EURIT -
MRS F T AR B 1 SO T B BB (vi)e(m = 1,2, 3, ) o Scoccimarro [65]45
tH In(G) 2 RPUEAFREL (HIFARS HHRIT R BON RPUERGIE . BHIERLIT .

EN—MEEY y, e

y=In(1+6)—{In(1+9)) . (4-16)
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SEDURE o) B £ R T (PAIRWISE VELOCITY MOMENT GENERATING FUNCTION) [(F5¢

S A =ik, 157

((1+061)(1+62) exp(dvia))
((1+6))(1+062))

_(exp [(y1+y2) + Avia])

- <(1+5)(1+52)>

[§S<Gyrhm)+ﬂmﬁ »]

n>2

G(d|r)=

— exp [Z Cmm—(‘r)a’"] . 4-17)

m>1

Hep, REITRECHN

n-m m

R Z cr- m((yl"'yz)

n! 1+£&(r) (4-18)

n>2,n>m
A, BRI RECGHAE LT R R

c1=(vi2) = (viz)e >
cr=((via - 01)2> = <V%2>c )
c3={((via - C1)3> = (V?2>c )

ca={(via =)y =3H(via—c1)?) = (VDo .o (4-19)

WY, I AR EL o RO ERY FRBUR (Vi) o N IH B B RELE BRI Y
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BRSPS
4.2.2 ARINEERIDHE

UNHTAINIA . 73k )RR B R AR JOS o BE MR AT BRI, [ 2 9k TF
2 IR BABUE S AR O R A iR A BI04 (Reid et al.
[78]) B4 A (Sheth [174]) o M IEFA OIS =T M FER ALY . L
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pe(v) = exp(—v?/20%) . (4-21)

exp(—V2[v| /o) , (4-22)

pe(v) =

2
20'g

HA1, o 5 J2 ORI L i AR U0 A o3 A TR B SR, PIETR L R R og+og = 02
Xof A 57 AR 4y

1
© = exp(-03k*/2) , & =

B 4-23
oZk?/2+1 ( )

g HEm i s SR EUs o M s, AR AR LAE
G ~Z%(0¢)8(0%) . (4-24)

FE_ESRBR ST 4B R AU E S Im(G) = 00 @R SHEEURSM He il e s
T HERFER AT Re(G) (9 LRI

Wit , Zhang etal. [8THRAE T —Fh ARSI S ISR ARSI 4>
ERZARSY Vs Ve, DR vso B, v REREEG RIS o FEARMER T k < ke
(FHR NL 13244 non-linear) 2 E S 4F . 35 E T/ NS0 JE Lt 35
b, IS/ NRFEEWIT N AT vs, BN vs LULETERSS va JEAETE
ZelE REEEWT =2, HJG R 1 S04 Zheng et al. [144175 N (KRl
WA T iREES . fEAEE R, FRAOTRIL T ARSI . AT H S A
A BRI Vs, B HARBENLASS (Zhang etal. (871711 v +vs) o AT
M ERR L5 S S BRRCIETA S BT v(x) = vE(x) + VS (x)o 7EAE 23]
" H(2)5(K)W (k)

vE(k) = —i % k. (4-25)
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Set ID Mass Range (M) N, /10*
Al(z=0.0) > 10 37.70 8.66
z=05 > 10 30.03 6.70
z=1.0 > 10 23.77 4.30
z=15 > 10 20.39 2.53
A2(z=0.0) 1-10 2.67 69.23
z=0.5 1-10 2.61 66.88
z=1.0 1-10 2.51 59.86
z=15 1-10 2.41 50.49
A3(z=0.0) 0.1-1 0.27  506.14
z=0.5 0.1-1 0.27  523.57
z=1.0 0.1-1 026  527.22
z=15 0.1-1 0.26  508.97

& 4-1 J6610 & =40 R R S 20948 % A%k, B F8i5Hh 10%My/he (M) H-FH 8%k
:%o Nh %iiéﬂq’ﬂ%ié&ia o

X T R AN P o)
W(k) = o) (4-26)
Hb, 0=-V v E2ARINELIHE . WEEERERT LIRR N
G- (1 +61)(1 +62) exp (ikyv))
B 1+&(r)
_ ((1 + 51)(1 + 52) exp (ik”vL) exp (ik”vs)) ' (4_27)
1+&(r)

MR T 0 R BOE S A, % LS S W BB, ML R R
InG =InGt +InG® . (4-28)

