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Plan of talk

* Modeling wide-angle redshift-space distortions at quasi-linear scales

* Predicting halo cross-correlation functions with relativistic effect
— comparison with N-body simulation
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Introduction

Observed large-scale structure generally appears distorted

In galaxy redshift surveys

Line-of-sight position < X > Actual position

(Inferred from redshift measurements)

Major (CIGSSiCGI) _

wmashad Doppler effect induced by peculiar velocity of galaxy




Kaiser formula

(Kaiser '87) Line-of—sightA t
2

Observed ST : '
density field 0% (k) = (1 +f pi2) 5(k) "o S

(Fourier space) k|

This parameter tells us
how the nature of gravity affects the growth of structure:

~ dlnD, Growth of structure induced by gravity

= dlna

Scale factor

This formula holds irrespective of gravity theory

probe of gravity (general relativity) on cosmological scales




Cosmological test of gravity

SDSS MGS Planck 2018 results IV.
YeR 17
FastSound
— Consistent with
ACDM (GR)

Dramatic improvement is expected in future RSD measurements,
which will also open up a possibility to detect something new !



Generalized
Redshift-space distortions

Redshift we actually measure involves not only Doppler
effect but also several relativistic contributions

Yoo et al. ('09),Yoo (’10), Challinor & Lewis ('| ), Bonvin & Durrer (1)

Detection of these relativistic contributions would be an important
target in future RSD measurements



Signature of relativistic effects

Relativistic contributions generate dipole asymmetry
when cross-correlating two galaxy/halo populations

e.g., McDonald ('09), Bonvin et al. ('14)

Full-sky light-cone simulation + light-ray propagation ’

Halo catalog with observational relativistic effects
Breton, Rasera, AT, Lacombe & Saga ('19)

Line-of-sight
d =(s;+5,)/2

All relativistic effects

included ( ) Directional cosine
80 100 120 140 'A _ C/Z\ A
r(Mpc/h) M=d-r
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Signature of relativistic effects

Relativistic contributions generate dipole asymmetry
when cross-correlating two galaxy/halo populations

e.g., McDonald ('09), Bonvin et al. (' 14)

Full-sky light-cone simulation + light-ray propagation

(2,625 h~'Mpc)®
Npum = 4,096°

Halo catalog with observational relativistic effects
Breton, Rasera, AT, Lacombe & Saga ('19)

Linear theory
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Doppler only
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Doppler effect also produces dipole

(wide-angle effec

ts — Paolo’s talk)

—>» Major contribution at large scales



Signature of relativistic effects

Relativistic contributions generate dipole asymmetry
when cross-correlating two galaxy/halo populations

Full-sky light-cone simulation + light-ray propagation

e.g., McDonald ('09), Bonvin et al. (' 14)
(2,625 h~'Mpc)°
Npum = 4,096°

Halo catalog with observational relativistic effects
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Potential only
(gravitational redshift)
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Breton, Rasera, AT, Lacombe & Saga ('19)

Gravitational redshift is the largest
among relativistic contributions

Still, subdominant at large scales

however, at small scales, ...



Signature of relativistic effects

Relativistic contributions generate dipole asymmetry
when cross-correlating two galaxy/halo populations

e.g., McDonald ('09), Bonvin et al. (' 14)
(2,625 h~'Mpc)°

Ny = 4,096
Halo catalog with observational relativistic effects
Breton, Rasera, AT, Lacombe & Saga ('19)

Full-sky light-cone simulation + light-ray propagation

Gravitational redshift starts to
be dominant, and finally wins

(sign flipped)

All relativistic effects
included (small scales) Linear theory prediction fails




Motivation

l Can we predict/model these results from analytical calculation ?

Taking account of

* Wide-angle effects on RSD

* Relativistic effect (gravitational redshift)

Further we need to go beyond linear theory

Related works

Method Wide-angle | Relativistic
Castorina & White (’18) Zel'dovich approx.
+ linear bias O N/A
Di Dio & Seljak (’18) Standard PT |-loop N/A O

+ nonlinear bias




Motivation

l Can we predict/model these results from analytical calculation ?

