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Relativistic distortions



1. Relativistic effects on the observed redshift
Observed redshift : cosmological redshift (Hubble flow) + Doppler effect

Zobs = Zcosmological T ZDoppler

+ Zgrav + ZISW T ZShapiro T ...

gravitational redshift effect (Otens; Plens)
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https://www.cmu.edu/physics/news-events/news-archive/2017/croft-general-relativity.html

2. Redshift space distortions TMatsubara [Ap) 537 L77 (2000)]

A.Challinor and A.Lewis [1105.5292],
C.Bonvin and R.Durrer [1105.5280],

Perturbed FLRW metric: ds? = [—(1 + 2(13)dt2 + a2(1 — Z\P)dle J).Yoo [1409.3223], and many works
o . (k,u*)
Observed redshift including all effects: 1 +z = (kﬂ ﬂ)s
. W)o
~ Redshift space < real space - w

1+Z AN A 1+Z 1 o) tO . . A d A d
s=r v - PP A 42— (cp+\11) At |i— | +W)dy 7= | (x=2)V,(®+ P)dy

Doppler term  other relativistic contributions

i conservation law: (1 + 5(8)(s)) d’s = (1 + 5(r)) d’r

~Redshift-space density < real-space density ~
1.0 2 H 1 0
(5) — pS — — 5. (. _ | 2 ~—|p. = ;L 5
0> = b T (7 - v) (7“7-[ | ,HZ)T ’U—I—H(’r ar\IJ—F”HT v+T 'v>

d 1 (7 , r—r! 2 1 T :
— | - — b+ | 1\ d v+ P
20 + W 7 T/o dr (2 - Ag)( + ) + (T’H ?—[2) ( —I—/O r ( + ))



http://arxiv.org/abs/1105.5292
http://arxiv.org/abs/1105.5280
http://arxiv.org/abs/1409.3223

3. Recalling the Doppler effect

Kaiser formula
(constant line-of-sight vector)

590 = (b+f (k- ?) .6

(line-of-sight vector)?2

symmetric distortions along the line-of-sight direction

even multipole anisotropies in RSD




4. Relativistic contributions

— Redshift-space density < real-space density

2 ' 1 %,
5<S>:b5—ifﬁ-3(fﬁ-v) ( | H)f-vﬂL('F-\IHr’Hfﬁ-erf-q})

H  Or rH  H? H or

d 1 (7 r—r 2 1 r : :
— 920 + U - — "2 A O+ U | U (U + P
T /0d< z “>(+ H(W HQ)(%O”(*))

(line-of-sight vector)cdd in relativistic effects = odd multipoles

Relativistic effects induces the asymmetric distortions along the LOS direction



5. Lowest-order odd multipole: dipole ({ = 1)
<5)((S)(S1)5§S)(Sz)> = £9)(s,d, p)

20 + 1
2

1
cA(8,d) = J EONs, d, p) Py() dp
~1

(Py(u) = p=3§-d

From linear theory, the dipole moment is ...

A.Challinor and A.Lewis [1105.5292], C.Bonvin and R.Durrer [1105.5280], J.Yoo [1409.3223], and many works

« observed only when cross-correlating different biased objects

 Induced by the Doppler term beyond the plane-parallel limit
(wide-angle correction & ~ O((s/d)"))

 proportional to 51(S) x ADp = (bX — by)



http://arxiv.org/abs/1105.5292
http://arxiv.org/abs/1105.5280
http://arxiv.org/abs/1409.3223

6. Beyond linear regime: RayGalGroupSims (RayGal)

M-A.Breton, Y.Rasera, A.Taruya, O.Lacombe, S.Saga [1803.04294]
Y.Rasera, M-A.Breton, ..., S.Saga, A.Taruya, ... [2111.08745]

e storing gravitational potential data on light cone e
e tracing back the light ray to the source by direct .
: : LIGHTCONES |/ £
Integration of geodesic equation —

 the observed (anqgular) position and redshift
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http://arxiv.org/abs/1803.04294
http://arxiv.org/abs/2111.08745

7. Measurements in RayGalGroupSims (z=0.34)

—Large scales [20 - 150 Mpc/h] — Small scales [5 - 30 Mpc/h]
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The Doppler & gravitational redshift effects dominates
the dipole signal at large & small scales, respectively.
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8. Our model S.S5aga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

Doppler & gravitational redshift effects dominates the dipole signal at large & small
scales, respectively.

l+z .. 14z . y
S =r+ (v -F)F — o M
H H

@ must be modified by the gravitational potential of haloes: ® = ©®; + ©,
(D110(M, 2) is estimated by using the NFW profile)

Our model for redshift-space density field
O = Olreal) + H(Doppler) + Hlgrav) + 5(ha|o)