RATH G- ROZ BRI 111 G B . I A 424548
428, B TAT LA R R

4.2.3 H{EHEHM

FATFIFH CosmicGrowth HUEALINTHE T AE ky M (ry,ro) W, FEFREL G
LR R RITIE R (A4-1554-20) [9JRIF 25 FATER T =dHa T A/NA
Lyox = 600Mpc/h INEUEREAL (2 WK 1-54 WMAP_3072_600) . jX =B
KT HESEIARET #2258 (2 05818 1-4 WMAP ACDM) . A 1H4 1%
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ki) (PIPr (PIPMr (29
T HE ) T A AN

vy = o C M (=) pp5 ") _ (4-30)
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H/NREARZERE RN, R AL RS G ST A2 (B2, HT Al FPiFER
BHWAD T — A8, IR g R th R, MR, A3 BURSEERS LT A2,
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Ro T, XEEERIR 2= 0 BRI, DEMNBZ R 2= 1 RHRIEN
XFEC e XFTRAZMHER &, FATRY FARZ AL 28 P AR RE ST IR BRI RE ST
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TR, ETTHESAMNE G 8953 1 -Re(G) AEEH Im(G). A& T B2 8% 4RI
BEBRERIT. HIFLEABIHAEMAEN SR OEFRE, REEA I MRIIF 8
Tr AR (B NBAAAR BN SE I X3 NR LTy #)) 0 W B A ST A AT R AT HE (i)™ RERE
i)l BE#—F AR NER Lb, BEXEITEm=10EK), 2(5%£3), FXETE
m=30EH), 4(FEHR)o —ANTZRARERRERLIT BF I TLERIT o ALEAR KR L6 1
AT, k<0.1h/Mpc B LA RIF LN . LT 3INRANE, REZSAIALK Z I F i
18, & k <0.2h/Mpc BF#R A Fo Lo, FF rp 2 20Mpe/h, RREEMGTEETRE
F| k ~0.4h/Mpco | T v & —v AL, B3R (ImG) £ ry=0 669444 0, B X 2%
Figure 4-1 The pairwise velocity generating function G at z = 0, for the halo set A2
(10My/h < M < 10'3M,/h). Data points (with errorbars) are directly measured from the 3
simulation realizations and the errorbars are r.m.s of the 9 independent measurements (3 simulation
realization X three directions). Top/bottom panels correspond to the real/imaginary part of G
respectively. Left/right panels correspond to the results of moment/cumulant expansions. The dash
lines cut off at the leading order terms ((v}f),(v}f)c), while the solid lines include the

next-to-leading order terms ((v1 234y vy 1234y

). The major finding is that the cumulant expansion
works significantly better than the moment expansion. The leading order approximation is excellent
at k < 0.1h/Mpc. Including (v3' 1> » the cumulant expansion is excellent at k < 0.2//Mpc for all
(r), r.) configurations. Furthermore, for r| > 20Mpc/h, it is excellent to k ~ 0.4h/Mpc. Bottome
panels (ImG) does not show the configurations with r| = 0, for which ImG=0 due to the v|| & —v|,

symmetry.
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Figure 4-2 Similar to Fig. 4-1 but for redshift z ~ 1.
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B 43 ERIF/RBRERITT R HMZ ko Ry = (v]))/[(vi2) K& Rapp = (V) /(v]y) e X F AME R B
TR P R KFRAAAAR KA T M, T REREEF, G EHHA Ry A
Ripco XLERMBET AT ALLEF R BT AP ERHERA KR, LEHET AH 2 ER
TR I E LR TR I E AT
Figure 4-3 Rs;; = (v},)/(v12) and Ry)> = (v,)/{v3,). These two determine the relative importance
of the next-to-leading order terms in the moment expansion. For the cumulant expansion, the
corresponding quantities are Rj;; . and R4, . respectively. These results explain the necessity of
including the next-to-leading terms in the generation function (and RSD). They also expalin why the

cumulant expansion is better than the moment expansion.
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Figure 44 Accuracies of the moment expansion (left panels) and cumulant expansion (right panels)
of the pairwise velocity generating function G at k = 0.2h/Mpc. Both expansions keep the
next-to-leading order terms, namely include all k|1|’2’3’4terms. Top (bottom) panels are the results of
real(imaginary) part of G. This comparison clearly shows that the cumulant expansion works
significantly better than the moment expansion. It achieves |AG| < 0.01 for all configurations of
r.,r). For brevity, we only show the comparison for the halo mass bin A2 at z = 0. Results of other

mass bins and redshifts are similar.
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Figure 4-5 Similar to Fig. 4-4, but only for the cumulant expansion at two different k; = 0.34/Mpc
and 0.4h/Mpc.
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Figure 4-6 Similar to Fig. 4-5, but for the two different halo catalogs Al and A3 at fixed
k” = O2h/Mpc
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Figure 4-7 upper: The integral kernel Q(G) for halo set A2 at z = 0 (Lh.s) and z = 1 (r:h.s). lower:

residuals for the two different approaches.
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Figure 4-8 Test for Eq. 4-24. The upper edge is Gaussian distribution limit (07 = 0,0 = 0), the

lower edge is exponential distribution limit(o; = 02,03 = 0).

