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Line-of-sight peculiar velocities

s=r+v,/aH

Peculiar velocity surveys e.g.
CosmicFlow4

Distance indicators e.g.,
TF relation, standard candles
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Line-of-sight peculiar velocities

Image credit: 2dFGS team
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Line-of-sight peculiar velocities

Image credit: 2dFGS team

Image credit: Finn Roper
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Transverse velocities

Moving lens effect
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Transverse velocities

Moving lens effect Polarised kinetic Sunyaev Zeldovich effect
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Transverse velocities

Moving lens effect Polarised kinetic Sunyaev Zeldovich effect Transverse Doppler redshift
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Correlation functions of velocities
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(vivi) = Uy = U1 (r) 8 + [ (r) — T L ()] riry |12,
U(r) = a’H(2)’f2(z) /A2(k,z)k_2dlnkK(k:r),

W, | [(kms71)?]
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Ki(z) = [Sin($)—xcos(x)]/x3;
Kj(@) = sin(z)/z - 2[sin(z) - x cos(x)]/a’.
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Conditional velocity field
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Conditional velocity field

v(0) along the x-axis, we have:

B 1 ?,/)_LyQ —I—?f)n:[fg
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Conditional velocity field

v(0) along the x-axis, we have:

B 1 d)LyQ —I—?,/)HLZ?Q

Oriented stacked velocity field
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Velocity at the origin defines a preferred direction

Vxylkm s71] (linear theory)
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Velocity points at the dipole of potential
®d/c [km/s] (lg)near thzeoory)

600 1
4001 7z
2001 =
: —
\ "
w//%%¢ \ S
L/ %j
—400 ;y’”@ =40
I AL w«w iy %s.é; A B 5
= 2’4/;@1& VWWN\ AN - _,,,,’44 W {g‘ S =
_600 éé fe [‘% w? : f:‘ \.:"‘,f ; ’”' ﬁ: \‘: : ;s‘§ ;G
Al WPRPAN
—600 —400 —200 O 200 400 600
Mpc/h

YC, J.

Peacock, A. de Graaff, S. Alam, 2025, arXiv: 2504.02525

Edinburgh



Potential dipole resembles electric dipole
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Conditional potential field

v(0) along the x-axis, we have:

< dlv> o« cosl Copy
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Conditional potential field

v(0) along the x-axis, we have:

< dlv> o« cosl Copy

Oriented stacked potential field
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Conditional potential field

v(0) along the x-axis, we have:

< dlv> o« cosl Copy

Oriented stacked potential field
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v-K correlation, v-ag correlation

K (simulation)
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Velocities X CMB

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
Image credit: NASA WMAP team




Galaxy field §,




Galaxy field §,

Velocity reconstruction

afH k

by k2

5k1



Galaxy field §,

: : afH k
Velocity reconstruction Uk =~ 2 0.

Oriented stacking with [T¢pyp, K, 64] USINg v




Traditional observables

Galaxy-X correlations:

e |ISW monopole: 04-ISW (SQT)
e CMB lensing monopole.. 04K
* Galaxy number density monopole: 8,-04
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New observables

Velocity-X correlations:

e [SW dipole: v-ISW (vT)
e CMB lensing dipole: V-K

* Galaxy number density dipole: v-4,
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A sighal independent of galaxy bias

< oplv> < cosl Cs_/0y

Cs »= aHf [ k™ A%(k)jy(kx)d Ink

d Ink
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Yan-Chuan Cai Edinburgh



Monopole and dipole are independent

CfI(CiCj)°
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Detections with

SDSS-BOSS x Planck
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Oriented stacking

CMB lensing ISW
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103k LOWZ
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Constraints on modified gravity
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Expected constraints on cosmology
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Expected constraints on cosmology
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Summary

* Gpc-scale dipoles of velocities resemble electric dipoles
* Gravitational imprints on the CMB --- ISW & lensing
* Detections of both with galaxies x CMB
* Dipoles of cross-correlations are
independent from monopoles
free from galaxy bias
* Independent constraints on cosmology & gravity
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