V DL C|>ha|o



http://arxiv.org/abs/2004.03772

9. Our model S.S5aga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

g
(le CDX,halO) % 4'— Our model -
Q [ Ap=0 | 1 ¢
ha|O > 5[ L Simulation T
E :
L |
0w 25 50 75 100 125 150

Analytical results : the dipole amplitude Is proportional to

« Ab = (bx - by) for Doppler & linear potential contributions
¢ AD = (Dxhalo - Py halo) for halo potential contribution


http://arxiv.org/abs/2004.03772

10. Future detectability

Cross-correlating two different targets = non-zero dipole
S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2109.06012] [r]IYNeLi P2 2%

(1) split a sample into at least two subsamples

¥

: 25
no unique way, for example, we assume j Maximizing S/N
galaxies follow the halo distribution 1 — IbEsiLRe
15 i == DESI-ELG
g i = Fuclid
0 p) 10 _ = PFS
I - SKA1
# Of halOS i — SKA2
5t
. %0 05 1.0 15 20
(2) combining two surveys z
20 ¢ DESI-LRG x SKA2 (34)
. SKA2 x DESI-BGS (22)
7 DESI-LRG x DESI-ELG (16) ,
7 10| SKA1 x DESI-BGS (10) c.f. 2.80 detection
j DESI-LRG x Euclid (6) : :
S : DESI-LRG x PFS (4) INn BOSS gaIaX|es
0° ! | ‘ . | S VI T 3 S. Alam et al. [1709.07855]



https://arxiv.org/abs/1709.07855
http://arxiv.org/abs/2109.06012

11. Dipole in galaxy-galaxy cross-correlation

Dipole signal can be a new probe of gravity theory

e S/N > 10-20 C.Bonvin, F-.0. Franco, P.Fleury [2004.06457]
e test of equiva|ence princip|e D. Sobral-Blanco, C.Bonvin [2102.05086]

dified i+ S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2112.07727]
* Moditiea gravity C.Bonvin, L.Pogosian [2209.03614]

and many works.

We need at least 2 samples to observe non-zero dipole
e no unique way to split, contamination, uncertainty

(bx, Px halo)
éXY,l ~ (bX o bY)() + ((I)X,halo o (I)Y,halo)("') A



http://arxiv.org/abs/2004.06457
http://arxiv.org/abs/2102.05086
http://arxiv.org/abs/2112.07727
http://arxiv.org/abs/2209.03614
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1. Galaxy density-ellipticity correlations

= = W0 (8) S 5 e
/ N
Our model Linear alignment model

N oo .
(Doppler + gravitational redshift) Galaxy shape projection onto a plane

O = olreal) + o(Dopplen + o(grav) + o(halo) perpendicular to the non-fixed LOS:
1 1 1 1 IR N Y A |
V o) Dhalo ;%) = by [Py(X)P;(X) —EPZ.]-(x)Pkl(x) > 3517. 5, (x)
P(X) = 6; — XX,
Two independent components:
v+ (0) ) _ [ €101 () = i(0)én; (1) ) 1
yx(x) 261; (%) (%) Vi

E = <5(51)7’+(Sz)> — <5(real)(51)7’+(52)> T <5(D0ppler)(51)7+(32)> T <5(grav)(51)7+(32)> T <5(ha10)(51)7’+(52)>

— é(real) n é(Doppler) n é(grav) n é(halo)



2. Configurations
Y

f(S, da M, QD) — <5(S1)y+/><(52)>

z-X plane
(b, CDhalo)
5 — S=S2-5 Ok
cos™! N/ y+/><
(s3+52)/2

@ =0 —> (5(s)rx(s52)) =0




3. Analytical results

We decomposed the contributions:

S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]
5 — g(real) n g(Doppler) n f(grav) n g(halo)

even multipoles

Non-zero multipoles

odd multipoles

g(real) g(real)
plane-parallel 0
| é(Doppler) 5(Doppler) 5(D0ppler) :
(rea ) """""""""""""""""""""""""""""""""""""""""""""""""""""""" T'"O'kumura &A: Taruya'"[1'9-1"2"'041'1'8] """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
(Doppler) , é(real) 6g(real)
wide-an S e 0 f(Doppler) é(Doppler)
1 3
l ” ; 5 1(gmv) f 3ggrav)
ne-par
plahe-paratie g(halo) f(halo) 5(ha10)
(grav) o e S S S
(halo) é;(grav) g(grav) é(grav)
: 0 2 4
wide-angle . . . . 0
5(% alo) 52( alo) fi alo) 56( alo)

All terms are & « (1 — ,uz) — Sum of their multipoles vanishes


https://arxiv.org/abs/2207.03454
https://arxiv.org/abs/1912.04118

3. Analytical results S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]

We decomposed the contributions into four pieces: &= £ 4 £PPPIen  gleray) 4 ghalo)