4978 T z =0 I, FIH N ARBAERLDIN SR w2 Fos EETh 3%, LARAR
A RTI4TN S _E SO A e 4
Yo B EERBO RN R EGE E SRR BENL o B R NE#EE o, IF
TER G AT T o 41020 42850 ERY 25 5 . 24 GH 5 GO se iy, Sk
ZInG" +InG® HEL InG PN SE 25, SLprgs R AR R 2, 1]
FEA FESR R S RIS Z RAF ARSI, Rl A B NG RUEE (I rh 2L 5
TR -

F4-11E7R 1 2 =0 i, FIH A3 AR 2R In G /R ry AYBREG IXHLH
FET =00 ZFrLMEIR A3 RIEEAGE RO T/ N s 2, Gz 3l o0
ZU, NIEEHLS > 2 Al 5 A2 BN . 455 RE0R, BEPLS LS RETE R
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#%2z=0. B A =kP(k)/(21%),
Figure 4-9 The dark matter power spectrum for peculiar velocity, deterministic component and

stochastic component at z = 0. A> = k3P (k)/(2n?).

1.2 T T T
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[ry,r.1=1[50,0]
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0.0 z=0.00, hA2 -
0.0 011 012 013 014 0.0 0.1 012 013 0.4
ky [h Mpc~!] ky [h Mpc™!]

[ 4-10 2 EoeEMOESRR. FTZ2EEXZHULIFRELZG M2 In(G). FEREIK
#EA MG +InGS, A, GY R G RAVAR AN EGE, BT O T/H. BA
R ABENBALBE P T H 17269 InG,

Figure 4-10 Test for Eq. 4-28. Notice the vertical axis here is no longer about G but In G. The solid
lines with data points are In G- + In G5, where G* and G5 is measured from simulation using the

velocity decomposition method. The dashed lines are In G directly measured from simulation.
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SEDURE o) B £ R T (PAIRWISE VELOCITY MOMENT GENERATING FUNCTION) [(F5¢

T T T T 0.05

T T L] T L |
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0141 >-0.00, r, =0, hA3
012k | 0.04 L ky=0.10 == k; =0.25 |
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> ~ 0.03
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= o—o'oowm-oq)@,oc g 0.02} ]
x 0.06 - E
' 0.0af . 0.01r N
0.00 P—0~0-000-0000-000-000-0C
I PR | PR | —0.01 PR | P |
100 10! 102 100 10! 102
ry [Mpc h=1] ri [Mpc h™1]

B 411 K7k B b AL 69 422 % 4o

Figure 4-11 The moment generating function for stochastic component.
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%K. Re(InGy) # 0 EIAAERXF AT, VLR P AR SR . X
THER Im(InGs), Quh—+¢, HAMS RIETC HEUE ~ 0,

14 SRSt

FEIXATAET . A5 T REEF R B PR T 5 20 R M R B T
AT -
1. KPR IR T U R I 2 AN A 208 TR R B T2 e T o
2. £ k < 0.1h/Mpc HIREE, LIRS M2 P (LR 65 n = 1,2 R SR
3. /£ k ~ 0.2h/Mpe IR, W% & n = 1,2,3,4 Brg = flie. H5E T
n=1234 s RPN, ERaZ R Pk, r) |, BB
JEIT I U T AT T o
RSO O T MR AT PR A ST e, IR A bR BN AT T RE R =
DTSRRI G o G Rt D R U k < 0.1h/Mpe (Y RUE
LR A8 k ~0.2h/Mpe B RUEE L, ST O EERER 0 AT R p(vi2)
Y RIAS o] AR st oA i, Aol DR PR R0 i ik . 2D aiid i
BET TR RIS E T, R R B R ORI o K BRI 0 2 Rl /N R A
FERIC, MEENLA Y Z R A T s
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N T BATXLEE LB AT AN TR T LI R AR ARSI Bl A 1
25 IR TART Bt — BT 5T o I X FE AR BRI ST . FRAT T [ B ek
AR LI I AR, BOZ A B SR R ZE T 5o 300, FATETTE 118
LR T JEE M3 A R BN S o A B RO A I, TR R SRR & PR K R]
Sefhe HIZ . RPN B R A R B S BEARAE LI AL Tl 2 rh— B —
AT ARDAIMERL , T IR T A2 S RIT R ((vi2) 5 (vio)e) ZTH]
BUER ARV EEHTIR . 370, A TREBA RIS SEEs ML T IR . X RG2S (A]
FRIZETHE P (kg ro) e B TSC R TTSL. IMARSCRET 5 B O R ARAE T
XA R RE R L, SRR B T ORI O B R BORE R R . 2
AA- 14RO FR Y, SRR AR, ATLICR ] FFTLog J5i&M. 3k
TR AE 5 22 AR e 2D FTS O 3R AR A R A, FF5E B P (kg r1) o
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i SN RN A9