Taking account of
* Wide-angle effects on RSD

* Relativistic effect (gravitational redshift)

Further we need to go beyond linear theory

In this talk

Method Wide-angle |Relativistic
Present work Zel'dovich approx.
+ linear bias +& O O

* consistently reproduce linear theory of wide-angle RSD

Szalay et al.’98,

*a good agreement with simulation results Papai & Szapudi 08



Modeling dipole cross-correlation

Consider Doppler effect and gravitational redshift: (¢ = 1)
1 —_—

X
=% V- X)—WwX, X=—
aH{( ) W} | x|

Potential



Modeling dipole cross-correlation

Consider Doppler effect and gravitational redshift: (¢ = 1)

| X
s =®- {(v-x)—y/ £ A= -
aH , | x|
Potential

MelileiNeIMEI[eIN Zel'dovich approx. (ZA) —Ist-oder Lagrangian PT

A W R dinD_
+ {5+ }\P - —= )4 f=




Modeling dipole cross-correlation

Consider Doppler effect and gravitational redshift: (¢ = 1)

. {v-i -l s :
S = X 1 VX —l// X ) — —
alH | x|

Potential

LI HIEIETEgEIey  Perhaps, we need something beyond ZA (linear)

Background (linear) potential

Y —> Yg T Vhalo .

;

Computed with ZA < (V/V*)¥,,  Assumed to be constant
(but depend on halo mass)




Halo potential

Potential at halo center is systematically deeper than linear potential
(— Potential offset )

Halo model
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Measured potential offset shows halo mass dependence,
which is roughly consistent with halo model prediction



Modeling dipole cross-correlation

Consider Doppler effect and gravitational redshift: (¢ = 1)

- {ov-i-whe s :
S = X+ VX —l// X ) — —
aH | x|

Potential

LI HIEIETEgEIey  Perhaps, we need something beyond ZA (linear)

s=q+¥Y) g+ (9)

‘P(ZSA{ (@) = (6;+13;9) Yza /@) — (piin/aH) §; Perturbative (ZA)
(Doppler + potential)

Yo @ = = Whao/aH) g Nén;PerturPa;ive
alo potentia



Computing dipole cross-correlation

Provided the relation btw. redshift- & Lagrangian-space positions,

Number density
field of object ‘X’

-1 Linear galaxy/halo bias
nS(s) = iy p {1+ bg,(q)}
7 [d3q5D[ —¥S(@) - W) | 1+ bk 8,(@)
— 3 d’k ik-[s—q—F ) -PL ()] L
= iy | dPq | = etk VRO (1 4 pL5y ()

(2m)?

. (S)
Density field of 5(5)(S)_ ny(S)

object ‘X’ (nd(s))




Computing dipole cross-correlation

Correlation between objects ‘X’ and ‘Y :
(nQ(sny(s,))
(n(s1)) (n{(52))

1+ €5y (81, 82) = <{1 + 05 (s1) H{1 + 5§S)(82)}> =

d’k,d’k
<n)((S)(Sl)n§S)(S2)> = J (21][)6 : [dgqud342
s etk (51— =Y @) Y+iky (5,-,~ ¥ g )
X < _lkl ‘IIZSA(QO lk2 \PZA(qZ) { 1 + bL 511n(q1)}{ 1 + bL 511n(q2)}>

&k | |
(n(s)) = J P Jd3q ekt @) (=R ¥RD 1 4+ bl 3 () )




Computing dipole cross-correlation

Correlation between objects ‘X’ and ‘Y :
(nQ(sny(s,))
(n(s1)) (n{(52))

1+ &3 (51, 82) = <{1 + 68 (s1) {1 + 5@8)(32)}> _

Remarks In the presence of wide-angle effects,

(n{(s)) cannot be reduced to 77x (real-space mean density)

-------- Non-trivial scale-dependence from denominator

£ is function of s=s,—s,| and |s,],]s,]

-------- One cannot take advantage of symmetry to reduce
multi-dim integration — need to evaluate 6D integral

(c.f. Castorina & White ’ | 8)

Parameters: by, by (bias) Whalox> ¥halo,y (halo potential)



Results: dipole cross correlation

Magenta: measured halo potential used
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Results: dipole cross correlation

Large scale Magenta: measured halo potential used
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Results: dipole cross correlation

Large scale Magenta: measured halo potential used
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Summary

Modeling redshift-space cross-correlation function with

wide-angle and relativistic effects at quasi-linear scales

Formulation based on Zel'dovich approximation:
* Doppler + potential (gravitational redshift)

* Linear bias & halo potential (4 parameters)

Consistent with linear theory of wide-angle RSD
(c.f. Castorina & White ’18)

Good agreement with simulations including relativistic effects
(c.f. Di Dio & Seljak ’18)

Useful to study impact of wide-angle RSD and feasibility to detect
relativistic effects at large scales (e.g.,Beutler et al.‘I8;Alam et al.| 7)