Non-zero multipoles even multipoles odd multipoles

é(greal) i gz(real) — ()

~ plane-parallel Dosoler - ~(bonoler) — ~(Donolen 0
i oppler oppler oppler) __
50 + 52 + 54 - O i

(real) S T U S S N
(Doppler) ‘ Cfl(real) n ggreal) — 0
I I (Doppler) (Doppler) __
. = 0
1) __ (all) __ (all) _ 51 3
2= ) &= =0
................................................................ f f f
£ =all £ =even £=o0dd f(grav) 4 g(grav) — 0
1 3
(grav) I él(halo) 4 é?ghalo) + 55(ha10) = ()
(halo) é;égrav) n gz(grav) n gigrav) — 0
wide-angle 0
f(ghalo) 4 éz(halo) 4 fihalo) 4 56(ha10) — ()

All terms are & « (1 — //12) — Sum of their multipoles vanishes


https://arxiv.org/abs/2207.03454

4. M U Iti po I es S.Saga, T.0kumura, A.Taruya, T.Inoue [2207.03454]

10° -
_ (real) (Doppler) (grav) (halo) — £=0
1o~ & > - & S — g=1
N 10_ B [ — [:2
S 103 e
ol — [=4
= 10~ -
O =, -5 %' v
w107 z=05 ~
10~ Mm=1013 Mo/h T r L \s

el | EPEPREETE BESTETETEN BEETETETS BT AT ATAr SR P IR !
10 50 100 150 50 100 150 50 100 150 50 100 150 s (Mpc/h)

even multipoles  odd multipoles
real plane-parallel dominant at all scales 0
Doppler wide-angle 0 dominant at large scales
grav ~ plane-parallel Ojdomi”a”tatsmanscales

halo wide-angle subdominant 0


https://arxiv.org/abs/2207.03454

5. Dipole moment S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]

M =102 M, /h M=103Mo/h N M=10"Mo/h

10! 1010° 10!
s (Mpc/h) s (Mpc/h)



https://arxiv.org/abs/2207.03454

6. DipOle CO\Iariance S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]

Schematically... b = = 0.0134 A15€2,,,0/D,(2)
1 —4
COV,(sy,5) ~ — Z (égg X 5,,9/ + 551 X 55,1) m 10 — CVXCV
vz < 107°F — CVUxP
’ ~~
cosmic variance x cosmic variance (CVxCV) S 10-6F — PxP
1 1 Gzh = 10=7F A =23
+— ) | —x &+ ”"exgg,g) S s
v <”g g o 1078 Teee
cosmic variance x Poisson (CVxP) w 107°}
2 > _
L 1 Oshape O 10 05-M =1013My/h, z=0.5
Vn n . . 10—11 1l IR TTTY
¢ "2 Poisson X Poisson (PxP) 100 101 102

s (Mpc/h
Note: we treat carefully the angular (Mpc/h)

dependence by using Y, (6, @) in
computing the covariance matrix. & = (0(5)14/x(52)) o sin2¢ OF cos2¢


https://arxiv.org/abs/2207.03454

7. Signal-to-noise ratio S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]

4

S | — M=10%“My/h (Aa=15) S\*

— | ® A — D _ _1

3l — M=102My/h (Aa=23) <N> Sl,;mfl(sl)(covl(sl’Sz)) -1

’:E‘ — M=10"My/h (Aa=28)

S D (Smin, Smax) = (1, 150) Mpc/h

O bias&number density: Sheth&Tormen (1999)

S 1 Aia Is chosen to match Kurita et al (2020)

=

A [ by = — 0.0134A,,Q, /D, (2)

© 7

=

C 3
1 SN reaches ~ 1-4 x [volume In (Gpc/h)3]1/2
0.1 04 0.7 1.0 1.3


https://arxiv.org/abs/2207.03454

Summary

Dipole anisotropy in galaxy-galaxy correlations

« we need two populations (SN reaches ~ 10-25)

S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

o o o . S.Saga, A.Taruya, Y.Rasera, M-A.Breton [2109.06012
Dipole anisotropy in galaxy-lA correlations J 4 [2109.06012]

« single galaxy populations + shape information
« rough estimates suggest SN ~ 1-4 x [volume in (Gpc/h)3]1/2
S.Saga, T.Okumura, A.Taruya, T.Inoue [2207.03454]

Future prospects

« SN for specific surveys, systematic effects

« Qgalaxy-galaxy cross-correlation + galaxy-1A cross-correlation

« test of gravity theory T.Inoue et al. [in prep.]

« measurements in RayGalGroupSims

« dipole of another correlation?

§ = <5(51) || (Sz)>


https://arxiv.org/abs/2004.03772
https://arxiv.org/abs/2109.06012
https://arxiv.org/abs/2207.03454