FRE FY;MBEMVRFIRIIERE

21 R M AR AL S O HE LA SRR T A P AR R AR E R Rl Ansh PO =,
AT T B LA R BI LR 23 B AR Lt HAREBE T =5, 1T
TUREMA S Y BURIARLANE OC R A R R A AR D8 R 3B PRER, P dhity
R ARG AL B 2P INK T X LLAS M A O R PR REJEE o ALt I AR TR B 2
JEZerE I E B A RIS Wik, Bg B LU LS S ik B
225 [ SR IC R A T R R R IR Sl BE (R 5 BRI R A7 i 2o AT, 3.
TR LS 23 [0) “ZE DR TE UL, a FITR A > AR 2 AR Sl B Y B 7

51 iIxE=
511 HBEIE/N

N THRE (Artificial Intelligence) /54—~ Lll A 44 R E N A AW FE4T0RT LA
B A 1950 A HRIHLERE IR N TRRERF-BL, 200 TPl A
Je, 7R TG MAMZESERE . B 1970 SRR, N DR REE LT AR
S WA BRI AT S, T RIE R AR o ST OB 0 B KR IO —
SLEBTFEGTE . B 1990 FRTFAR, 454 T ELIC R VAR A fre LUK B 745 5 A R
MR, Hlgee T HIGRT T8R XitlarsE T RYE =z 51 H Mitchell [178]1
H—Eidh :

A computer program is said to learn from experience E with respect to some
task T and some performance measure P, if its performance on T, as measured

by P, improves with experience E

B, TSRS AT LA 28 b ST A 2 A 3R — 1155 B3

Hlar s I H Y T LA LSRRI : (1) 79 2[R0 0 Sl i H 25 R N
' A CH, B BEZ . () SRR R MR R AR,
R ARATIG A XU S o (3) BTV TR 5y Y 25 RN RS A E I, (8
BV (4) RS SRR MBHEIRAETC I E A I, SRR T I 4K
HAEERTE . BURRE M. O) MLl fEamtbar >, Hhirth A5 R f
2p > a8l FRFp il s SEACKERIL, a2 21 AlphaGo. E5-1g7R THL
e AWM EE 2. HRE LI A e, T2, FlEy], o
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Machine Learning types and algorithms

Supervised Unsupervised Semi-supervised Reinforcement Deen Learnin
Learning Learning Learning Learning P g
Regression Clustering Self Training Dynamlc‘ CNN
Programming
q q q ([ Low Density ]
Classification Dlmensml.lallty Separation Monte Carlo RNN
Reduction Methods
Models
Graph Based Heuristic
Algorithms Methods

B 5-1 MLEF ik £,

Figure 5—-1 Types and algorithms of machine learning!!”!,

W3, MRES 2% BT, WEY @G P i sk e —. frid
“URIE”, RIBEMEME A RLZERZ.

w4, Hlasd > Bam i TAL &AL i Tl BAES 4
L ONIEGN B2 AERSCFAIE, Aldss SRS 17T =2 . 4l
. B AR E SR EERAL (He et al. [62], Chen et al. [64], Xu et al. [180],
Kodi Ramanah et al. [181], Alves de Oliveira et al. [182]) ; A jkilE 4. &2 ZFEA mock
(Rodriguez et al. [183], Kodi Ramanah et al. [184], Kasmanoff et al. [185]) ; B f2PR
FH{2%¥2%0 (Ravanbakhsh et al. [186], Ntampaka et al. [187], Pan et al. [188]) 2@,

AR, FATXER RG], DSR2 th A H AR et A AR E i[RI

512 ZABKRETHRAELESIEEEIEE

WNETSCRTE . ARL R AR R T, T B RE U 5 PR e SR E
BRI A K. BRI R R A S AR AR S AR s HO2
WAL RYARLNE . R, YENVPI B R B2 2 AR s = s AR et 254
WA G FAEE RN WMEI R LA EFTA [ 2 AT sl 2 ge i1 77 5
HE S g O £ W A AT 4 TR

M Z5e 55 % 4% DESI, PFS, Euclid 5555 PUAC K 55 T AT RE R K I0H HY 3%
71, T BRI AR LS e A AR s ARME CRUERS L, BB i TR R 20
Mt T BT B L EE LA T BN, R PER R Iie A
k ~0.2h/Mpc IIAE] 1% HIAS L, LI MR AR AR 22 /DA, SR B 28 4 B AR Sl JEE

(D https://github.com/georgestein/ml-in-cosmology
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HIGEHHR . XFRAERO AR B R R P A 2 6 I et i, HOt R R
REAATHE LA NFESZ o IR STl i He 2 R M4, AEALHAS 2R A AR St )
A_EA BERIICS . ONE R B FRR AL T — Pl BERY &2

52 MARAE

SEBR AR, BAATRT DA 22085 25 R] b 2 AR ) 4B SR BRI R £5, (r s ) (B 1=
5), BUHELIRIE Py, (ko ky)o MATFELLRS 23 [ e B L R 25 1) S MR T 2 &
ARSI o T4 0 A A B B B S e 1 S A B R PR o 152 W oA Bl ik
HIZHR Sl 2] 7 45 fose R, FRATTEETRY HARE M2 R —4E D)
A Py (ku, ky) TR TR S A T, Pog(k)o Hip, 6 =V -v/(aH)
AR Ey A E R R -

Real space power spectrum Redshift space power spectrum
0.46 FF T T 5 0.46 5.0
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) | = 3.5 5
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= 0.16 E = 0.16 3.0
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B5-2 aBwm By ARTMSaB M hRshFiEe R RRMA KR, 2B =0,
Figure 5-2 The non-linear and non-local mapping between real space and redshift space in RSD at
redshift z = 0.

IS 2 8 T LTRSS 25 T B2 I 5 21 2 B i ) A e 5 4 s s
%K. FENHESEE YR, WS, ANCRBEREE. HTA
T v I, RS TRRR R A T . ME LA,
F FoG A, AHEARILT 7E/ MR LR T Kaiser 057, Tk
AR s, T LR CUM AT T, T LAA K BTS2 R o i
P(kI) = P(k,) = P*(ky, ky = 0 [ELH, SEBRALIIC , 2T 2SI ThZR T PS, (K 1, k)
PSS Pog (k) B BRI, — 4922 FEHD ARSI v g, —
YT R 2SS PS, (K, Ky) SRS TR Pog (k) FE1EMN F U R

Poo(k) = fp(Pgg (ki ky)) (5-1)



Hrp, 25800 REE X RHE
AT NG SR T M 2% (Conditional Generative Adversarial Net-
work, CGAN), (KL 2T 1o

521 FHERIHRYE

Goodfellow et al. [189]#2 H T 2E X Hti 2 (GAN), I LA /DAl 42 I 45 1Y
S FHZEEL RRIETHINGRCR . GAN B AN & il A RA L2 > S Y B B
KRB —o B, 18 GAN HUEERl B A& @ T RS AT MZ S5, T2
T I GAN %Y, Mirza et al. [1901#2 H 7 5444 BT HIM 4% (CGAN), Isola
et al. [I91TF ISR e 48 A g T — B UG A s, pix2pix, AT LARAEZE ERY
FFIE AR ORT B Y 45 . Zhu et al. [192]2403F | pix2pix BY&YE, #2H T CycleGAN [¥]
Yo AEANTTERENG AT OGS VCECHIE O T, AT AR e a8 R ARSCERT
X} pix2pix FE M AAL , AHECRT DAS T b SCHE HH A 2108 i A% )

Real Images »| Discriminator |
A i)
%
3 1 -g
S ! =
4 Condition - -=-=J =
- 5
: - g
R=| ; g
f--TTTTTTT° ) A
—» Generator | —p! Fake Images |
L J

B 5-3 kA AT R 425

Figure 5-3 Conditional Generative Adversarial Network.

B5-3 R T 5T P B AR ZE /Y . GAN 5l N HH L <300 19
R Y A2 i (Generator) 5331 4% (Discriminator) . A& s HAEH 2 AE45 & —
HRBERLIA & 2 B, AR RO HARES x IR G (2) o FIRIER VR FE X 40 2E e i
B SN GER ELEG L R 25, I AR s a2 S T A DAL
W T FH AR R, RETC 4524 GAN 11 H bR efi%L (objective function)
AT LASRIR A

arg mgn max Zoan(G, D) =E,[logD(x)] +E,[log(1 — D(G(2)))] . (5-2)

(D GAN ZFJf&: https://github.com/hindupuravinash/the-gan-zoo
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Hrf, argmin/max f(x) #8024 () B/ MECRERE, SRIRSHL x 19{E. B %
TRHUEHIM . D(x) FoRHNN x BRI ISR o R RIES AR 1)
HBH. 4 Bullog D(0)] + Bullog(l - DGEN] FAM (maxp) o ik,
I RO I H S 2, i AR R 24, 4 B log(1 - D(G(2)))]
FoME (ming) o 7ESEBRIIZRAE AR, W A% EIRUEETRIE, R4
E.[log D(G(2)] FAfk.

1 LA A A S BRSO 2T S v AT AR 55 46 GAN B
WAL B o BT, B BREE RN

arg min max Zeaan(G, D) = Ex,y[log D(x[y)] +E.,, [log(1 = DG ()] . (5-3)

FEFRATTHY I, ZYREEAF N " AELIR 2SR TR0, P* (ko ky) o 2R A% o — 4k
B EIETE Poo(ko, k) o

X identity

RelLu

Relu

Jake| 1ybrom
Jake| ybBiam

|
|
-

Fl@)  Fla)+a e y|=

B 54 AREHMLLEHN. £M A ResNet 5 — A 219 241 2 U-net'™

Figure 5—4 The architectures of the generator. 1.h.s is the ResNet!'*?!, r.h.s is the U-net!!*4l.

A s S A T M I R S R . RTINS FROTR A RN 2 2
PRI (CNN)o XA, BATZGL T FMANEI RS 45 . 185408
TSR I PR AL R M 28 454, 53308 ResNet! > L U-net! ™4

ResNet  {EVRJE2A )b, (G HIAHE 4500t 22 2 B ReHE S H AR R BGH T
A SEEMANEYT E— 20 . Be b, S MESEEEM, 1%
RN YT EL R /D SR E MR o (HSLPRR ES, AL B IR M2 A
Zib I T IRME IS . A T SfifiX— (A, Heetal. [193142 H T 5%k Z M %% (ResNet)
45t A ResNet H1, ResNet [ —ERITE S R RHE S RIVIRZE F (0)o 4
BN OB, T AESEMES, IR TG A BRI S
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BRSNS N TR R

U-net Ronneberger et al. [194]32 1 T H T B B9 E1 1 U-net W28 45H o
U-net 154 T H M LG5I AR . FEEHEER /N B —EH

M BRI LAE H, CGAN HY YIRS A] LG 25

F =, EaEREG Gzly): Fas s BCESEEE R D (xly) s A HAReR
¥ arg maxp Logan(G, D)o

=%, BEUEFRGHSEL NGERE . RGN, AMUFFEAE
gERRATLL “ORid” FIRRS, TR EAS R RIEL Bings R Bk, FEAmGE
PRERER, FRE T IS AR EE R S HARES SR L1 FEE:

Z11(G) = By, [llx = G(zly)[h] - (5-4)

ﬂjhﬁﬂ'“ > aﬁ%’%/ﬁt/ﬁt El/:] E ﬁ?l%l%z”}fﬁi} arg miIlG maxp gCGAN + /lng (G) o :/H\:EFI oA j{j%i—\‘
L1 A E 250 (hyper parameter) , 1% 5E A = 100,
ZJa, HEE—F, EEXMN . @ EER, B HREEUSCH IE .

5.2.2 HFEEW
AT T PR E AL R AR il a5

CosmicGrowth ZEAL  FAMEH 7 12 4 CosmicGrowth ZUEBHL. X 12
HABUERALYIR T T WMAP FRiEFH 7280 Hdr, Py J6411/6412, i1
HH N, = 1024°, & 1K/NA 1200Mpe/h. 734404 16511-6520, Hi7%0H
N, = 1024°, &7Hk/INA 600Mpe/h. 1 16411/6412 H1, FATIEE T 20 M40 #, 4
B4 z = [0.0, 0.086, 0.176, 0.274, 0.382, 0.501, 0.625, 0.762, 0.911, 1.074, 1.25, 1.45,
1.653, 1.879,2.13,2.411,2.702, 3.02, 3.777, 4.668]. 1F J651-J6520 1, F( TEH T 24
ANTH, 43514 z =[0.0, 0.054, 0.109, 0.168, 0.229, 0.295, 0.363, 0.435, 0.512, 0.591,
0.677, 0.764, 0.858, 0.957, 1.06, 1.17, 1.284, 1.406, 1.536, 1.67, 2.282, 3.479, 5.093,
7.2951.

i FoF BA158]. 55K b = 0.2 ki PIgEEs . R a1k 7 IER
R FRATE LR R4 BB T =4, 4 3bRich Al A2, LUK B (WL
F5-1)0 50, TS 2R AL = B0 AL, BIILTELLRS z = [3.479,5.093,7.295]
R ZEN N R V6

Gadget ZEBH & CosmicGrowth 4b, FRATIAMIH T 100 24 Gadget £ {F L
Pho X Gadget HUEMA, FATER T 11 DL, 45410 z =00, 0.1, 0.3, 0.5,
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MO M

Set  Mass range

Al M, > 103My/h
A2 102My/h < M, < 103My/h
B M, >102M/h

# 5-1 CosmicGrowth ¥ =48 R ) fi & 6985 .

Table 5-1 Three halo sets with different mass ranges.

0.7,09, 1.1, 1.3, 1.5, 1.7, 1.91c HF 228 PASIZ A A8 5-20 FRATMUAE
Gadget ZUE A A RSP UKL 720308 o

parameter physical meaning value

Ay amplitude of primordial (scalar) power spectrum 2.38 x 1077
Qn present fractional matter density 0.3132

Qp 1-Q, 0.6868

Qp present fractional baryon density 0.049

h Hy/(100 km s~'Mpc~1) 0.6731

ng primordial power spectral index 0.9655

o r.m.s. linear density fluctuation 0.829

N, effective number of neutrino species 3.046

Lo simulation box size 1890 h/Mpc
N, simulation particle number 10243

m, simulation particle mass 5.46 x 10" A= M,
Nonap number of output snapshots 13

Zini redshift when simulation starts 49.0

Zfinal redshift when simulation finishes 0.0

4 5-2 Gadget HAEAEM A K
Table 5-2 The parameters and technical specifications of the N-body simulations for Gadget

simulations.

FATTAE F fe 3 A% iU WRAR Y 7 AR A% T AT IR R E SN, X
J6411/6412 & Gadget UEARL, FRATRH T 1024% #5550, % J6511-16520,
TRAUMRTE /N, AR T 512° 48 fi% R BES . FRAME AP
AT 2 AELI RS 23 [ B L DG S (ko, ky) o ZISAEEE R A 8# | shot noiseo X
TR BUEAAL, #RAT AR 3 ANz Ty TR 3 4B a5 R,



ST AR S R TR

P T Pog (k). N =Tk, AR AR A
TR o RS, ORI T I, % B e L F45 5 . o CAMB
VRPN, SRR B AR R AR S T
LIRS, K, 15 ky BRI BN ki = 0.08/Mpe, B IHHG Ak =
0.03h/Mpc. F415E Ny = 16 PEHERS, R knax = 0.487/Mpc,

P78 16 X 16 [ ARG, Bl DO PTG BT . B35 32 x 32
e VI . RS NSRS [P 5, Pool o AEMEHAOM N LIRS 25 ) 3
Y HEENF Py WA SRR TR Pog o FIBIE A AR . SRR
LA B T3 P HEFTLLAL.

523 HEp#EE

IV ESQIoE R VRS K- NI E N 6= s e e (W2 ) S oS 17 ST
DA T X BB LR T (T B AR 8, RIBUE 22 RO RE ARl . BT IR T
LB, AT AE AR A AR O o 20X 4 /i o £
LM v — (L+e)vy, FATAT LT RIHT A LIRS =5 [ HoRL /I =204 o 7]
HEB AL AT T AT 2 ZELT RS 23 () D838 F X Ry ) 2 P ik 2 T 256 3%
NAZA (1 +€)*Pggo HIL, GBIEIEHUNERY €, BIE_EIRATA LIS 2ITES5
ZHFEARR . ASGERELT 10 AR e ., 2404 € =[1.0, 0.8, 0.6, 0.4,
0.2,0.0,-0.2,-0.4,-0.6,-0.8]o FEARH, = € =0, XFRATL:HIRAA L
4]
2. Hk, BATTA] DAL = R B0 B BERLAY /N Avo AT SC
FIrid . BT IINES Av 288 /0N, R R3S AR R A 0o IR, —
LT R 23 A R Xt B ) 2 M B R Y S PR FF A . A Tis HZTT
BRI ZE I 2R i Y A AR o SEBR R, AT RS v/ aH
PRI AT ~ N(u=0,02 = 1),
G DL EWIR T, FRATRIH J6511-36520 4 % 1 %% Him A T AU E A5 H
HIREARZ I o e S B R A LR HE 53

53 ZERESH

FAMEH J6511-76520 {EAIIZ5EE, J6411/6412 5 Gadget ZU{EAILLE RAE A
M. 2 AR NGAERASC Y R, AN A& 2=, X CGAN #1477
g, ML 7R ResNet 42 i #e 55 U-net 2B iR 238 PELL, HL, R
7~ ResNet /A2 g i ey 25
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5.3.

ky [h Mpc1]

ky [h Mpc1]

1 IR AR R R 4R

0.46

CosmicGrowth DM set Al setA2 setB
Simulation 712 660 690 690
Rescaled 6 600 6300 6300 -
Generated 6 600 6 300 6300 6300
Total 13912 13260 13290 6990

# 5-3 #) )8 J6511-J6520 & s b9 4 A%k B %iits
Table 5-3 Number of the generated samples from J6511-J6520.

input

z=0 DM J6412

0.16

0.16

0.46
0.46

0.46

0.16 0.16
ki [h Mpc™1]

z=1.25 DM J6412

0.16

0.46
0.46

0.16 0.16
ky [h Mpc™1]

0.46

0.46

0.46

0.16

0.16

0.46
0.46

0.46

0.46
0.46

real

0.16 0.16
ky [h Mpc™1]

0.16 0.16
ky [h Mpc™]

0.46

0.46

output

0.46

0.16

0.16

0.46
0.46 0.16 0.16 0.46

ki [h Mpc™!]

0.46

0.46
0.46 0.16 0.16

ky [h Mpc™!]

B 5-5 | AR A A B 4 R Bt 2+ CosmicGrowth J6412 49X 25 %o NAEZEE S A —4Yisr
BEREE, AT RHREDFE, UREREWBO AR A FiE, L THAETH
SRR A 7 =0 & 1.25,

Figure 5-5 The testing results for J6412. The training set only contains the power spectrum of dark

matter. The top/bottom panels correspond to z = 0 and 1.25 respectively.

FATE S T ISR SO RGP U HS5 R . B5-5 K568/ 1 J6412
Gadget HURABANMIAL KA —ZEE R . WA D HIN LR SRR E, B
SCHIARBE LT  LLRE il i H O ARSI LT3 o BAT 1o BIEH T P
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BT RS LA S 2 TR

input real output

0.46 0.46 0.46

T 0.16 0.16 0.16
Q
o
=
=
S 016 0.16 0.16
0.46 0.46 0.46
0.46 0.16 0.16 0.46 0.46 0.16 0.16 0.46 0.46 0.16 0.16 0.46
ki [h Mpc™?] ki [h Mpc™] ky [h Mpc™!]
0.46 0.46 0.46
z=1.3 DM Gadget
< 0.16 0.16 0.16
(6]
o
=
=
016 0.16 0.16
0.46 0.46 0.46
0.46 0.16 0.16 0.46 0.46 0.16 0.16 0.46 0.46 0.16 0.16 0.46

ki [h Mpc™] ki [h Mpc™] ky [h Mpc™!]

B 5-6 5E5-5KM, XZR Gadget HAAE M AN X R, £ T AHETE LR A5
= O & 13 o
Figure 5-6 Similar to 5-5 but for the tesing results of Gadget simulation, and the top/bottom panels

correspond to z = 0 and 1.3 respectively.

2I8%, z=0 LUK 2z~ 1.3 ARSI EIRIERN 25 R R BS-ThoR 178 4l
JEDERRFE AT N — AR RS R 20N J6412 R gIAEE R, A °4 Gadget
MR LN A, AL AR WEPrTEVE 2], RO A
FHIF 5/ A 250 J6412 RIL BT o 174 Gadget UEBLL, £AAAEIRVE I 2 o
FIb, X 16412 FIMIK S RIE RoR, MHESHE, EE R ARG E T IRk
g, HARTHIR AR RE B3RP 14 Gadget HUEMAIL, A48/ NUEEAR
RRPEFRRR G . Gadget BUERUT 16412 FH KA KBIE F i~ A M. Bt L,
BiE T AZEE , IRAHAEL RS S AP BOY R HER « BAT fi IV 244
BT B0 MOh, AFZLR AL R LUK B 14 iR SR A e BT
ANFTF R NIOREA . HAI TR LS TR T RS . BRIX
RS e = Seim NI

98 __



10t F — 2=0.00

104 z=1.50 7

N — 22050 — 2=1.70
\ z=1.10

, X
é 103 é 103
) )
53 53
A A
2
10 102 i

0.06 0.2
3 3
z 0.05 = 0.1 E
8 0.04 :
S = 1
4 0.03 _ 3 o1l i
T . . N Y . . . A :
00 01 02 03 04 05 06 00 01 02 03 04 05 06

k [h Mpc—1] k [h Mpc™1]

B 57 IR AG DR FGRKER RETEW B EH BB BAT — % £
) A J6412 49X 25 R, A A Gadget FAABE MGG M K25 R RAVLIT —H K AFELH L
Nat, BFLEAAM, BRAEREME LR TTEHAZREMIT AL K
Figure 5-7 The testing results for J6412 (left) and Gadget simulation (right). The training set only
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generated results. The lower panel is the residual divided by the ground truth.
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Hrpr, px=0p/0K. K-essence PR TTREN
Po 14
- _F A-11
YT s 2Kpx-p (A=1D
K-essence [{—{ME#4] 2 Ghost condensate #1201 Hdbvy [Tt A
2
p=-K+ % , (A-12)
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%U[212,219] .
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WERIREEN 1(x), Wy
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Hoh 2 LR A R AL
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C(Fx1 (Xl), sz(xz), cees Fxn (-xn)) = Fxl,xz ..... X, (Xl,xz, ces ,Xn) . (C4)

RIVRT LAGE 32 2 BB SR BRI & PR BGE 22 n BE R AT R

Blan, XA EAZ AR R XY, HIE R AT AL Fxy (x,y) =
Fx(x)Fy(y), UL, FEEEEELE C(u,v) =uv,

Fn, XT 2 RSO R uxy = 0, T2 oy = 1, HRRE
-1 <p< 1), HEEWERD A EE

IR Sy S S o 2 3
Sxy(x,y) = W T (x* = 2pxy +y7)| . (C-5)
TS & BRETH 2
Cp(u,v) = @ (@' (), ®~' (v)) . (C-6)

Hih, o WX RECH p 102 RS TS BB R, O 1 iR
T B BRI
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B C ket
C.2 ZERFEEEE
IR IERE K n, FEPLASE X 19 n BY4E (nth moment) [ E XK

pn = (X") . (C7)

Jifi 44 S, 4EEERA%L (moment generating function, mgf) 2 A] DA 2SR R %L
BEALAS T X HYAE BERR AT E SN

Mx (1) = ('), (C-8)

HESRAE ¢ = 0 RPN BRI R . RO, RN R X BER A
K%L (probability distribution function, pdf) & fx(x), #HF4

Mx (1) = | e fx(x)dx, (C-9)

LS X (95 .
Mn = _MX(t)

= C-10
o (C-10)

t=0

C3 ZEFERZERETRHY
BEMLAR e X 1 SR BE R A E SN
Sx(1) = log Mx(1) = log(e'*) . (C-11)

Hrp, Mx(1) O X RYERER R RBUR B R BGOSR AR R B E
d}’l

S = 2 Sx(0) N (C-12)

t

AKEIERT, 122 |y BRSO AL IR 1 = (X) KTT72 02 = (X ~p)*)e
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